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A large case-control study of malaria in West 
African children shows that a human leucocyte 
class I antigen (HLA-Bw53) and an HLA class II 
haplotype (DRB1 *1302-DQB1 *0501), common in 
West Africans but rare in other racial groups, are 
independently associated with protection from 
severe malaria. In this population they account for 
as great a reduction in disease incidence as the 
sickle-cell haemoglobin variant These data support 
the hypothesis that the extraordinary polymorph­
ism of major histocompatibility complex genes has 
evolved primarily through natural selection by 
infectious pathogens. 

THE genes of the major histocompatibility complex (MHC) 
which encode the human leucocyte antigens (HLA) are the most 
polymorphic known in man (Fig. 1) 1• Although it was proposed 
that most of this variation is essentially neutral 2

•
3

, several 
observations now indicate that MHC polymorphism must be 
maintained by some type of selection pressure. Over the millions 
of years in which HLA genes have been evolving4

•
5

, most of the 
current alleles should have been lost by genetic drift unless some 
form of balancing selection was operating6

, and the unusually 
even distribution of HLA frequencies in human populations, 
without a predominance of any single allele, also signifies 
balancing selection pressures7

•
8

• Furthermore, mutations which 
produce amino-acid substitutions cluster around the peptide­
binding cleft of HLA molecules9

-
11 indicating that selection 

must have been acting on this site at some stage during evolution­
ary history. However, such analyses cannot show that selection 
is ongoing today, nor determine whether it acted through 
differential viability, differential fertility or some other process. 

The discovery of MHC restriction of the immune response, 
whereby foreign antigens could only be recognized by T lym­
phocytes when presented in association with class I or class II 
MHC molecules, led to the proposal that MHC polymorphism 
is maintained by different alleles providing varying degrees of 
protection against infectious pathogens 12

• An individual who is 
heterozygous for MHC alleles would have an increased capacity 
to present antigens from a range of pathogens compared with 

homozygotes. This theory of pathogen-driven MHC diversity 
requires that individuals of different MHC types should differ 
in their susceptibility to at least some major infectious pathogens. 
However, no convincing associations between HLA polymorph­
ism and susceptibility to commonly fatal infectious diseases 
have yet been identified, in contrast to the well-known associ­
ations between HLA and many autoimmune diseases 13

. This 
has led to the proposal of many alternative theories to explain 
the existence of MHC polymorphism in man and other 
species 14

-
16

• 

We report a case-control study of the influence of HLA class 
I and II variation on susceptibility to Plasmodium falciparum 
malaria, a disease which has been a major selective force in 
recent human evolution 17

, and in which T-lymphocyte depen­
dent mechanisms are important in providing protective 
immuniti 8

-
22

• By detailed HLA typing of over 2,000 individuals 
from the West African population of The Gambia we show that 
an HLA class I antigen, HLA-Bw53, and an HLA class II 
haplotype, DRB1 *1302-DQB1 *0501, are associated with 
reduced susceptibility to severe malaria. Interestingly, both of 
these HLA types are much more frequent in West Africans than 
other racial groups, arguing that natural selection by malaria 
has contributed to their elevated frequencies in Africa. These 
data support the hypothesis that MHC polymorphism is 
maintained primarily by altering susceptibility to infectious 
pathogens. 

Malaria in West Africa 
P. falciparum malaria is a major cause of childhood mortality, 
currently accounting for between one half and two million 
deaths per year in sub-Saharan Africa alone23

. In The Gambia, 
about 1% of children under 5 years old die each year from 
malaria24

. It is clear that although infection by P. fa/ciparum is 
extremely common in African children only a small proportion 
of these infections lead to life-threatening illness24

. Many factors 
are likely to influence the extent of disease progression including 
genetically determined differences in host susceptibility. The 
best known host resistance gene is that encoding the ,8-chain 
of the haemoglobin (Hb) variant, HbS, which provides a striking 
illustration of natural selection by malaria25

. No comparable 
data exist on the relevance of HLA antigen variation, although 
two limited studies26

•
27 conducted outside Africa have suggested 

that HLA class I alleles would be worth more detailed investiga­
tion. Piazza et a/. noted some increased variation for certain 

HLA genes 
Class II 

FIG. 1 Map of the location of polymorphic HLA 
class I and class II genes in the human major 
histocompatibility complex on chromosome 6. The 
number of known alleles of each gene, whether 
identified serologically or by sequence analysis, is 
indicated1

·
44

. 
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HLA types between highland and lowland populations exposed 
in the past to different malarial endemicities in Sardinia28 but, 
as the authors andothers29 point out, there are several alternative 
explanations for these findings. 

It is clear from work on the HbS polymorphism and suscepti­
bility to malaria that the strongest protection is from severe 
malaria and death with less protection from mild illness and 
very little from parasitaemia25

. To increase the probability of 

TABLE 1 Gambian severe malaria study 

Median HbAS 
Number age (%) 

Severe malaria 619 3.0 1.2 
severe malarial anaemia 221 1.8 
cerebral malaria 429 3.6 

Mild controls 510 1.9 12.9 

Mild malaria 354 3.0 2.8 
Severe controls 332 2.2 10.9 
Healthy adults 220 28 16.8 

Number of individuals recruited in each clinical category, median age and HbS carrier 
(=Hb AS genotype) rate. The HbAS percentages are based on results from 1,802 of 
the 2,035 individuals (S. Abdalla et a/., manuscript in preparation). The carrier rate in 
the children with severe malaria (1.2%) was significantly lower (x~ = 52.5, P < 10-11

) 

than in the mild controls (12.9%). The adults had a higher HbAS frequency than both 
the mild (x~=1.1) and severe (x~=3.4, P=0.07) control children, which is only in part 
explained by the small expected increase in carrier rate with age as a result of 
differential mortality from malaria2

"- Design: Children up to the age of 10 years were 
recruited at the Royal Victoria Hospital, Banjul, and the Medical Research Council 
Hospital, Fajara, 8 miles away, during the months of maximum malaria transmission30 

from August to November in 1988 and 1989, and also during August and September 
of 1990. Approval for the study was obtained from the Gambian government/MRC 
joint ethical committee and permission for venesection from a parent or guardian. A 
diagnosis of malaria was made if a child with an appropriate clinical picture had a 
parasitaemia > 2,500 JLI-1

, a level likely to be associated with illness in this setting, 
and relevant clinical and laboratory investigations excluded other diagnoses. Malaria 
cases were assigned to the severe group31

"
68

"
69 if any of the following features were 

present: (1) cerebral malaria, unrousable coma of score < 3 (by standard criteria69
) or 

repeated prolonged(> 30 min) seizures; (2) severe malarial anaemia, haemoglobin level 
<5 g dl-1 on admission; (3) hypoglycaemia, blood glucose level <2.2 mmol. Fifty-six 
children had both cerebral malaria and severe malarial anaemia and 25 had hypogly­
caemia alone. Of the 88 children who died, 72 had cerebral malaria, four had severe 
malarial anaemia and 12 had both: a further 33 were discharged with residual neurologi­
cal deficits. All children fulfilling the operational definition of severe malarial anaemia 
had malaria. and several factors indicate that this was the major cause of their anaemia 
despite the low background haemoglobin levels of normal children in The Gambia68

. 

These are their high spleen and gametocyte rates, normochromic normocytic blood 
films, their very low HbS carrier rate (sickle cell homozygotes were excluded), and the 
striking concordance of the seasonality of this condition with that of cerebral malaria 
in The Gambia30 Hence, although occasional cases may have had additional factors 
contributing to the anaemia, malaria was the major cause of the life-threatening state. 
As expected69

·
70

, parasite densities (geometric mean with 95% ci x103 f.LI-1
) corre­

lated weakly with severity: cerebral malaria (84.9, 69.5-103. 7), mild malaria (70.5, 
60.8-81.8), and in the more chronically infected severe malarial anaemia group (61.5, 
39.6-95.4). Although parasite densities were higher among those who died (122.4, 
85.2-175.8) than survivors (70.7, 62.7-79.6), the fairly weak correlation between 
parasite density and clinical severity probably relates to numerous factors including 
the higher rate of prior antimalarial administration among the severe cases 70

, the 
greater importance of sequestered than peripheral blood parasites31 and the complex 
dynamics of P. falciparum parasitaemias71

. The cases of severe malaria were matched, 
as a group, to the other three groups of children for two variables: age and area of 
residence around Banjul. The 'mild controls' (see text) were recruited at both hospitals 
and at health centres in the study area. 'Severe controls' were inpatients at the two 
hospitals with a large range of other acute, mainly infectious, illnesses. but without 
evidence of current or recent malarial infection. These controls were considered 
separately from the mild (outpatient) controls because (ref. 72 and above data) they 
may be more susceptible to malaria than the general population, as found elsewhere 
in Africa72

: this effect may arise from an increased likelihood of children who are 
susceptible to frequent malarial episodes becoming severely ill during other infections, 
for example because of malaria-induced immunosuppression. Children with unexplained 
anaemia and known HbS homozygotes were excluded as controls. Two HbSS individuals 
were found among 603 severe malaria cases and 6 of 254 mild controls analysed 
were found to be previously unsuspected HbSS homozygotes. The ethnic composition 
of the population in this area is mixed: Mandinka (42%), Jola (14%), Wolof (14%), Fula 
(12%) and several less common ethnic groups. The children were not matched for 
ethnic group: instead analyses stratified for this variable were done. HLA allele frequency 
differences between the ethnic groups were small and the proportions of each ethnic 
group among the clinical categories were found to be very similar. The healthy adults 
were male blood donors matched retrospectively to the children for ethnic group. 
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detecting a significant effect of HLA variation we studied child­
ren with very severe illness, the majority of whom would have 
died without treatment. Most malarial deaths in African children 
are attributable to severe malarial anaemia or cerebral 
malaria30

•
31

• Although the precise pathophysiological mechan­
isms of these two major complications are unknown, it appears 
that severe malarial anaemia is often associated with failure to 
clear parasites from the circulation so that continuing red cell 
destruction leads to severe anaemia, whereas cerebral malaria 
is associated with blockage of cerebral blood vessels by parasit­
ized erythrocytes32

• We therefore consider each of these condi­
tions separately, particularly for the analysis of HLA class II 
antigens which, through their influence on antibody formation 
and hence parasite clearance33

, might be expected to have a 
larger effect on severe malarial anaemia. 

From 1988-90 we studied more than 600 cases of severe 
malaria (Table 1), severity being defined by standard clinical 
criteria which are powerfully predictive of outcome, at least for 
cerebral malaria. Children with severe malarial anaemia had a 
malarial illness with an extremely low and life-threatening 
haemoglobin level ( <5g dl- 1 

). Hence most of these children, 
like those with cerebral malaria, were likely to have died without 
treatment even though, because of the effectiveness of trans­
fusion therapy, few of the 88 hospital deaths were among this 
group. The severe malaria cases were compared with a large 
group of control children, frequency matched to the cases for 
age and area of residence. These 'mild controls' were children 
with mild, mostly infectious, illnesses who did not require hos­
pital admission and did not have any malarial parasites in their 
blood on microscopy. Samples were also collected from three 
further groups to assist in the interpretation of any association 
seen in the primary comparison and to address particular issues. 
These were children with 'mild malaria', healthy adult blood 
donors and children hospitalized with illnesses other than 
malaria, 'severe controls', as defined in Table 1. 

Determination of the carrier rates for HbS was performed to 
provide a measure against which any protective effect of HLA 
types could be assessed. The expected low frequency of carriers 
of HbS was found in the children with severe malaria (1.2%) 
compared with the mild controls (12.9%, xi= 52.5, P < 1 x 
10- 11

), the relative risk (RR) of 0.08 (95% confidence intervals 
(ci) 0.04-0.16) indicating that children who are carriers of HbS 
have more than 90% protection from severe malaria (Table 1). 

HLA class I antigens 
HLA class I antigens present peptides to cytotoxic T cells which, 
in certain mouse models of malaria, are induced by sporozoite 
infection and provide effective immunity by acting against the 
liver stage of the malaria parasite19

-
22

. To look for an association 
between HLA class I antigens and susceptibility to malaria in 
man we adopted a two-stage strategy. Initially we determined 
the HLA class I types of roughly half the cases of severe malaria 
and controls serologically (Table 2). Although both HLA-A24 
and HLA-814 were more common among the cases of severe 
malaria, their frequencies were low and the differences were of 
marginal statistical significance. The frequency of HLA-Bw53, 
a common antigen in this population, was significantly decreased 
(15.7%) among the cases of severe malaria compared with either 
the mild controls (24.3%, xi= 4.3, P = 0.04), all the control 
children (22.9%, xi= 4.7, P = 0.03), or the healthy adults (25.0%, 
xi= 4.2, P = 0.04). The decrease in frequency was apparent both 
for cases of severe malarial anaemia (14.7%) and of cerebral 
malaria (16.1%). 

However, because in this serological study we have tested for 
an association between susceptibility to malaria and 45 different 
HLA class I antigens, a single HLA association may have turned 
up simply by chance as a result of making numerous com­
parisons. So, as stage two, we retested the association on the 
remaining unanalysed samples asking a single question: is the 
frequency of HLA-Bw53 lower among the cases of severe 
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A1 
A2 
A3 
A23 
A24 
A26 
A28 
A29 
A30 
A31 
A32 
Aw33 
Aw34 
Aw36 

B7 
B8 
B13 
B14 

B15 
B17 
B418 
B22 
B27 
B35 
B37 
B39 
B40 
Bw41 
Bw42 
B44 
B45 
B49 
Bw50 
B51 
Bw52 
Bw53 
Bw70 

Cw1 
Cw2 
Cw3 
Cw4 
Cw5 
Cw6 
Cw7 
Cw8 

TABLE 2 HLA class I antigen frequencies 

Severe 
malaria 
n=306 

Number % 

41 13.7 
74 24.2 
27 8.8 
85 27.8 

6 2.0 
44 14.4 
53 17.3 
12 3.9 
73 23.9 

1 0.3 
24 7.8 
67 21.9 
11 3.6 

1 0.3 

41 13.4 
67 21.9 

3 1.0 
30 9.8 

6 2.0 
68 22.2 
20 6.5 

9 2.9 
13 4.2 
86 28.1 

2 0.7 
6 2.0 
5 1.6 
9 2.7 

16 5.2 
12 3.9 
13 4.2 
25 8.2 
14 4.6 
17 5.6 

2 0.7 
48 15.7 
46 15.0 

15 
50 
91 

80 
20 
43 
55 
26 

4.9 
16.4 
29.8 
26.2 

6.6 
14.1 
18.0 

8.5 

Mild 
controls 
n=144 

Number % 

13 9.0 
41 28.5 

8 5.6 
32 22.2 

0 0 
25 17.4 
35 24.3 

7 4.9 
29 20.1 

2 1.4 
8 5.6 

33 22.9 
6 4.2 
0 0 

17 11.8 
31 21.5 

2 1.4 
5 3.5 

7 4.5 
27 18.8 

7 4.9 
2 1.4 
5 3.5 

48 33.3 
1 0.7 
4 2.8 
1 0.7 
4 2.8 
5 3.5 
1 0.7 
5 3.5 

13 9.0 
4 2.8 
7 4.9 
1 0.7 

35 24.3 
22 15.2 

8 
17 
52 
40 

7 
23 
17 

5 

5.6 
11.8 
36.1 
27.8 

4.9 
16.0 
11.8 

3.5 

Severe 
controls 
n=171 

Number % 

22 12.9 
46 26.9 
21 12.3 
43 25.1 

0 0 
26 15.2 
34 19.9 

5 2.9 
34 19.9 

1 0.6 
8 4.7 

39 22.8 
5 2.9 
0 0 

20 11.7 
26 15.2 

1 0.6 
14 8.2 

4 2.3 
39 22.8 

6 3.5 
8 4.7 
2 1.2 

53 31.0 
0 0 
6 3.5 
1 0.6 
6 3.5 
7 4.1 
8 4.7 
3 1.8 

14 8.2 
10 5.8 

7 4.1 
1 0.6 

37 21.6 
22 12.9 

9 
21 
54 
52 
6 

23 
25 
11 

5.3 
12.3 
31.6 
30.4 

3.5 
13.5 
14.6 

6.5 

Healthy 
adults 

n=112 
Number % 

17 15.2 
32 28.6 

7 6.3 
26 23.1 
0 0 

13 11.6 
16 14.3 

3 2.7 
31 27.7 

1 0.9 
10 8.9 
29 25.9 

3 2.7 
1 0.9 

17 15.2 
18 16.1 

0 0 
4 3.6 

0 0 
24 21.4 

6 5.4 
2 1.8 
3 2.7 

32 28.6 
3 2.7 
2 1.8 
2 1.8 
2 1.8 
7 6.3 
4 3.6 
3 2.7 

11 9.8 
5 4.5 
4 3.6 
0 0 

28 25.0 
19 17.0 

6 
24 
33 
33 

6 
16 
19 

4 

5.4 
21.4 
29.5 
29.5 

5.4 
14.3 
17.0 

3.6 

Number of individuals with each HLA class I antigen and the percentage antigen 
frequencies in the groups defined in Table 1. Significant frequency differences for 
individual antigens are described in the text. Subdivision of individuals with the 
HLA-Bw53 antigen into heterozygotes and apparent homozygotes showed the following 
numbers of the latter in each category: severe malaria, 11: mild controls, 6: severe 
controls. 5: adults. 4. Thus. there is no evidence of a significant difference in the relative 
risks of severe malaria between heterozygotes and apparent homozygotes for HLA­
Bw53. The frequencies of individuals apparently homozygous for HLA-A, -B and -C 
alleles were also compared in these groups. A significantly lower frequency of HLA-B 
homozygotes was found in the severe malaria group, 17 .3%. compared with the pooled 
control children, 25.5% (x~=5.7, P=0.017: M-H for ethnic group x2 =5.9, P=0·015. 
RR =0.60 (0.40-0.91)). No significant difference was found in HLA-A or -C homozygosity 
rates although the latter are particularly affected by a high frequency of serologically 
undetected alleles. Statistical analysis: In all tables this was done using the x 2 test 
with continuity corrections. Allowance for confounding factors was made by the 
Mantei-Haenszel test and by logistic regression56

. Since severe malaria is compara­
tively rare, the relative risk (RR) may be estimated by the odds ratio: this is given with 
an associated 95% confidence interval. The problem of multiple comparisons was dealt 
with for HLA class I antigens by a two-stage strategy, and for class II haplotypes by 
multiplying each P-value by the number of concurrent tests performed. Serological 
types were determined by the standard microlymphocytotoxicity assay using 180 
well-characterized antisera on fresh or cryopreserved cells. From the total number of 
children entered into the study those for serological typing were chosen randomly, 
limited only by the availability of sufficient viable lymphocytes. More severe controls 
were included than mild controls because only tiny volumes of blood were available 
from most of the latter. The following specificities were tested for but not found: 
HLA-A11. -A25. -Aw43. -B38. -Bw47. -Bw48 and -Bw73. 
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malaria than in the mild controls? To do this, we cloned and 
sequenced the HLA-Bw53 allele34

'
35 and devised a method of 

typing for this sequence using allele-group-specific amplification 
by the polymerase chain reaction (PCR) and oligonucleotide 
hybridization. Using the PCR method to test the remaining 
samples (Table 3), the frequency of HLA-Bw53 was 16.9% 
among the cases of severe malaria and 25.4% in the mild controls 
(xf = 6.4, P = 0.008; Mantel-Haenszel test (M-H) for ethnic 
group xi= 6.4, P = 0.01, RR = 0.61), confirming the association 
suggested by the serological results. Combining the serological 
and PCR data the relative risk of severe malaria among 
individuals with HLA-Bw53 compared with those without this 
allele is 0.59 (0.43-0.81). We also used the PCR method to type 
the remaining adult controls who again showed a frequency of 
about 25%, and the cases of mild malaria who had a lower, but 
not significantly different, frequency of 22.6% (Table 3). 

The HLA-Bw53 antigen is present at highest frequency in 
sub-Saharan Africa: in 40% of Nigerians36

, 25% of Gambians, 
21% of Zambians37 and 16% of Zimbabweans38

, but is much 
less frequent in black South Africans (2%) 39

• It is rare in 
caucasian and oriental populations ( 0-1% )40

•
41 and apparently 

absent in Pacific islanders42 and Amerindians41
. Hence, this 

HLA class I allele, which is associated with significant protection 
from severe malaria, has many similarities in its global distribu­
tion to the classical protective haemoglobin variant, HbS 
(ref. 25). 

HLA class II haplotypes 
The importance of antibodies in defence against the blood stage 
of malaria infection has been demonstrated in several 
ways 18

•
33

•
43

. So, to look for an HLA class II association with 

TABLE 3 HLA-Bw53 association with severe malaria 

Severe malaria 
Mild controls 

Mild malaria 
Healthy adults 

Serology 
No. HLA-Bw53 (%) 

306 15.7 
144 24.3 

112 25.0 

PCR 
No. HLA-Bw53 (%) 

307 16.9 
364 25.4 

353 
106 

22.6 
26.4 

HLA-Bw53 antigen frequencies determined by serology (Table 2) and by PCR. There 
is no overlap between the samples analysed by the two methods. Analysis of 
interactions: Of the seven individuals heterozygous for HbS among the severe malaria 
cases, 1 (14.3%) had the HLA-Bw53 antigen: 97 (16.6%) of 586 cases of severe 
malaria with the Hb AA genotype had this antigen. Analysis of a possible interaction 
between HLA-Bw53 and the HLA class II haplotype, DRw13.02-DQw1, associated with 
protection from severe malarial anaemia (Table 4), showed that, of the 34 individuals 
with DRw13.02 in the severe malarial anaemia group (out of 216 typed for both 
antigens), 4 (11·8%) had HLA-Bw53. Of the 138 mild controls with DRw13.02 (out of 
477 typed for both antigens), 39 (28.3%) had HLA-Bw53: RR of severe malarial anaemia 
in individuals with both antigens compared to individuals with neither =0.21 (0.05-0.60), 
which is similar to the product of the individual antigen relative risks. Similar analysis 
of the HLA-Bw53/DRw13.02 interaction among all severe malaria cases also showed 
no significant interaction. Hence, although the numbers with both antigens are relatively 
small, there does not appear to be any strong epistatic interaction between these 
alleles. Analysis of parasite densities: Because of numerous confounding factors, 
such as the high rate of prior treatment particularly among severe cases 70

, this study 
could only have detected very large effects of genetic factors on peripheral blood 
parasite density: to avoid increasing the number of comparisons assessed, and thereby 
reducing the power of the study. this supplementary analysis was not part of the study 
design. Although the parasite density (geometric mean with 95% ci x 103 

f.&r
1

) among 
malaria cases (studied within 2 h of arrival at hospital, n = 523) with HLA-Bw53 (72.6, 
55.9-94.3) was lower than in those without this antigen (77.1. 67.7 -87.8) neither this 
difference (Wilcoxon test: P=0.76) nor the larger reduction in mean parasite density 
among those with HLA-DRw13.02 (68.7, 54.2-87.1) compared with those without (81.1. 
71.0-92.6; P=0.23) was statistically significant. PCR typing was done for HLA-Bw53 
as described elsewhere73

. Briefly, the primers 5'-CCGGAACACACAGATCTI-3' and 5'­
GTCGT AGGCGGACTGGTC-3' were used to specifically amplify only HLA-Bw53 and HLA­
B35 in a PCR buffer containing 10o/o DMSO and 1 mM MgCI2 , with 35 cycles of 
denaturation at 94 oc (90 s). annealing at 58 oc (120 s) and extension at 72 oc (120 s). 
HLA-Bw53 alleles were distinguished from HLA-B35 by hybridization with an oligonucleo­
tide probe 5' -CGGA TCGCGCTCCGCT AC-3' to the 3' end of ex on 2, with washing in 
6 xSSC at 59 °C, after immobilization of the amplification product on nitrocellulose 
filters. 
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susceptibility to the two forms of severe malaria, severe malarial 
anaemia and cerebral malaria, we determined HLA class II 
haplotypes defined by restriction fragment length polymorph­
isms (RFLP) of the ORB and DQB genes, a molecular method 
of HLA typing that has some advantages over alternative tech­
niques. Analysis (Table 4) showed a highly significant difference 
in frequency for a single haplotype, with the X-I RFLP pattern, 
between the children with severe malarial anaemia and the mild 
controls. This haplotype pattern is invariably associated with 
the DRw13 and DQwl serological specificities and subtyping 
by DNA sequencing and T cell assays has shown the DRw13 
allele to be of the DRB1*1302 subtype44

-
48

• This was confirmed 
for this Gambian population by sequencing of the DRBl gene 
and typing of many further samples by allele-group-specific 
PCR and oligonucleotide hybridization49 (Table 4). Like HLA­
Bw53, this haplotype is less frequent among the cases of severe 
malarial anaemia (8.7% gametic frequency) than in the mild 
controls (16.4%, xi= 14.0, p = 0.00018, pcorrected = 0.0023), 
indicating that it is a protective rather than a susceptibility 
haplotype. Statistically significant protection was seen only from 
severe malarial anaemia, even though the frequency of this 
haplotype was also decreased in the children with cerebral and 
mild malaria compared with the mild controls. Analysis of 
genotype frequencies showed that, for each forQl of severe 
malaria, homozygotes for this haplotype had lower relative risks 
than heterozygotes (Table 4). 

In almost all cases reported previously, the DRB1 *1302 allele 
has been linked to the DRB3*0301 allele50 and to DQ genes 
specifying the DQw6 (rather than the DQw5) subtype of DQw1 
(ref. 51). However, sequencing of the DQA1 and DQB1 genes 
from a Gambian with a DRB1*1302 haplotype showed a novel 
arrangement of allelic sequences (Fig. 2): a DQB1*0501 rather 
than the expected DQBl *0604 sequence was linked to the usual 
DQAl sequence52

• Furthermore, this DRw13-DQw5 haplotype 
is more common in The Gambia than the caucasian DRwl3-
DQw6 haplotype (Fig. 2). Comparison of the protective 
efficacies of the two haplotypes against severe malarial anaemia 
showed that the associated relative risks were similar, suggesting 
that both are protective and that the DRB1*1302 and 
DRB3*0301 alleles that they have in common may be more 
important than the DQB gene for protection from severe malarial 
anaemia. However, although the more common DQw5 

FIG. 2 Top, Gene maps of the two DRB1 *1302 
haplotypes found in The Gambia. Bottom, Percen­
tage frequencies of the two DRB1 *1302 
haplotypes in the various groups. The frequencies 
of these two haplotypes sum to the frequency of 
the DRw13.02-DQw1 haplotype given in Table 4. 
The DQw5 haplotype was significantly less 
frequent among the cases of severe malarial 
anaemia compared with the mild controls <xf = 7.9, 
P=0.005, RR=0.52 (0.32-0.82)) and the severe 
controls <xf = 5.6, P =0.017). The DQw6 haplotype 

DQw6 

DQw5 

haplotype is clearly associated with protection, the less frequent 
DQw6 haplotype is difficult to assess with certainty, precluding 
a definite assignment of the association to particular DR or DQ 
genes. The protective DQw5 haplotype is probably the same as 
the DRw13-DQw5 haplotype found in American blacks45

•
48 and 

an Israeli cell line53
, but this haplotype is clearly very rare in 

northern Europeans54 and north American caucasians55
. There 

was no significant56 linkage disequilibrium between HLA-Bw53 
and -DRB1 *1302 in the population as a whole (~ = 0.001, P > 
0.7), nor within clinical groups, indicating independent associ­
ations. Although this study was not designed to measure the 
influence of HLA antigens on peripheral blood parasite 
densities, retrospective examination of the available data 
showed no large differences (see Table 3). Analysis of the relative 
risks of severe malaria among individuals with more than one 
of the protective alleles, HbS, HLA-Bw53 and DRBI *1302 (see 
legends to Tables 2-4), showed no clear evidence of epistatic 
interactions, but only substantial effects would have been 
detectable. 

HLA and protective immunity 
The simplest explanation for these associations, amongst several 
possibilities, is that they relate to the antigen-presenting ability 
of HLA molecules. Thus, the association between HLA-Bw53 
and protection from severe disease would suggest that, as in 
animal models 19

-
22

, class I -restricted T lymphocytes, presumably 
cytotoxic T cells (CTL), play an important part in providing 
protective immunity to malaria in man. Because HLA class I 
molecules are absent on human red blood cells, these CTL 
would probably act against the liver-stage malaria parasite. 
Similarly, a plausible explanation for the HLA class II associ­
ation is that only individuals with this haplotype are able to 
present a particular conserved epitope on a blood-stage parasite 
antigen to helper T cells, leading to more rapid parasite clear­
ance. It may be surprising that an infectious organism as large 
as a malaria parasite should give rise to a disease that is HLA­
associated: P. fa/ciparum must contain thousands of potential 
T-cell epitopes which will have varying HLA restriction patterns, 
and immune responses against many P. falciparurn epitopes are 
indeed evoked 57

. The existence of an HLA association implies 
that most such responses must be of limited protective value, 
and that the number of epitopes to which a strongly protective 

0081 DQA1 DRB1 

0604 0102 1302 

0501 0102 1302 

was significantly less frequent among the severe 
malarial anaemics compared with the mild controls 
(xf=4.9, P=0.026, RR=0.49 (0.25-0.93)) but 
not compared with the severe controls (x~=0.1). 

Haplotype Severe malarial Cerebral Mild Mild Severe Healthy 

All 96 Gambian haplotypes with DRB1 *1302. ana­
lysed by PCR and oligonucleotide hybridization49

, 

had the DRB3*0301 sequence50 (corresponding 
to the serological specificity DRw52c), as is true 
in other populations. 
METHODS. The DRB1, DQA1 and OQB1 genes were 
analysed from an individual homozygous for the 

DRB1 *1302-
DQB1*0604 

DRB1*1302-
DQB1*0501 

DRw13.02 RFLP pattern (Table 4) by PCR using locus-specific primers53 for 
exon 2, cloning by blunt-ended ligation into Smal-cut m13mp8 vectors 
(Amersham) and dideoxy-sequencing. To type the DQB allele of all individuals 
with DRB1 *1302, either a PCR or a Southern blot method was used. In the 
PCR method the second exon of the DQB genes was amplified using the 
primers 5' -CGCAGAGGA TTTCGTGTACCAG-3' and 5' -GGGCGACGACGCTCA­
CCTC-3' and hybridization was with oligonucleotides specific for DQB1 *0501 
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anaemia 
n=436 

3.0 

5.7 

malaria 
n=826 

4.8 

8.7 

controls 
n=958 

6.0 

10.5 

malaria controls adults 
n=698 n=660 n=408 

6.3 3.5 6.4 

7.6 10.0 10.3 

(5'-CCGGGCAGTGACGC-3') or DQB1 *0604 (5'-GAGGTGGGGTACCGC-3'). The 
latter will also hybridize with the uncommon DQB1 *0605 allele45 which, if 
present, will be included with *0604 in this comparison. The Southern blot 
method employed the restriction enzyme BamHI and hybridization with a 
DQB probe which gave 7.5-kb and 3.4-kb bands with the DQw6 and DQw5 
haplotypes, respectively48 
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immune response can be mounted may be small, a consideration 
of some importance for vaccine development. 

Analysis of the mechanisms of the HLA associations described 
here may be helpful in identifying the antigens against which 
protective immune responses are directed. Although several P. 
falciparum antigens have been advocated or used as candidate 
vaccines, progress in vaccine development has been retarded by 

TABLE 4 HLA class II haplotypes 

RFLP Severe 
Serotype pattern malarial Cerebral Mild Mild Severe Healthy 

DR DQ DR DQ anaemia malaria controls malaria controls adults 

n=436 n=826 n=958 n=698 n=660 n=408 

13.04 7 XXI v 24.8 26.4 25.3 30.4 27.1 23.8 
13.02 1 X I 8.7 13.5 16.4 13.9 13.5 16.7 
10 1 Ill I 7.1 9.1 8.7 8.0 9.7 7.4 

9 2 XVII IX 7.8 7.1 7.7 5.9 4.9 6.4 
4 8 XII IV 5.7 4.4 5.2 4.6 4.4 4.7 
1 1 I 5.1 5.1 4.3 2.7 3.6 3.4 

11.01 7 XX v 2.8 2.5 3.4 3.9 3.5 3.2 
13.01 1 IX II 3.4 2.8 3.4 3.6 3.6 1.7 

8 7 v v 3.2 2.7 4.0 3.4 3.0 3.0 
3.01 2 VIII Ill 3.4 2.8 2.2 2.2 3.0 1.5 
7 2 XIV VI 4.6 3.1 1.8 3.0 2.6 3.2 

13.03 7 XV v 2.5 2.4 2.0 2.0 1.8 2.9 
3.02 4 XV IV 1.6 2.2 1.0 2.4 2.9 2.2 

Percentage frequencies of the 13 common HLA class II haplotypes in the various 
groups. The total number of haplotypes typed in each group (n) is shown (that is, twice 
the number of individuals). Haplotypes are identified by RFLP labels in Roman numerals46 

and the corresponding serological types are shown with the subtype of the DRw3, 
DRw11 and DRw13 specificities appended after a decimal point. Analysis: The 
DRw 13.02-DQw1 haplotype was less frequent among cases of severe malarial 
anaemia than mild controls (RR=0.49 (0.33-0.72), xf=14.0, P=0.00018, Pcwecteo= 
0.0023) but the reduction in frequency among the cerebral malaria group was not 
significant (x~ = 2.8). The DR7 -DQw2 haplotype was more frequent among cases of 
severe malarial anaemia than among mild controls (RR=2.66 (1.32-5.38), xf =8.1, 
P=0.0044, Pco«ecteo=0.057). Phenotype frequencies were also analysed. For the 
DRw13.02 haplotype there were two homozygotes and 34 heterozygotes among the 
severe malarial anaemics, six homozygotes and 100 heterozygotes among the cerebral 
malarias, and 19 homozygotes and 120 heterozygotes among the mild controls. Thus, 
homozygotes for this haplotype had greater protection from severe malarial anaemia 
(RR=0.22) than heterozygotes (RR=0.55; x2 for trend=13.8, 1 d.f. P=0.0002) and 
homozygotes showed reduced risk of cerebral malaria (RR=0.36 (0.12-0.95), x~ =4.3, 
P=0.04). but heterozygotes did not (RR=0.95 (0.69-1.31)). Of the seven cases of 
severe malaria who were HbS carriers, two (one of three with cerebral malaria and 
one of four with severe malarial anaemia) were DRw13.02 heterozygotes. Logistic 
regression analysis by phenotype56, which allowed for possible confounding effects 
of differences in age, sex, ethnic group and area of residence between the groups of 
subjects, showed that the overall contribution of all 13 HLA class II haplotypes to 
differences between the severe malarial anaemic and mild control groups was statisti­
cally significant (x2 =25.3, 13 d.f., P=0.02). The adjusted relative risks for DRw13.02-
DQw1 and DRw7-DQw2 became, respectively, 0.45 (0.27-0.72) (x~=10.6, P=0.001) 
and 2.42 (1.17-4.99) (x~=5.7, P=002). The difference in HLA class II haplotype 
distribution between children with cerebral malaria and mild controls was close to 
significance (x~ = 22.5, 14 df, P=0.07) when the effect of homozygosity for DRw13.02-
DQw1 was included. The percentage frequencies of individuals homozygous for any 
Taql DRB-DQB RFLP pattern in each group were: severe malarial anaemia, 6.9%; cerebral 
malaria, 14.5%; mild controls, 12.5%; mild malaria, 13.5%; severe controls, 17.0%; 
healthy adults. 13.2%. The homozygosity rate among the severe malarial anaemia 
cases was significantly lower than in the mild controls (x~ =4.4, P=0.036) and severe 
controls (x~=11.0, P=0.001). RFLP analysis using Taql digestion and ORB- and 
OQB-specific probes was used as the primary HLA class II typing method because, 
unlike serology, it requires only small amounts of blood and allows DRw13 subtypes 
to be distinguished and, unlike PeR-oligonucleotide typing methods, it should not miss 
new alleles in previously unstudied populations. Only the most frequent 13 RFLP-defined 
haplotypes (all those > 2% frequency, accounting for about 85% of all haplotypes) 
were compared as the others were all too rare to allow a significant association to 
be detected unless the associated relative risk turned out to be improbably large 
(RR > 5) or small (RR < 0.2). The DRB and DQB band pattern labels in Roman numerals 
are as reported previously46·74·75. (XXI is identical to VI except that the 4.1-kilobase 
(kb) band is smaller, 4.0 kb; XX is identical to XV except that the 11-kb band is 11.5 kb; 
XVII differs from XIV only in that the intense 4.0-kb band is 4.1 kb.) The usual complete 
associations of RFLP patterns with DR types and subtypes, defined by oligonucleo­
tides76, were confirmed for this population, except that the common XXI-V haplotype 
was associated with both DRB1 *1304 (78% of alleles) and DRB1 *1102 (manuscript 
submitted). The association of the X RFLP pattern with the DRB1 *1302 allele was 
confirmed for all 48 haplotypes tested using allele-group specific amplification with 
the primers 5'-TCCTGGACAGATACTICC-3' and 5'-GCACTGTGAAGCTCTCAC-3' followed 
by hybridization with the oligonucleotide probe 5'-ACATCCTGGAAGACGAGCG-3'; these 
primers amplify DRB1 *1302 but not DRB1 *1301 and a positive signal on subsequent 
hybridization is specific for DRB1 *1302. 
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our ignorance of the nature of protective immunity in man. A 
search for an association between the ability to respond to a 
particular malaria antigen or epitope and the presence of protec­
tive HLA types may be useful in identifying one of these antigens 
as a target of natural protective immunity and thus a preferred 
antigen for vaccine trials. 

Evolutionary implications 
This study provides the <;learest evidence yet obtained that a 
lethal infectious pathogen, one which has had enormous effects 
on human history 17

, is influencing the evolution of polymorphic 
MHC genes in man. Although a study of survivors of typhoid 
and yellow fever epidemics in Surinam58 suggested that HLA 
antigens may have influenced outcome in one or other of these 
diseases, only in Marek's disease of chickens59 had there been 
a convincing association with a fatal natural infection. These 
African data indicate that pathogen-driven selection is operating 
in present-day human populations and that it is unnecessary to 
propose2 that this phenomenon has been episodic with long 
intervening periods of selective neutrality. Another implication 
is that HLA associations with many other potentially fatal infec­
tious diseases may exist, but that very large sample sizes, with 
detailed molecular typing, may be necessary to demonstrate 
these convincingly. 

The degree of protection afforded to children with the HLA 
types we have identified allows some estimates to be made of 
the time it would take for these alleles to reach their present-day 
frequencies under natural selection by malaria. Assuming simple 
directional selection this would take between 2,000 and 7,000 
years for HLA-Bw53, depending on the initial allele frequency 
assumed60

: estimates of the length of time P. falciparum malaria 
has been a major cause of mortality in Africa are similar17

. 

However, we feel that selection pressures are unlikely to be this 
constant, and fluctuating selection pressures61

-
63 due to epi­

demics of infectious diseases might actually help to maintain 
MHC diversity. In this regard, two other models of how MHC 
diversity could be maintained by differential protection from 
infectious pathogens have been advocated: overdominant6

•
12 

selection (heterozygote advantage) and frequency-dependent 
selection64

•
65

, in which individuals with rare alleles have the 
greatest resistance to pathogens. It is a prediction of the over­
dominance model that heterozygotes, who should be fitter than 
homozygotes, would be less common in the disease group than 
among controls. However, among cases of severe malarial 
anaemia, HLA class II haplotype heterozygotes were sig­
nificantly more frequent than in the controls (Table 4), as were 
heterozygotes for HLA-B alleles in the severe malaria group 
compared with controls (Table 2). Furthermore, homozygotes 
for DRB1 *1302 had lower relative risks than heterozygotes both 
for severe malarial anaemia and for cerebral malaria, which 
may also be more compatible with frequency-dependent than 
overdominant selection. Although the precision of this analysis 
is limited by the inability of the typing methods used to detect 
all true heterozygotes, and other infectious pathogens may show 
different HLA associations, these data do not support the recent 
tendency to assume that balancing selection for MHC genes 
must be overdominant 11

. 

The importance of these HLA associations is emphasized by 
comparing the proportion of potential cases of severe malaria 
in the population which are prevented by the presence of HLA­
Bw53, DRB1 *1302 or HbS. Although HbS is clearly the most 
protective to an individual, and associated with a 92% reduction 
in the relative risk of severe malaria, only 13% of the Gambian 
population are carriers, so the proportion of potential cases 
prevented66

•
67 is 12%. HLA-Bw53 and the DRB1 *1302 haplotype 

are less protective but they are much more prevalent, so that 
the proportion of potential cases prevented can be calculated 
to be 10.3% of severe malaria cases (HLA-Bw53) and 16% of 
cases of severe malarial anaemia ( D RB 1 * 1302): a total of about 
15% of all potential severe malaria cases in The Gambia. 
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Although mechanisms other than pathogen-driven selection 
might also contribute to the maintenance of MHC polymorph­
ism, this study provides direct evidence that natural selection 
by infectious diseases exerts an important and continuing 
evolutionary pressure on HLA genes. D 
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LETTERS TO NATURE 

An atomic switch realized with the 
scanning tunnelling microscope 
D. M. Eigler, C. P. Lutz & W. E. Rudge 

IBM Research Division, Almaden Research Center, 650 Harry Rd, 
San Jose, California 95120, USA 

THE scanning tunnelling microscope 1 (STM) has been employed 
in recent years in attempts to develop atomic-scale electronic 
devices, both by examining device-like characteristics in pre­
existing structures2

•
3 and by creating new structures by the precise 

manipulation of atoms and molecules with the STM tip4~. Here 
we report the operation of a bistable switch that derives its function 
from the motion of a single atom. A xenon atom is moved reversibly 
between stable positions on each of two stationary conducting 
'leads', corresponding to the STM tip and a nickel surface. The 
state of the switch is set (that is, the xenon atom is moved to the 
desired location) by the application of a voltage pulse of the 
appropriate sign across the leads. The state of the switch is 
identified by measuring the conductance across the leads. This 
switch is a prototype of a new class of potentially very small 
electronic devices which we will call atom switches. 

The idea that an atom could be transferred from the tip of 
an STM to the surface by applying a sufficiently high voltage 
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across the tunnel junction is due to Becker eta/. 7 , who suggested 
that the atomic-scale perturbation left on a germanium surface 
was a germanium atom that had been transferred from the tip 
to the surface under high bias (tip negati ve) conditions. Sub­
sequent work used static voltages or voltage pulses to make 
changes to the tip or to the surface being examined6

•
8

-
10

. None 
of this work demonstrated that an atom can be transferred 
reversibly between a sample and tip, but Lyo and Avouris 11 

have recently been able to transfer silicon reversibly between a 
silicon surface and a tungsten STM tip. 

As the conductance of a tunnel junction depends exponen­
tially on the spacing between the electrodes (because the conduc­
tion-electron wavefunctions decay exponentially in the tunnel 
barrier), even slight rearrangements of the atoms in the current­
carrying region of the tunnel junction will lead to easily 
measured changes in the conductance. If controlled reversible 
motion of an atom between the electrodes of a tunnel junction 
could be achieved solely by the application of an electrical 
signal, an atomic-scale bistable electronic switch could be 
developed . 

The atom switches that we will describe were constructed and 
operated using an STM contained in an ultra-high-vacuum 
system and cooled to 4 K. The switches were constructed using 
the (110) surface of a single-crystal nickel sample and a tip 
made from polycrystalline tungsten wire. The sample was pre­
pared by sputtering with a rgon ions and annealing to 820 K. 
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