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Genetic factors as determinants of infectious disease transmission in
human communities

By D.J. Weatuerarr, FR.S,, J.I. BELL, J. B. CLEGG, J. FLINT, D. R. HiGGs,
A.V.S.HirLL, G. PasvoL aAND S. L. THEIN

MRC Molecular Haematology Unit, Nuffield Department of Clinical Medicine, University of Oxford,
John Radcliffe Hospital, Oxford 0X3 9DU, U .K.

Genetic factors may play an important role in individual susceptibility to infection.
Hitherto this problem has been investigated by attempting to relate the distribution
of genetic polymorphisms in populations to present or past infection, or by analysing
specific infections by classical twin studies or group comparisons. There is reasonable
evidence that the common red-cell polymorphisms involving haemoglobin, enzymes'
or membrane have been maintained by relative resistance to malaria. Blood-group
heterogeneity, including secretor status, may reflect varying susceptibility to bacterial,
virus and yeast infection. There is increasing evidence that the HLA-DR system may
be involved in modifying the clinical course of bacterial, virus and parasitic infection.
So far no specific resistance or susceptibility loci similar to those found in murine
models have been found in man. DNA analysis, particularly involving restriction
fragment length polymorphism associations with candidate genes, offers a valuable
new approach to this problem.

INTRODUCTION

It has long been suspected that genetic factors play an important role in determining
susceptibility to infection. While this subject is of considerable biological interest it may also
have important practical implications. Following the advent of recombinant DNA and the new
techniques of protein engineering, many candidate vaccines are becoming available that will
need to be evaluated in defined populations. As it is quite possible that at least some of them,
although useful, will not afford complete protection, any trials designed to test their efficacy
will have to take into account the possibility that, because of their genetic makeup, some
individuals will be more or less susceptible to a particular organism than the rest of the
population. Furthermore, it is possible that there may be inherited variability in response to
vaccines.

The mechanisms for protection against infection are extremely complex, ranging from the
natural dermal and mucosal barriers, through the activity of the humoral immune system, to
extremely sophisticated mechanisms for cellular killing mediated through complement,
polymorphonuclear leucocytes and macrophages, and lymphocytes. Clearly, many genes must
be involved in this diverse "protective armamentarium, the variation of which might modify
susceptibility to infection. But with the exception of a few rare mutations that cause gross
defects in resistance to infection very little is known about the genetic variability of these
systems that might play a major role in modifying the pattern of infectious disease in large
populations.

Much of our extremely limited understanding about genetic factors in susceptibility to
infection has come from the analysis of the relative distributions of genetic polymorphisms in
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328 D.J. WEATHERALL AND OTHERS

relation to present or previous infection in small groups or large population samples. For
example, soon after it was found that there is a wide diversity in the distribution of blood groups
between different races it was suggested that this might reflect variability in response to
infectious disease in individuals of different genetic makeup. However, it turned out to be
extremely difficult to test this hypothesis and, as we shall see later, with a few exceptions there
is very little hard evidence that relates a particular blood group to susceptibility or resistance
to infection. However, the brilliant insight of J. B. S. Haldane, who in 1949 suggested that
heterozygote advantage to malaria might be the mechanism for the very high gene frequency
of thalassaemia in the tropical world, opened up a field of investigation that has, to date,
provided the best model for studying the population genetics of resistance to infection.
Although there has been more recent work on other systems, particularly the human
lymphocyte antigens (HLA-DR) genes, the genetic disorders of the red cell remain the only
polymorphisms for which we are even close to understanding the complexities of host—parasite
interaction.

In this paper we shall review current knowledge about the association of genetic
polymorphism and infection and, because they may provide us with some clues for future
directions for work in this field, summarize briefly the single-gene disorders that are known to
cause increased susceptibility to infection.

GENETIC POLYMORPHISMS AND INFEGTION

Differences between ethnic groups, or between subsets of individuals within particular races,
can be described in terms of measurements and comparisons of gene frequencies for
polymorphic discontinuous traits. Such differences can in theory result from mutation,
hybridization, genetic drift and selection. Thus in any study designed to test the hypothesis
that a particular distribution of polymorphisms is due to selection by resistance or increased
susceptibility to an infective agent, it is essential to consider all these factors. In practice it is
particularly important to distinguish between adaptive and non-adaptive divergence, that is
between selection and drift. This means that the two populations being compared must be as
alike as possible in every respect except in their exposure to the particular infective organism
under examination. As we shall see, many studies in this field are bedevilled with this particular
difficulty.

In attempting to detect selection by infectious disease as the basis for different gene
frequencies a number of factors must be considered. Assuming random mating within a
population, the frequencies of genotypes are easily explained as the product of the frequencies
of the genes corresponding to the genotypes. This is the basis of the Hardy—Weinberg
distribution ; a homozygote for an allele will have a frequency equal to that of the square of the
frequency of that allele, and heterozygote frequency will be twice the product of the two
corresponding allele fréquencies. Deviations from this pattern, if they are not due to non-
random mating or population heterogeneity, may indicate the existence of selective factors. For
example, in some of the red-cell polymorphisms that we shall consider it is possible to compute
fitness directly from comparisons of observed genotype frequencies with their expected values;
these direct estimates of fitness lead to expected gene frequencies that are very close to those
observed.

Some of the polymorphic systems that we shall consider are the products of families of linked
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genes. In the absence of selection, and given sufficient time for equilibrium to have been
reached, no associations between alleles due to linkage disequilibrium are to be expected. If
they occur it suggests that selection may be favouring a particular linkage haplotype. Again,
however, linkage disequilibrium is only evidence of a selective process if it can be established
with certainty that there has been no recent hybridization, that is population admixture.

Table 1 summarizes some of the polymorphic systems that have been examined for a possible
relationship to susceptibility to infectious disease. The polymorphisms involving the red cell are
by far the best studied. They include haemoglobin, enzyme systems and membrane structure.
The genetic haemoglobin variants that achieve polymorphic frequencies include haemoglobins
with altered structure, notably haemoglobins S, C and E, and the thalassaemias, conditions
that result from a reduced rate of production of either the o or B globin chains of adult
haemoglobin. The only red-cell enzyme defect that reaches polymorphic frequency is glucose-
6-phosphate dehydrogenase (G6PD) deficiency. This enzyme plays a key role in the hexose
monophosphate shunt pathway of red cells that is essential for their protection against oxidant
damage. Finally, a red-cell membrane defect of unknown cause, hereditary ovalocytosis,
reaches polymorphic frequencies in a few localized populations, notably those of Papua New
Guinea. As we shall see later there is reasonably good evidence that all these polymorphisms
have been maintained because of the resistance that they afford against Plasmodium falciparum
malaria.

TABLE 1. SOME POLYMORPHIC SYSTEMS ASSOCIATED WITH INFECTIOUS DISEASE

human
red cell
haemoglobin
enzymes
membrane proteins
blood groups

HLA-DR
class I gene products
class IT gene products

immunoglobulin
Gm
Km

complement

mouse
MHC
Lsh
Ity
Mcp
others

The HLA complex is a multi-gene family on the short arm of chromosome 6 that codes for
molecules that are critical for self-nonself discrimination. The gene products can be divided
into two main types. First, there are the class I molecules that are determined by the HLA-A,
B and C genes. They consist of a heavy chain that is non-covalently associated with a
12000 kDa chain, B, microglobulin. The HLA-A, B and C genes code for class I heavy chains;
B, microglobulin is encoded separately by a locus on chromosome 15. The class I molecules are
involved in target cell recognition by a subset of T cells with suppressor or cytotoxic activity.
They are particularly important in viral antigen presentation and in the subsequent
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recognition of infected cells by cytotoxic T cells. Second, there is the DR region that encodes
for class II gene products that appear on cell surfaces as heterodimers. The structural genes for
both chains of these molecules, o and B, are all located within the HLA-DR region. Three
distinct families of class IT molecules have been characterized : DR, DQ and DP. They are also
essential for antigen recognition by T cells, in this case of the helper variety.

The genes of the HLA complex are highly polymorpﬁic, judged both serologically and, more
recently, by DNA analysis using restriction fragment length polymorphisms (rRrLps). A
considerable amount of work has been carried out in an attempt to relate specific HLA
haplotypes with diseases, particularly of the autoimmune variety. As we shall see later, many
of the associations with infectious disease are extremely weak and the best evidence for the
importance of this gene cluster in modifying response to infection comes from studies of
conditions such as leprosy in which it appears that particular polymorphisms are involved with
modification of the course of the illness.

Finally, there are a number of other highly polymorphic systems, particularly the blood
groups, for which a relationship to infectious disease is suspected but where, with a few notable
exceptions, hard experimental evidence is lacking.

Genetic disorders of the red cell and the malaria hypothesis

In 1949 Haldane suggested that heterozygotes for thalassaemia might be protected against
malaria and that this might be an important mechanism whereby these conditions have
attained their extraordinarily high gene frequencies. In other words the world distribution of
these disorders might reflect a state of balanced polymorphism. E. B. Ford has defined
polymorphism as  the occurrence together in the same habitat at the same time of two or more
distinct forms of the species in such proportions that the rarest of them cannot be maintained
merely by recurrent mutation’. The term ‘balanced polymorphism’ implies that the gene
frequencies for the advantageous heterozygous states for conditions such as thalassaemia will
increase until they are balanced by the loss of homozygotes from the population.

Haldane made these predictions before it was known that thalassaemia is heterogeneous or
that, as well as sickle-cell anaemia, there are a number of other haemoglobin variants, notably
haemoglobins C and E, that reach polymorphic frequencies (table 2). Furthermore, he knew
nothing of G6PD deficiency or ovalocytosis. In the sections that follow we shall ask how well
the ‘malaria hypothesis’ has stood the test of time and whether it is justified to extend it to
cover these other common red-cell polymorphisms.

The geographical distribution of the red-cell polymorphisms

The red-cell polymorphisms only occur at high frequencies in regions in which malaria has
been common in the past or is still endemic (WHO 1982).

TABLE 2. RED-CELL POLYMORPHISMS ASSOCIATED WITH MALARIA RESISTANCE

P. falciparum
haemoglobins S, C and E
o thalassaemia
B thalassaemia
G6PD deficiency
ovalocytosis

P. vivax
Dufty blood group
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The sickle-cell gene is distributed in a broad band across tropical Africa and is found at lower
frequencies in some non-African Mediterranean populations. It also occurs throughout the
Middle East and central India, but apart from some populations of Indian origin in north
Malaya it has not been observed in Southeast Asia. Haemoglobin C is restricted to parts of
West Africa whereas haemoglobin E is distributed in a region stretching from the eastern parts
of India through Burma to Southeast Asia where it reaches its highest frequency in parts of
Thailand, Laos and Cambodia. It occurs sporadically in parts of southern China and it extends
south in a line stretching through Thailand down the Malay peninsula into some of the island
populations of Indonesia.

Approximate gene frequencies for these structural haemoglobin variants have been
catalogued by several workers (Livingstone 1985; Bunn & Forget 1986). In regions of West
Africa and parts of eastern Saudi Arabia and central India the gene frequency for haemoglobin
S can exceed 0.15. Similar frequencies for haemoglobin G are found in Ghana and Upper
Volta. The gene frequency for haemoglobin E in Thailand and Burma is 0.05-0.10, although
higher values have been recorded in parts of eastern Thailand near the Vietnamese border in
the so-called ‘haemoglobin E triangle’.

The world distribution of the thalassaemias, together with their underlying mutations, is
summarized in figures 1 and 2. Adequate gene frequency data for B thalassaemia (figure 1) are
only available for a limited number of populations (Weatherall & Clegg 1981; Livingstone
1985). The condition is uncommon throughout tropical Africa although high frequencies have
been observed in north Africa. It is particularly common throughout the Meditteranean basin,
parts of the Middle East, and in India and Burma and it extends thoughout Southeast Asia
in a line starting in southern China, stretching through Thailand, Cambodia and Laos and
down the Malay peninsula into some of the island populations.

codon 39 CAG—TAG
IVS 1-6 T=C

codons 71/72 + A

IVS 2-654 C—-»T

codons 14-42. 4 bp del.
codon 17 AAG—TAG

codon 26 GAG—>AAG (HbE)

—29 A=»G IVS1-5G C 27
poly(A) T—C 600 bp deletion v J

Ficure 1. The world distribution and main different mutations of the B thalassaemias.
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o™ thalassaemia
[ ] o’ thalassaemia

-Ficure 2. The world distribution of the a® and o* thalassaemias with very approximate
gene frequencies in different populations.

The world distribution of the o thalassaemias is summarized in figure 2. The o
thalassaemias, that is those due to loss of activity of one of the linked o globin genes on
chromosome 16, are extremely common in parts of Africa, the Mediterranean region, the
Middle East and throughout Southeast Asia and the Pacific island populations. Indeed, o
thalassaemia seems to be approaching fixation in some regions, notably the coastal regions of
Papua New Guinea (Oppenheimer et al. 1984; Flint ef al. 1986). On the other hand, the o°
thalassaemias, which are due to deletions of both o globin genes, are restricted to the
Mediterranean island populations and to Southeast Asia where they occur most frequently in
China, Thailand, Laos, and the Malay peninsula; a° thalassaemia is not found in the island
populations of Melanesia (Higgs & Weatherall 1983; Weatherall ¢f al. 1988).

By and large, G6PD deficiency follows a similar distribution to the haemoglobin variants. It
occurs at a high frequency throughout tropical Africa, the Mediterranean region, the Middle
East and Southeast Asia (Livingstone 1985). Ovalocytosis is a common dominant disorder that
is found sporadically in every racial group and is undoubtedly heterogeneous at the molecular
level. However, there appears to be a high frequency of a mild form in Papua New Guinea
(Kidson et al. 1981).

Origins and movements of the genes for the red-cell polymorphisms

The remarkably high gene frequencies for the common red-cell polymorphisms have given
rise to much speculation about their origin and how they have become distributed among
different populations. Until recently it was believed that many of them had arisen as the result
of one mutation and that they were then subjected to a combination of selection and drift due
to population movements. For example, it was believed that the distribution of the sickle-cell
gene in the New World reflects emigration from West Africa during the transportation of
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slaves. Similarly, it was thought that its high prevalence in Saudi Arabia and India may have
resulted from migrations out of East Africa; the transport of slaves from East Africa to the
Persian Gulf flourished from 200-1500 a.p. Based on similar reasoning, it was thought that
the B thalassaemia gene had moved eastwards into Southeast Asia from an origin in the
Mediterranean basin (see Weatherall & Clegg 1981; Bunn & Forget 1986).

The application of recombinant-DNA technology to the study of human globin genes has
made it necessary to re-examine many of these ideas. Two discoveries in particular have led to
this reappraisal. First, it has been found that all forms of thalassaemia show remarkable
molecular heterogeneity and that most populations with a high frequency of the disorder have
their own unique mutations (figure 1). Secondly, it has been possible to start to analyse the
evolutionary history of the globin-gene mutations by examining the pattern of restriction
fragment length polymorphisms (RFLPs) in and around the affected o and B globin genes. An
RFLP is a harmless genetic variation in which a single base change in DNA either creates a new
site for cleavage by a restriction endonuclease or removes a previously existing one; the result
is an inherited difference in the size of the DNA fragments generated by the particular
enzyme.

It has been found that the pattern of RFLPs in the human globin-gene clusters is not random
but rather that there is a limited number of arrangements, or haplotypes, in different
populations (Antonarakis et al. 1982 ; Wainscoat ¢t al. 1986). Current evidence suggests that the
haemoglobin mutations occurred after these haplotype patterns were laid down in different
populations and that the haplotypes that were associated with common globin-gene mutations
were then selected along with them.

The first study relating RFLPs to the distribution of haemoglobin variants concerned the-
sickle-cell mutation and a single polymorphism near the B globin gene that is identified by the
restriction enzyme Hpal (Kan & Dozy 1980). Nearly all Caucasians and about 90 9%, of
Africans with a normal haemoglobin phenotype have a 7.6 kilobase (kb) or, less commonly, a
7.0 kb Hpal fragment that encompasses. the entire B globin gene; only 39, have a 13 kb
fragment. In contrast, among American blacks who have haemoglobin S, nearly 70 % have the
13 kb fragment. Similarly, blacks with haemoglobin C nearly all have the 13 kb fragment. It
seems likely, therefore, that the B* and B mutations both arose on a B gene carrying a 13 kb
polymorphism that may have been restricted to a relatively small geographical area
corresponding to what is now called Burkina Faso, and Ghana. Presumably because the B°
and B° genes came under strong selection their frequency increased and the linked 13 kb
polymorphism ‘hitch-hiked” along with them. On the the other hand the prevalence of the
ancestral 13 kb B* gene remained low because it lacked any selective advantage. The
association between the B° mutation and the 13 kb polymorphism has also been found in north
Africans and Sicilians although not in individuals from East Africa, Saudi Arabia or India.
These observations suggested that the sickle-cell gene arose independently in West and East
Africa (Mears & Lachman 1981).

Recently, extensive RFLP analyses using a battery of single point polymorphisms in the B
globin gene cluster have been done in several populations in an attempt to define further the
origins of both the sickle-cell and haemoglobin E mutations. Studies in Jamaica and West
Africa have shown that the B mutation can be found in association with a wide variety of
haplotypes (Wainscoat et al. 1983; Antonarakis et al. 1984). Although these results are
compatible with multiple origins for the % mutation they must be interpreted with caution
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because it is possible that a number of gene conversion events could have given rise to at least
some of the variability of the f3-haplotype associations. However, the occurrence of a common
haplotype associated with the B® gene in parts of eastern Saudi Arabia and Orissa in central
India, and the finding of completely different haplotypes in some African populations, suggests
that the f° mutation had at least two origins, one in Africa and another in the Middle East or
India (Kulozik et al. 1986, 1987) (figure 3). Similar arguments are applicable to the B¥
mutation, but although it has been found with several different haplotypes it is not absolutely
certain whether this reflects multiple origins or the action of a number of gene conversions
(Kazazian et al. 1984).

+ =4+ -
—_——t +—+
- === +++
- =4+ 4+

J
o -
u
¢

Ficure 3. The P globin gene restriction fragment length polymorphism haplotypes in different sickling populations.
The + and — designations represent the following polymorphic sites in the B globin gene cluster (left to right) :
HindI1 5 to the & gene, HindIII in the %y, HindIII in the *y gene, HindII in the P gene, HindIII downstream
from the yP gene, 4vall in the B gene, Hpal downstream from the B gene, and BamH1 downstream from the
B gene, respectively. Based on Kulozik ef al. (1986).

It is now apparent that in each of the high-frequency areas there are a few common
thalassaemia mutations together with a varying number of rare ones (Orkin & Kazazian 1984;
Weatherall ef al. 1988) (figure 1). Furthermore, in each of these regions the mutations are
different (Weatherall & Clegg 1981 ; Bunn & Forget 1986; Weatherall ¢t al. 1988). And even
if the same mutation does occur in different populations it is nearly always found in association
with a different B globin gene RFLP haplotype. These findings suggest that the p thalassaemia
mutations have arisen independently in different populations and then achieved their high
frequency by selection. Although there may have been some drift and population movement
of the B thalassaemia genes between populations there is now no doubt that independent
mutation and selection provides the best explanation for their world distribution.

In general, recent studies of the a thalasaemias lead to similar conclusions. The deletions that
cause o thalassaemia in the Mediterranean region and Southeast Asia are different (Pressley
et al. 1980; Higgs & Weatherall 1983). Furthermore, studies of the RFLP haplotypes in the o
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globin gene cluster, together with a careful analysis of the crossover events that have produced
the o thalassaemias, have shown that the common form of a* thalassaemia due to a 3.7 kb
deletion has occurred more than once in different populations. Furthermore, there are less
common forms of o thalassaemia that are confined to particular populations, the Pacific
islanders of Melanesia and Polynesia for example (Higgs et al. 1984; Hill et al. 1985).
Haplotype analyses suggest that the o* thalassaemias found in Melanesia arose there de novo
and reached their high frequencies by selection; the haplotypes of the o thalassaemias in
Southeast Asia are completely different (Flint et al. 1986). Thus it is likely that the different
types of a* thalassaemia have arisen independently in many different populations and, like the
B thalassaemias, have reached their very high frequencies by selection.

Similar conclusions can be drawn about the distribution and heterogeneity of G6PD
deficiency (Luzzatto 1985). There are numerous different G6PD variants, most of which tend
to segregate within particular racial groups. Thus it seems likely that they also arose
independently and reached their high frequencies by selection.

The world distribution of the common red-cell variants and their association with present or past malaria

The overall world distribution of the common haemoglobin variants and thalassemias tends
to mirror that of malaria. By and large all the haemoglobin disorders are distributed among
present or past malarious areas, although by no means evenly. Thus whereas o thalassaemia
occurs at a high frequency in populations where the sickle-cell, haemoglobin E or B
thalassaemia genes are found, it is unusual to encounter the coexistence of more than one
P globin gene variant at high frequencies in the same population. The more patchy world
distribution of the latter probably reflects the relative fitness of the different heterozygous states
and the deleterious effects of the compound heterozygous states for B thalassaemia and the B
chain haemoglobin variants. For example, in Africa the sickle-cell gene has been successful at
the expense of B thalassaemia. Presumably selection has been stronger for the sickle-cell trait;
the compound heterozygous state for B thalassaemia and haemoglobin S, sickle-cell
thalassaemia, has a fairly severe clinical phenotype and so B thalassaemia has not reached a
high freqency. Presumably the same mechanism has been at work in Southeast Asia where the
haemoglobin E gene seems to have prospered over B thalassaemia, although here the situation
is not so clear-cut because P thalassaemia is still quite common. Because of the relative lack of
interaction between o thalassaemia and the different B chain haemoglobin variants, a
thalassaemia has come under strong selection and is common in all these populations. One
curious anomaly is the fact that whereas a thalassaemia is widely disseminated throughout
Melanesia and Polynesia there are no common P structural variants in this part of the world
and P thalassaemia occurs only sporadically in a few island isolates (Hill et al. 1988).

Early epidemiological studies in Africa suggested that haemoglobin S heterozygotes are
protected against P. Jaleparum malaria (Allison 1954). More recent work in Nigeria has
confirmed these studies (Fleming ¢t al. 1979). For example, the prevalence of the sickle-cell trait
in Nigerian newborns is 24 %, compared with 299, over the age of five; above this age no
differences are found. These observations suggest that the sickle-cell trait confers a relative
fitness of about 0.20 compared with normal individuals in the same population. This figure
gives a gene frequency of about 0.15, a value very close to that observed in Nigeria. In addition,
it can be calculated that it would take 50 generations or about 1000 years to reach the present
equilibrium assuming that the homozygous condition is 100 9, lethal. These studies have been
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supported by analysis of the frequency of malarial parasites in the blood of sickle-cell
heterozygotes of different ages; the relative numbers were reduced in carriers aged 30-60 weeks
but not in older children.

Population data of this kind relating B thalassaemia heterozygosity to malaria, although
suggestive, have provided less clear-cut information (see Weatherall & Clegg 1981). Studies in
Sardinia, which showed that B thalassaemia is less common in the mountainous regions where
malarial transmission was relatively low, suggested that B thalassaemia might have reached its
high frequency owing to protection against malarial infection (Siniscalco et al. 1966). These
conclusions were questioned by Brown (1981), who suggested that much of the observed
altitude differences in distribution of B thalassaemia might reflect gene flow rather than
selection.

Regardless of these criticisms, for many years the Sardinian data remained the only
convincing evidence for the protective effect of thalassaemia against malaria, despite many
attempts to study this problem (Weatherall & Clegg 1981). However, recent work utilizing
malaria endemicity data and globin-gene mapping has shown a very clear altitude-related
effect on the frequency of a thalassaemia in Papua New Guinea (Oppenheimer et al. 1984;
Flint et al. 1986). Furthermore, a sharp cline in the frequency of o thalassaemia has been
found in a zone stretching south from Papua New Guinea through the island populations
of Melanesia to New Caledonia. A similar gradient in the distribution of malaria has been
demonstrated from previous spleen-rate data collected in this region over many years. This
observation might also have reflected gene drift and founder effects in these island populations.
For example, a population with a high frequency of a thalassaemia might have moved through
the islands from the north and the gene frequency have been diluted during their migration
southwards. This explanation is unlikely, however, because there is a random pattern of the
distribution of other DNA polymorphisms throughout these island populations (Flint et al.
1986; Hill 1986). Thus the frequency of o' thalassaemia, but not that of other DNA
polymorphisms, shows a clear altitude- and latitude-dependent correlation with malarial
endemicity throughout Melanesia.

Cellular mechanisms for protection against P. falciparum malaria

Despite a considerable amount of work the cellular mechanisms that might mediate
resistance of genetic red-cell variants to malarial parasites remain uncertain. The problem has
been approached by in vitro studies of the invasion of P. falciparum in either normal red cells or
those that contain haemoglobin variants or that are G6PD deficient.

In the case of the sickle-cell trait, experiments have been designed to study the rates of
sickling of parasitized and non-parasitized cells under reduced oxygen tension and the patterns
of invasion and growth of parasites in red cells containing haemoglobin S in in vitro cultures.
‘Two potential protective mechanisms have been demonstrated. First, it has been found that
under low oxygen tensidn sickle-cell trait cells containing P. falciparum sickle more readily than
non-parasitized cells (Luzzatto et al. 1970). It has been suggested, therefore, that accelerated
in vivo sickling might provide a mechanism for the rapid clearance of parasitized cells and their
subsequent destruction in the reticulo-endothelial system. This would ensure that the parasite
would not complete its life cycle. In vitro culture studies have also shown that, under ambient
oxygen tensions, parasites invade and grow in sickle cells at the same rate as normal cells.
However, under reduced oxygen conditions both invasion and growth is inhibited (Friedman
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1978 ; Pasvol & Weatherall 1978). It has been suggested that this effect may be mediated at
least in part by the relatively low levels of potassium in AS cells that have undergone sickling
(Friedman et al. 1979).

It is conceivable that both mechanisms are involved ; the major reason why the entrapment
of sickle cells has been favoured is the observation that individuals who are homozygous for
sickle-cell anaemia may undergo severe fatal malarial infection, an observation that is difficult
to equate with the lack of survival of parasites in cells that contain large concentrations of
haemoglobin S. On the other hand, as even a mild malarial infection might have catastrophic
consequences for a child with sickle-cell anaemia, this objection may not be valid.

The results of in vitro studies of parasite invasion and growth in heterozygous thalassaemic
cells are inconsistent. Some have failed to show any convincing evidence that these cells are
more resistant to malarial infection (Pasvol & Wilson 1982) whereas others have demonstrated
some degree of inhibition of invasion (Brockelman et al. 1987). It has been found that cells
containing relatively large amounts of haemoglobin F tend to show a reduced rate of parasite
growth (Pasvol ¢t al. 1977) and it is known that the rate of decline of haemoglobin F production
over the first year of life is retarded in P thalassaemia heterozygotes (Weatherall & Clegg
1981). On the other hand, in most studies the red cells of both a and B thalassaemia
heterozygotes are invaded at the same rate as normal cells by parasites in culture and the
patterns of growth and development show no difference. In vitro experiments have shown that
the red-cell membrane in heterozygous thalassaemia is particularly sensitive to damage by
oxidation and that infection with the malarial parasite may produce sufficient oxidative stress
to alter intracellular metabolism in the way that might lead to the premature death of the
parasite (Friedman 1979; Friedman & Triger 1981). However, these experiments were_
carried out under such extreme conditions of stress that their iz vivo relevance is unclear.

The proposed mechanisms whereby G6PD deficient cells may be resistant to P. falciparum
malaria are even more complex (Luzzatto 1985). It has been found that these cells, maintained
in standard culture (Roth ef al. 1983), or in conditions of oxidative stress (Friedman 1979),
support growth of P. falciparum at a reduced rate as compared with normal cells. However,
because this is an X-linked disorder, in vivo protection must be a prerogative of G6PD-deficient
heterozygous females and not of deficient hemizygous males (Luzzatto 1985). It has been found
that G6PD deficient cells become as compétent as normal cells in supporting the growth of
malarial parasites if the latter have already undergone several cycles of schizogony (Luzzatto
et al. 1983). This suggests that an adaptive process is taking place in the parasite, by using its
own G6PD gene for example, and provides a possible mechanism whereby, in vive, heterozygotes
are relatively resistant to P. falciparum malaria whereas hemizygotes are not. In a hemizygous
male with only G6PD-deficient cells such adaptation will take place rapidly and parasitaemia
may reach dangerous levels in the same way as in a normal individual. On the other hand in
a heterozygous female, in whom there are both normal and deficient red-cell populations, the
parasite would have an equal chance of entering deficient or normal cells, thus decreasing the
chance for adaptation. Other mechanisms for resistance of G6PD-deficient cells to malaria
have been suggested, including altered thiol status (Miller ef al. 1984).

The red cells of patients with the form of ovalocytosis found commonly in Papua New
Guinea are relatively resistant to invasion by P. falciparum in vitro (Kidson et al. 1981). This may
be related to their relative rigidity due to an abnormality of their cytoskeleton.

In vitro studies of the rates of invasion and growth of P. falciparum in red cells containing
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haemoglobin E have given inconclusive results; this variant produces the phenotype of a mild
form of B thalassaemia and hence the same protective mechanisms may be involved in this
common condition as in the different forms of thalassaemia (Pasvol & Wilson 1982 ; Luzzatto
1985). Red cells from haemoglobin C homozygotes, but not heterozygotes, show reduced
parasite growth (Pasvol & Wilson 1982). Again the mechanism is not clear.

Could there be a factor that most of the red-cell variants have in common that makes them
more resistant to invasion by P. falciparum? In this context it is interesting that recent work has
emphasized the importance of red-cell membrane flexibility in parasite invasion (Pasvol et al.
1988). By and large the membranes of the genetic variant red cells are relatively rigid. Clearly
the relation between membrane flexibility and parasitic infection will be worth further
exploration.

In a recent study carried out in Papua New Guinea, Oppenheimer ef al. (1987) found that
infants who had relatively high levels of haemoglobin Bart’s at birth, and who therefore were
assumed to be o* thalassaemia homozygotes, had significantly higher malarial parasite rates
than normal infants or o thalassaemia heterozygotes, both at 6 and 12 months. Spleen rates
showed a similar trend at 6 months. On the other hand, homozygous o* thalassaemic infants
showed a relatively higher haemoglobin level associated with malaria than the other groups.
These are extremely interesting observations that need extending in a larger series. They
suggest that, despite the higher parasitaemias, homozygotes for a* thalassaemia may be
relatively protected. Whether, as the authors suggest, the higher parasite rates reflect a retarded
rate of growth of parasites in the a thalassaemic red cells remains to be established.
Alternatively these observations might indicate a more subtle immune protective effect.
Another interesting observation from this study is that the effect of iron on increasing parasite
rates was more marked in normal babies than in thalassaemics. Again, this raises the interest-
ing question as to whether there is something about the small and relatively under-
haemoglobinized thalassaemic red cell, perhaps its deformability, that provides a common
mechanism for protection.

HLA-DR and infectious disease

Some of the published associations of HLA-DR with infectious disease are summarized in
table 3. Here, we shall make no attempt to discuss the enormous literature on the well-defined
HLA-DR associations with presumed autoimmune diseases such as ankylosing spondylitis and
diabetes, conditions that may represent an abnormal immune response to environmental
agents, including infection. Rather, we shall concentrate on the possibility of HLA-DR
modification of specific infectious diseases.

There are several difficulties in interpreting some of the studies that are summarized in
table 3. First, many of them involve extremely small numbers of patients; weak associations
would have been missed and apparent associations may be spurious. And even where
associations are stronger it is uncertain whether they reflect true HLA-DR relations or simply
follow linkage disequilibrium between specific HLA-DR haplotypes and closely related genetic
determinants on chromosome 6.

A surprising feature of HLA susceptibilty data on infectious disease is that few associations
have been identified with class I (A, B and C locus) alleles. These alleles present viral antigens
to cytotoxic T cells, which are the predominant defence against such infections. This lack of
association may reflect a failure to study protection, rather than susceptibility to infection in
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TaBLE 3 HLA-DR ASSOCIATIONS WITH INFECTIOUS DISEASES OR AGENTS

(Ir indicates immune response, EB Epstein-Barr virus, and caH chronic active hepatitis. References in Pollack &
Rich (1985), Zabriskie & Gibofsky (1986), Ottenhoff et al. (1986), Abdel Salam et al. (1979), Jenkins & Dunn
(1981), and C. Ludlam, personal communication. See text.)
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disease

hepatitis B infection
hepatitis B carrier
hepatitis B vaccine failure
antigen positive CAH
infectious mononucleosis
EB with low vca response
AIDS; Sero conversion in
haemophilia
ams + Kaposi sarcoma
T cell leukaemia
poliomyelitis

tuberculosis

tuberculosis

amoebic abscess
P. falciparum malaria

schistosomiasis
lyme disease
lepromatous leprosy
tuberculous leprosy

association

none
DR

DR7

decreased DR4
none

DR1
A1B8DR3

DR5 or DR5/DR2
None
Bw16 increased

Bw35.B8SDR2
B8 increased

DR4

B16
A1, W5, W21

A1, B5
DR2

DR1, DR2
DR2l, DR3

comment

?PDR associated Ir
?DR associated Ir
?DR associated Ir

?DR associated Ir

?DR associated Ir

no HLA-D deviations
DR not studied

excess haplotype sharing
between affected siblings
?DR associated Ir

based on skin test
responsiveness

altitude-related HLA and
haplotype relationship.
DR not studied

associated with hepato splenomegaly

?DR associated Ir

DR associated Ir
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large populations. Alternatively, it may indicate that serological specificities inadequately
reflect the functional variants identified only when T cell responses to viral antigens are
studied.

There are, however, features emerging from these studies that suggest that the HLA-DR
system may be of considerable importance, certainly in terms of modifying the clinical course
of common infectious or parasitic diseases (Pollack & Rich 1985 ; Zabriskie & Gibofsky 1986).
For example, the persistent carrier status for hepatitis B virus, and the lack of response to
vaccines against this agent, appear to be DR-associated, suggesting an unusual type of immune
response in subsets of individuals in different populations (Rubenstein et al. 1982 ; Carbonara
et al. 1983). There appears to be a strong relation between DR4 and antigen-positive chronic
active hepatitis although unfortunately the published series have been small (Paronetto et al.
1982). The limited amount of published data on AIps is particularly intriguing, suggesting as
it does a DR association in the subgroup of patients who develop Kaposi’s sarcoma. Similarly,
the recent observations that, among a group of haemophiliacs who received factor VIII from
one HIv-contaminated batch, there was a strong correlation between a particular HLA-DR
haplotype and seroconversion suggests that genetic factors may be important in modifying
the course of H1v infections (C. Ludlam, personal communication). Data on DR association and
tuberculosis and Lyme disease are tantalizing, although again they depend on a relatively small
number of observations in different populations (see Zabriskie & Gibofsky 1986).

Perhaps the most convincing example of modification of the pattern of a disease by products
of the HLA-DR gene cluster are the observations made on patients with different forms of
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leprosy (reviewed by de Vries et al. (1985) and Pollock & Rich (1985)). As this topic is
discussed in detail elsewhere in this symposium (Fine, this symposium) we shall only summarize
it briefly here. A number of independent reports have noted the association of an HLA-DR2-
related determinant DQ1 with lepromatous leprosy and the association of DR3 with
tuberculoid leprosy. And, by and large, family data studying segregation of cases of leprosy
support the role of HLA factors in susceptibility to infection (see Pollock & Rich 1985). For
example, the latter authors point out that in the family studies of van Eden ez al. (1985) the
data show a strong trend for non-random segregation of parental haplotypes among healthy
children, as well as a highly significant non-random segregation among the children with
leprosy. In fact, linkage analyses from two large studies reviewed by Pollock and Rich gives a
combined lod score for linkage of HLA susceptibility to either form of leprosy of 3.10, with a
recombination fraction, 6, of 0.30%.

How might the immune response-like gene modify the clinical course of leprosy? It turns out
that antibody responses are high in lepromatous leprosy but low or absent in tuberculoid
leprosy. Like other mycobacterial infections, host defence to Mycobacterium leprae is mediated
mainly by T cells; patients with HLA-associated defective T cell responses develop lepromatous
leprosy, characterized by high antibody response to M. leprae antigens, but specific skin test
anergy. On the other hand, certain HLA alleles are associated with relatively more effective
cell-mediated responses, presumably predisposing to the tuberculoid form of the disease.
Overall, these differing immune responses suggest alternative consequences of T cell recognition
of the antigens after definition in the context of self-HLA molecules (Pollock & Rich 1985).

What of other important tropical diseases? A neglected but important observation on the
possible role of HLA in modifying susceptibility to malaria was published in 1972 by Piazza
and colleagues. As mentioned earlier, the classical studies of Siniscalco and Ceppellini in
Sardinia, in which they interpreted the difference in prevalance of thalassaemia and G6PD
deficiency in populations from different altitudes as evidence of protection against malaria,
remains one of the seminal studies in this field. In 1972 Ceppellini and his colleagues returned
to Sardinia and resampled the villages that had comprised the earlier study (Piazza et al. 1972).
In addition to confirming the difference in frequency between the red-cell polymorphisms, on
this occasion they also showed that there was a significant difference in HLA types between the
mountainous regions and the low-lying valleys. In summary, they found that there was a highly
significant heterogeneity of gene frequency in HLA1, W5, and W21 between the highland and
lowland populations. Furthermore, they found a striking difference in haplotype frequencies
between these groups. Apart from the common red-cell polymorphisms there were no other
major differences in polymorphisms between the populations. In fact, from their data the
authors conclude that the highland and lowland settlements that were studied have a common
and distinctive ancestry and that their genetic homogeneity may have been increased by
selective forces. This, they conclude, adds weight to the hypothesis of the adaptive nature of the
variations that discriminate between highland and lowland populations. To our knowledge this
work has not been repeated elsewhere.

Other possible HLA associations with tropical diseases are summarized by Jenkins & Dunn

(1981).

1 A lod score represents the logarithm to the base 10 of the likelihood (L) ratio L(6)/L(0.5).
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Complement

Although there have been no studies of the distribution of complement polymorphisms in
relation to infectious disease at the population level it is becoming apparent that inherited
variability of the complement system, particularly the terminal steps in the pathway, may be
associated with a marked susceptibility to recurrent infection, particularly with neisseria. The
inherited complement abnormalities have been reviewed by Schur (1986) and will only be
outlined here with respect to susceptibility to infection.

It is quite clear that deficiencies in the later parts of the complement pathway are associated
with marked proneness to infection. Interestingly, these conditions are not uncommon. For
example, over 24 families have been identified as having individuals with C6 deficiency, most
of whom have been identified because of recurrent attacks of neisserial meningitis. Similar
observations have been made in over 16 families with C7 or C8 deficiency. As well as these
specific deficiencies it is becoming clear that each of the components of the complement system
is polymorphic and a number of different electrophoretically determined allotypes have been
identified. So far there is no evidence that they are related specifically to susceptibility to
infection although there has been a description of the association of the F1 allele with
lepromatous leprosy in certain mongoloid populations.

Clearly, the complement system offers an extremely interesting series of candidate genes for
the further analysis of genetic heterogeneity in response to a wide variety of bacterial
infections.

Blood groups

The enormous and conflicting literature on the relation between blood groups and infection
is summarized ably by Mourant et al. (1978), Vogel & Motulsky (1982) and Mourant
(1983).

One of the major problems in interpreting the complex distribution of the ABO blood groups
in terms of selection is that it is impossible to envisage a biological situation that is nearly as
sirriple as that described earlier for the haemoglobin variants and P. falciparum malaria. It seems
likely that in many populations malaria has remained endemic for centuries, even several
thousand years, because the ecological conditions for the mosquito vector have not changed.
However, many bacterial and viral infections come and go as short explosive epidemics.
Sometimes cataclysmic events will be long remembered, the plague epidemic in the Middle
Ages for example. In other cases infections may not be recorded, for example the infantile
diarrhoeas. Given the enormous diversity of infectious disease and these temporal problems,
together with the inherent difficulties consequent on the many other ways in which blood
group distributions may vary, it is not surprising that the epidemiological approach has been
extremely difficult to apply to this problem. Apart from the homologies between certain of the
blood group antigens and bacterial antigens there have been very few ways of testing
susceptibility or resistancé to bacterial or viral infection by specific blood groups directly.

A few extremely tentative conclusions have been drawn from a combination of population
studies and more direct observations on smaller groups. These may be summarized as
follows.

(i) The extremely high group O frequency in Central and South America may have been
due to advantage of O in the presence of syphilis.

34 [ 15 ] Vol. 321. B


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

342 D.J.WEATHERALL AND OTHERS

(ii) The higher frequency of O in marginal European populations could be caused by lower
selection against O carriers by plague.

(iii) The relatively low A frequencies in central and southern Asia might be due to selection
by smallpox. In the same areas O is not so frequent, the gap being filled by B. This advantage
of group B might be due to long-standing selection against A by smallpox as well as against
type O by plague. Unfortunately, much of the evidence is conflicting and it is unlikely that it
will be possible to improve such data in the future.

(iv) Secretor status may be an important factor in susceptibility to some bacterial infections
(Blackwell et al. 1986).

There is even less evidence regarding the relation of blood groups to parasitic disease, with
one notable exception. Miller et al. (1975) noted that human erythrocytes lacking the Duffy
blood group (FyFy) are refractory to invasion by merozoites of P. knowlesi, a parasite with many
similarities to the human malarial parasite, P. vivax. Unlike the rest of the world population
West Africans are almost entirely Duffy negative. It turns out that Duffy-negative volunteers
are completely refractory to experimental infection with P. vivax. Thus it seems likely that the
paucity of the Duffy blood group in West Africa is the result of selection against P. vivax.
Homozygotes are haematologically normal and therefore if they are resistant to this infection
the Duffy-negative gene should have gone to fixation, as appears to be the case in West Africa.
This situation is unlike the balanced polymorphisms described earlier for the other inherited
red-cell disorders.

Interestingly, P. vivax malaria is now an extremely mild disease in West Africa. The fact that
the Duffy-negative phenotype has reached fixation suggests that selection was probably
extremely strong at some time in the past, a fact that emphasizes the occurrence of evolutionary
changes at both the level of the red cell and of the parasite, and, incidentally, the problems of
interpreting current poulation data in the light of past events. Pasvol & Wilson (1982) have
summarized the evidence for and against the Duffy determinant being the receptor for P. vivax.
It is, of course, possible that weaker selection over a long period of time could have resulted in
the distribution of the Duffy group in Africa or, as suggested by Livingstone (198s), it could
have occurred by drift without implicating strong selection by P. vivax.

Immunoglobulin genetic markers (allotypes)

There are two major unlinked genetic systems that are described under this category; Gm,
controlling IgG-C-region heavy chain synthesis, and INV, controlling the C region of the k¥
chains, now called Km. In addition a heavy chain genetic marker, Am, has been found on
IgA, subclass molecules. Very little is known about the distribution of the different subtypes
of these systems in relation to infection; there appear to be some strong associations
between antibody response to polysaccharide-encapsulated bacteria such as Haemophilus
influenzae, pneumococcus and meningococcus, and certain Gm and Km variants.

Single gene disorders that predispose to infection

There is a wide variety of single-gene disorders that predispose to infection. Some of these
are summarized in table 4. Most of them involve specific enzyme deficiencies in neutrophils
or lymphocytes, or reflect monogenic defects in the synthesis of immunoglobulins.
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TABLE 4. SOME SINGLE GENE DISORDERS ASSOCIATED WITH
INCREASED SUSCEPTIBILITY TO INFECTION

granulocyte/macrophage function

adherence — plasma membrane glycoprotein deficiency
chemotaxis — complement deficiency C1-C5
degranulation — Chediak—-Higashi
— specific granule deficiency

oxidative metabolism — CGD (cytochrome by)

- G6PD

— myeloperoxidase

— glutathione reductase

— glutathione synthetase

— glutathione peroxidase

primary B cell deficiency

X-linked hypogammaglobulinaemia
autosomal recessive hypogammaglobulinaemia
selective hypogammaglobulinaemia IgG, IgA

THE ROYAL
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primary T cell deficiency

severe combined

adenosine deaminase deficiency

purine nucleoside phosphorylase deficiency
MHG class I or IT deficiency

with other major defects
Wiskott—Aldrich. ataxia telangiectasia
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complement

late pathway defects

DiscussionN

343

From this short review it is apparent that our understanding of the genetic factors that may
modify susceptibility to infectious and parasitic disease is extremely flimsy. However, such
models as have been studied in detail suggest that genetic susceptibility may be an important

factor in modifying the response of populations to these conditions.

Overall, the malaria hypothesis has lasted the years remarkably well. It has been strengthened
considerably by recent work utilizing recombinant DNA technology, and clearly there is scope
for pursuing this approach in an attempt to analyse all the common red-cell polymorphisms.
At least for the haemoglobin variants, thalassaemia and G6PD deficiency, it is clear that these

played a major role in achieving their high gene frequencies.
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conditions have had multiple origins in different populations and that malaria is likely to have

P. falciparum malaria has been a major killer over the years. Thus even though the genetic
red-cell variants have achieved polymorphic frequencies in many populations, the individual
degree of protection afforded by them may be only quite small. This may partly explain why
it has been so difficult to determine the cellular mechanisms involved. Even in the case of the
sickle-cell gene we still have only the most rudimentary information about how such protection
might be mediated. And although the development of i vitro culture systems has stimulated a
great deal of work it has to be remembered that it is a long way from the in vivo situation.
Furthermore, the observation that protection in the field can only be demonstrated during
specific phases of development in African children raises another potential problem; by
analysing the invasion and growth of parasites in adult cells in culture we may be missing the
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protective mechanism. Is there, for example, something unusual about red cells in foetal or
neonatal life? One factor that may be important in this regard is that even in normal children
the red cells are smaller during the early years of postnatal life than they are later on during
development; this effect is magnified by the various thalassaemia genes. And of course it is also
possible that some of the protective effect is mediated by more subtle immune mechanisms that
will certainly be missed in any of these in vitro systems."

Because, as mentioned earlier, parasitic illnesses such as malaria have been endemic in
populations over many thousands of years they offer a particularly valuable model system for
analysing genetic variability in susceptibility to these agents. It is very unlikely that the red-
cell polymorphic systems are unique; there must be similar selective factors at work in these
populations. The HLA-DR system is a particularly strong candidate and the results of the
studies on patients with leprosy, and the earlier work from Sardinia on malaria, suggest that
it will be particularly fruitful to pursue studies relating polymorphisms of this system to
parasitic disease. The application of RFLP analysis using probes for the class I and II genes of
the HLA-DR gene cluster should offer a valuable adjuvant to serological studies. Although the
mechanisms whereby variation in structure of the class I and II genes might modify response
to infection are still not clear, the recent finding of sequences in human class I genes with a high
degree of homology to human cytomegalovirus (Beck & Barrell 1988) offers a number of
intriguing possibilities.

As compared with parasitic illnesses it may be much more difficult to analyse the genetic
factors that may change susceptibility to bacterial or viral infections. Many of these conditions
are characterized by epidemics that, although they may be catastrophic, are often short-lived.
Although such an event may be reflected by the alteration of the genotype of part of a
population by differing genetic susceptibility, it may be extremely difficult to identify such an
occurrence after the event. On the other hand, during such an epidemic, particularly if there
is a high morbidity or mortality such as is occurring with AIps at the moment, it may be possible
to identify subsets of individuals who are genetically prone or resistant to the infective
organism. As we have seen from this review there is no shortage of candidate genes, many of
which have now been cloned and for which RFLPs are available. It should be possible, therefore,
to define at least some of the loci involved.

An alternative approach to assessing the importance of genetic factors in susceptibility to
particular infections is to compare concordance rates in monzygotic and dizygotic twins. Here
again, data are very limited but such early studies on both tuberculosis (Kallman & Reisner
1943) and poliomyelitis (Herndon & Jennings 1951) argue for the importance of genetic
factors in these conditions. As more candidate gene probes become available the importance
of each locus may be assessed by study of the segregation of DNA polymorphisms with disease
susceptibility within families.

In addition to our rather limited evidence from human studies, work on mouse models
indicates that a number of clearly defined loci are involved in modifying responses to infection.
For example, inate susceptibility to Leishmania donovani infection, measured over 2—4 weeks, is
under the control of a single autosomal gene (Lsh), segregating for incompletely dominant
resistance (r) and recessive susceptibility (s) alleles. This locus segregates independently from
the known histocompatibility loci to a position between the centromere and Idkh-1 on
chromosome 1. It has been observed that homozygous recessive strains of mice show two
patterns of recovery when the course of infection is followed over a longer time. In some strains
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there is a dramatic fall in parasitic numbers associated with severe liver damage whereas in
others high parasite loads which involve mononuclear phagocytes throughout the body are
maintained for up to two years. It turns out that this difference in long-term response is largely
controlled by a gene or genes within, or close to, the major histocompatibility complex (MHc)
(H-2) in the mouse (Blackwell ez al. 1980). Indeed, there is evidence that the MHC is involved
in response to other parasites in the mouse, including intestinal worms. Specific loci involved
with increased resistance to bacterial infection have also been defined in the mouse (see
Skamene 1985). For example, there is a dominantly inherited form of resistance to
salmonellosis that also maps on chromosome 1; in this case the locus is called Ity although the
Lsh and Ity genes may well be identical (Blackwell 1985). A number of other loci have been
defined that are involved in resistance or susceptibility to viral infections (Mouse Newsletter
1987).

It seems likely that similar specific loci for resistance or susceptibility to infectious or parasitic
disease will be defined in man. The availability of large numbers of single-point RFLPs and
probes for highly variable regions (HvRs) should enable this problem to be studied with some
possibility of success.

Because of our extremely limited information about the relative importance of genetic factors
in infection in man it is particularly difficult to predict their overall contribution in modifying
the response to infection in large populations. It is even more difficult to define the way in
which genetic variability might be involved in the transmission of infectious disease and hence
in modifying the pattern of human epidemics. From the few models that are available in mouse
and man it is clear that at least some forms of genetic resistance to infection or parasitic illness
are associated with persistence of relatively high levels of organisms in the blood or tissues.
Presumably this would make the particular pathogens more accessible to vectors and therefore
might well have an important effect in modifying the pattern of transmission, both in endemic
and epidemic conditions. These factors, taken together with the extraordinary facility for many
organisms to change their own genetic makeup, underline the considerable difficulties in
building adequate models of the spread of infectious disease; genetic factors, both in host and
pathogen, must play an important role in modifying the course, both in individuals and in
poulations.
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Discussion

C. C. BLackwEeLL (Department of Bacteriology, University of Edinburgh Medical School, U.K.). Sir
David referred to our findings of an association between non-secretion of the ABO blood group
antigens and susceptibility to bacterial meningitis, recurrent urinary tract infections and
superficial fungal infections. In addition, we have found a significant increase in the proportion
of non-secretors among patients with several autoimmune diseases for which infectious
aetiologies have been postulated: ankylosing spondylitis, psoriatic anthropathy, insulin-
dependent diabetes and Graves disease. As each of these also has particular HLA associations,
we have suggested that some common compromise(s) in the innate defences of non-secretors
might result in the initial susceptibility to the infectious agent(s), and the HLA-governed
response to the agent contributes to the pathogenesis of the diseases. Identification of non-
secretion as a susceptibility factor has provided the basis for a number of hypotheses we are
currently testing.

(i) The carbohydrate moieties of the ABO or Lewis” antigens in body fluids of secretors
might bind to lectin-like adhesins on microorganisms and reduce colonization of epithelial
surfaces.

(ii) The Lewis* antigen found predominantly on the cells of non-secretors might act as a
receptor for some microorganisms.

(iii) As the structural component for the third complement component (C3) is in the same
linkage group as the secretor gene, there might be quantitative or functional differences in the
C3 of secretors and non-secretors.

(iv) Increases in the levels of total serum IgA or IgG observed among non-secretor women
with recurrent urinary tract infections suggest there might be differences in quantity, class or
subclass of the antibody responses of secretors and non-secretors to colonization or infection of
mucosal surfaces.
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