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Susceptibility to Infectious Diseases

In the past ten years, substantial progress has been made in identifying why
some people are particularly susceptible to specific infectious diseases. Ex-
tensive evidence has now accumulated that host genes are important de-
terminants of the outcome of infection for many common pathogens. This
book summarises the advances that have been made in understanding the
complexity of host genetic susceptibility. The diseases covered include those
of great public health importance, such as malaria and HIV, and those of
current topical interest, such as Creutzfeldt–Jakob disease. Many different
techniques have been used to identify host genes involved in infectious dis-
ease susceptibility. Each chapter describes how these discoveries were made,
and the book is therefore useful to anyone planning genetic studies on a
multifactorial disease, regardless of whether it has an infectious etiology.

richard bellamy is an infectious diseases physician with research interests
in host genetics, tuberculosis, HIV, and public health in developing countries.
He is currently Director of the Obaapavita Trial, a study on the effects of
vitamin A supplements on maternal mortality in rural Ghana.
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Over the past decade, the rapid development of an array of techniques in
the fields of cellular and molecular biology has transformed whole areas
of research across the biological sciences. Microbiology has perhaps been
influenced most of all. Our understanding of microbial diversity and
evolutionary biology, and of how pathogenic bacteria and viruses interact
with their animal and plant hosts at the molecular level, for example,
have been revolutionized. Perhaps the most exciting recent advance in
microbiology has been the development of the interface discipline of cellular
microbiology, a fusion of classical microbiology, microbial molecular biology,
and eukaryotic cellular and molecular biology. Cellular microbiology is
revealing how pathogenic bacteria interact with host cells in what is
turning out to be a complex evolutionary battle of competing gene products.
Molecular and cellular biology are no longer discrete subject areas but
vital tools and an integrated part of current microbiological research. As part
of this revolution in molecular biology, the genomes of a growing number of
pathogenic and model bacteria have been fully sequenced, with immense
implications for our future understanding of microorganisms at the
molecular level.

Advances in Molecular and Cellular Microbiology is a series edited by re-
searchers active in these exciting and rapidly expanding fields. Each volume
will focus on a particular aspect of cellular or molecular microbiology and
will provide an overview of the area, as well as examine current research.
This series will enable graduate students and researchers to keep up with the
rapidly diversifying literature in current microbiological research.

Series Editors

Professor Brian Henderson
University College, London

Professor Michael Wilson
University College, London

Professor Sir Anthony Coates
St George’s Hospital Medical School, London

Professor Michael Curtis
St Bartholemew’s and Royal London Hospital, London

iii



P1: FCH/SPH P2: FCH/FFX QC: FCH/FFX T1: FCH

CB591-FM CB591-Bellamy-v2 August 15, 2003 15:7

Advances in Molecular and Cellular Microbiology 4

Susceptibility to Infectious
Diseases
The Importance of Host Genetics

EDITED BY
Richard Bellamy
Kintampo Health Research Centre, Ghana

v



  
Cambridge, New York, Melbourne, Madrid, Cape Town, Singapore, São Paulo

Cambridge University Press
The Edinburgh Building, Cambridge  , UK

First published in print format 

-    ----

-    ----

© Cambridge University Press 2004

2004

Information on this title: www.cambridge.org/9780521815253

This publication is in copyright. Subject to statutory exception and to the provision of
relevant collective licensing agreements, no reproduction of any part may take place
without the written permission of Cambridge University Press.

-    ---

-    ---

Cambridge University Press has no responsibility for the persistence or accuracy of s
for external or third-party internet websites referred to in this publication, and does not
guarantee that any content on such websites is, or will remain, accurate or appropriate.

Published in the United States of America by Cambridge University Press, New York

www.cambridge.org

hardback

eBook (EBL)

eBook (EBL)

hardback

http://www.cambridge.org
http://www.cambridge.org/9780521815253


P1: FCH/SPH P2: FCH/FFX QC: FCH/FFX T1: FCH

CB591-FM CB591-Bellamy-v2 August 15, 2003 15:7

vii©

Contents

Contributors ix

1 Introduction 1
Richard Bellamy

2 Application of genetic epidemiology to dissecting host
susceptibility/resistance to infection illustrated with the
study of common mycobacterial infections 7
Alexandre Alcaı̈s and Laurent Abel

3 The diverse genetic basis of immunodeficiencies 45
Mauno Vihinen

4 Genetic diversity in the major histocompatibility complex
and the immune response to infectious diseases 77
Leland J. Yee and Mark R. Thursz

5 The cystic fibrosis transmembrane conductance regulator 117
Alan W. Cuthbert

6 The influence of inherited traits on malaria infection 139
David J. Roberts, Tyler Harris, and Thomas Williams

7 Polymorphic chemokine receptor and ligand genes in
HIV infection 185
Jianming (James) Tang and Richard A. Kaslow

8 NRAMP1 and resistance to intracellular pathogens 221
Philippe Gros and Erwin Schurr



P1: FCH/SPH P2: FCH/FFX QC: FCH/FFX T1: FCH

CB591-FM CB591-Bellamy-v2 August 15, 2003 15:7

viii©

co
n

te
n

ts

9 The interleukin-12/interferon-γ loop is required for
protective immunity to experimental and natural infections
by Mycobacterium 259
Marion Bonnet, Claire Soudais, and Jean-Laurent Casanova

10 Mannose-binding lectin deficiency and susceptibility to
infectious disease 279
Dominic L. Jack, Nigel J. Klein, and Malcolm W. Turner

11 Blood group phenotypes and infectious diseases 309
C. Caroline Blackwell, Donald M. Weir, Abdulhamid M. Alkout, Omar

R. El Ahmer, Doris A. C. Mackenzie, Valerie S. James, J. Matthias

Braun, Osama M. Almadani, and Anthony Busuttil

12 Genetics of human susceptibility to infection and hepatic
disease caused by schistosomes 337
Alain J. Dessein, Nasureldin El Wali, Sandrine Marquet, Laurent Abel,

Virmondes Rodrigues, Jr., Carole Eboumbou Moukoko, Hélia Dessein,
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CHAPTER 1

Introduction

Richard Bellamy
Kintampo Health Research Centre, Ghana

Patients suffering from a serious illness frequently ask “Why did this hap-
pen to me?” When the disease is cancer or cardiovascular disease, patients
recognise the risk of inheriting “bad genes” from parents as readily as the
risks from smoking and diet. It is all too clear that if both our parents suf-
fered myocardial infarcts at an early age we must be at increased risk of the
same thing happening to ourselves. However, when asked why someone de-
veloped a serious infection, we generally blame lack of acquired immunity,
environmental factors, or bad luck. Increasingly it appears that “bad luck”
really means the genes we have inherited.

It is a common misapprehension that our genes are not important in
determining our ability to fight off infectious diseases. In fact a study of al-
most 1,000 adoptees in Denmark found that the host genetic component of
susceptibility to premature death from infection is greater than for cancer
and cardiovascular disease (Sorensen et al., 1988). This is not unexpected as
common diseases which cause high mortality exert the greatest evolutionary
effects on the human genome. Prior to this century infectious diseases were
the major cause of death in the western world and still are in many develop-
ing countries. From this we can surmise that microorganisms have been the
major selective force in recent human evolution. In other words the interac-
tion between the genes of our ancestors and those of human pathogens have
resulted in what makes each of us genetically unique today.

When a population is exposed to an environmental factor for many gen-
erations, evolution results in adaptation to it. This is most apparent in the
differences in skin and eye colour which occur between populations exposed
to different amounts of sunlight. Similarly, the longer a population has been
exposed to an infectious disease, the more resistant we should expect the
current members of that population to be to it. After several generations of
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exposure the more genetically susceptible individuals are killed off and the
frequency of disease-resistance genes in the population increases. This can
most clearly be seen for malaria because it is restricted to certain geographic
regions and exerts high mortality. Comparisons of gene frequencies in dif-
ferent populations have enabled the identification of several genetic variants
conferring malaria resistance, including sickle cell haemoglobin, glucose-6-
phosphate dehydrogenase deficiency, α-thalassaemia and the Duffy-negative
erythrocyte phenotype. Conversely, when a population is first exposed to an
infectious disease, we should expect them to be highly susceptible to it. This
was strikingly observed when the population of the Qu’Appelle Indian Reser-
vation, Saskatchewan, first came into contact with tuberculosis in the 1890s.
Initially the annual tuberculosis-related death rate was almost 10% of the
population. After 40 years, when two generations had passed, more than half
of the families were eliminated and the annual tuberculosis death rate had
fallen to only 0.2%. This fall in mortality rate is believed to be because of
“weaning out” of tuberculosis-susceptibility genetic factors (Motulsky, 1960).
Massive death rates from measles, smallpox, and other infections, which oc-
curred when the conquistadors first visited the Americas, are also likely to
have been due to a combination of genetic susceptibility and lack of acquired
immunity.

The following chapter, by Alcaı̈s and Abel, provides an overview of the
approaches which can be used to identify the host genes involved in sus-
ceptibility to infectious diseases. It is clear that no single method could be
used to identify all of these genes. A wide range of methods must be used
to dissect out the complex genetic factors underlying the multifactorial ae-
tiology of susceptibility to specific pathogens. The task is not easy and the
results of different studies have sometimes been contradictory. However, the
subsequent chapters of the book show that difficulties have been overcome
and substantial progress has already been made in understanding genetic
susceptibility to many different pathogens. A wide range of approaches has
been used, including population linkage and association studies, extrapola-
tions from mouse-models of disease, and in vitro studies of immune function.
Each chapter illustrates a different scientific approach providing insight into
the uses and limitations of each method.

In Chapter 3, Vihinen provides a summary of the large number of rare,
monogenic immunodeficiency syndromes which have now been identified.
In many cases the molecular basis underlying the condition has been iden-
tified and catalogues and databases now provide ready access to the current
state of knowledge. Yee and Thursz, in Chapter 4, describe the extreme poly-
morphism of the major histocompatibility complex and how this has evolved
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in response to pressure from microorganisms. The present significance of
this variability is shown by examples of how possessing particular human
leukocyte antigen genotypes may increase our risk of developing serious
complications following exposure to specific pathogens. Children with cystic
fibrosis are more susceptible to infections with bacteria such as Pseudomonas
aeruginosa and Burkholderia cepacia. In Chapter 5, Cuthbert discusses the
molecular basis underlying cystic fibrosis and why it results in susceptibility
to specific microorganisms. He also discusses the intriguing possibility that
the common gene mutations causing cystic fibrosis have been selected for
by conferring heterozygote resistance to other pathogens.

The greatest advances in our understanding of susceptibility to any single
infectious disease have been with malaria. In Chapter 6, Roberts discusses
how the geographical restriction of this disease and its high mortality have
resulted in marked variability in the frequency of common variants in the
haemoglobin and other genes. Human immunodeficiency virus (HIV) is a
very new disease compared to malaria and has not yet had sufficient time
to exert a major influence on the evolution of the human genome. However
the recognition that some persons who had been repeatedly exposed to HIV
had never become infected led to the suspicion that these subjects may have
innate immunity to the condition. In Chapter 7, Tang and Kaslow describe
how studies on such subjects determined that their macrophages could not
be infected by HIV and led to the discovery that they lacked expression of the
membrane protein, chemokine receptor 5, due to a 32-basepair deletion in
this gene. In contrast, the discovery of the Nramp1 gene was made by study-
ing a mouse model of susceptibility to mycobacteria and other intracellular
pathogens. Gros and Schurr, in Chapter 8, describe the long process of iden-
tifying this murine gene by positional cloning and the subsequent studies to
ascertain its function. Large population studies have since been performed
confirming that the human homologue of this gene is important in human
susceptibility to tuberculosis. In Chapter 9, Casanova describes how a very
different approach was used to identify how five genes in the interferon-γ
signalling pathway are involved in human susceptibility to mycobacterial in-
fections. Investigation of children who suffered from recurrent infections
with atypical mycobacteria, or who developed disseminated infections fol-
lowing vaccination with bacille Calmette-Guerin, led to these discoveries.

Mannose binding lectin (MBL) deficiency is discussed by Jack, Klein,
and Turner in Chapter 10. This defect of opsonisation was first described in
a child with recurrent bacterial infections in 1968. Since then many infectious
diseases have been found to be associated with MBL deficiency. The three
principal gene mutations causing MBL deficiency have been found at very
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high frequency in most populations studied. Whether these gene variants
have been selected for by conferring resistance to an intracellular pathogen
is still uncertain. Polymorphism in blood groups and secretor status may
also have evolved due to exposure to an infectious disease. A large number of
studies have found associations between infectious diseases and blood group
phenotypes and/or secretor status. In Chapter 11, Blackwell and colleagues
discuss how blood group antigens may act as receptors for microorganisms,
facilitating mucosal colonisation, and tissue invasion.

In Chapter 12, Dessein et al. describe how they identified that two dif-
ferent genes influence immunity to Schistosoma mansoni and subsequent
development of liver disease. A gene in the cytokine cluster on chromosome
5q31–33 influences worm burden and a gene on chromosome 6q21–23, in
the region of the interferon-γ receptor 1 gene, determines who will develop
periportal fibrosis. In the final chapter Bishop and Ironside discuss prion
diseases. The interactions between the host genotype and the different prion
proteins offer valuable insight into the nature of these diseases. This has
proved valuable in developing models of the likely future epidemic curve for
new variant Creutzfeldt–Jakob disease.

This is an exciting time to be studying the role of genetic factors in
multifactorial diseases. With the success of the human genome project and
advances in molecular biology and bioinformatics, significant advances in
our understanding of complex diseases should be forthcoming. For many
infectious diseases it is clear that interaction between many host genes and
environmental factors will be involved in determining the outcome of infec-
tion. The greater the number of genes involved, the more difficult it will be
to predict who will develop a particular infection and who will die from it.
For example, it is uncertain if it will ever be possible to predict exactly who
will develop new variant Creutzfeldt–Jakob disease, tuberculosis, or cerebral
malaria and who will not. However, identifying host disease-susceptibility
genes will provide valuable insight into disease pathogenesis.

The chapters in this book discuss how the advances, which have been
made in host genetics, may eventually find applications in the development
of novel therapeutic and preventative strategies. Identification of MHC asso-
ciations with disease may lead to development of vaccines, the cystic fibro-
sis transmembrane regulator may eventually be replaced by gene therapy,
chemokine receptor blockers may be used in the treatment of HIV, mannose
binding lectin replacement may become available, and antiadhesion therapy
may be used to stop pathogens binding to host cell receptors. For those work-
ing in this field there is still much work to be done. In this era of emerging
infections and antibiotic-resistant bacteria, physicians need every possible
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weapon to combat human pathogens. Advancing our understanding of the
interaction between host and pathogen genomes should hopefully provide
some new weapons to add to our arsenal.

REFERENCES

Motulsky, A. G. (1960). Metabolic polymorphisms and the role of infectious dis-

eases in human evolution. Hum. Biol. 32, 28–62.
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CHAPTER 2

Application of genetic epidemiology to
dissecting host susceptibility/resistance to
infection illustrated with the study of common
mycobacterial infections

Alexandre Alcaı̈s and Laurent Abel
Human Genetics of Infectious Diseases, Necker Medical School,
University René Descartes

1. INTRODUCTION

In the general context of genetic dissection of complex traits, genetics
of human infectious diseases present the following several advantages and
specificities: (1) there is a known causative agent which is absolutely required
to become infected and to get the disease, but generally not sufficient stressing
the importance of the host background; (2) environmental factors influencing
the risk of infection are generally known and can be taken into account in the
analysis when they are accurately measured; (3) there is a strong orientation in
the choice of candidate genes based on the function of the gene and its known
role in the response to the studied pathogen and/or on mouse–human chro-
mosome homology exploiting the identification of murine resistance loci;
and (4) the identification of major genes involved in the response to a given
infectious pathogen takes advantage of the opportunity to study several com-
plementary traits related to this pathogen. Among these traits are clinical
phenotypes which are usually binary (affected/unaffected) but can take into
account time to onset of the disease (e.g., time of progression to AIDS for
HIV-infected patients), biological phenotypes measuring infection which can
be either quantitative (e.g., infection intensities measured by fecal egg counts
in schistosomiasis) or binary (HIV seropositive/seronegative), and immuno-
logical phenotypes measuring the immune response (antibody or cytokine
levels, skin test response, etc.) more or less specific to a given antigen. The
panel of phenotypes available for a given infectious disease allows perform-
ing complementary studies in order to investigate the genetic control of the
different steps of the pathogenic process leading to the disease itself.

In humans, the role of genetic factors in infectious diseases has been
suggested by several observations (Abel, 2002; Abel and Dessein, 1998). One
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of the most important, and probably the oldest one, is the very large variability
in the response observed between individuals exposed to the same infectious
agent as follows: (1) there is generally a certain fraction of subjects who are
never infected; (2) among subjects who are infected there is a strong varia-
tion in infection levels (when they can be measured); (3) only some infected
subjects will develop a clinical disease; and (4) among subjects presenting
with the disease there is a large spectrum of clinical manifestations (more
or less severe, early or late onset, etc.). A dramatic illustration of this vari-
able response was provided by the accidental immunisation of children with
a virulent strain of Mycobacterium tuberculosis in 1926 in Lübeck, Germany.
Of 251 children who received the same dose of mycobacteria 77 died and
127 had radiological signs of disease, whereas 47 showed no detectable dis-
ease. Furthermore, this large interindividual variability often contrasts with
intraethnic and intrafamilial similarities. Familial clustering has been found
in most of the infectious diseases studied, raising the problem of the dis-
tinction between environmental (family shared factors increasing the risk of
infection) and genetic causes of familial aggregation. Twin studies have been
helpful to estimate the extent of the genetic contribution and have showed
higher concordance rates in monozygotic than dizygotic twins in many in-
fectious diseases (e.g., leprosy and tuberculosis). Subsequently, the specific
statistical methods of genetic epidemiology are used to further investigate this
genetic contribution and identify the main gene(s) involved in the control of
infectious disease related phenotypes.

Genetic epidemiology methods (Abel and Dessein, 1998; Khoury et al.,
1993; Lander and Schork, 1994) combine epidemiological and genetic infor-
mation with the ultimate goal to identify the genes (and the polymorphisms
of these genes) which have a significant influence on the phenotype under
study and the possible interactions of these genes with relevant environmen-
tal factors. Epidemiological data concern the collection of the measured risk
factors which could influence the trait under study (e.g., factors influenc-
ing the contamination by the infectious agent, age). Genetic information is
represented by the knowledge of the familial relationships between study
subjects (collection of families) and the typing of genetic markers. The re-
cent establishment of the genetic map of the human genome based on highly
polymorphic markers (Dib et al., 1996) and the growing availability of single
nucleotide polymorphisms (SNPs) located within candidate genes (Kruglyak,
1999; Wang et al., 1998) are now fundamental tools for these genetic studies.
Numerous methods have been (and are being) developed which have their
respective advantages and disadvantages, which are described in the follow-
ing sections. Consequently, there is no unique optimal strategy to investigate
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genes involved in human infectious diseases, and the choice of a design for a
particular study depends on several factors related to the phenotype (nature,
frequency, familial distribution, etc.): the population, the accurate measure
of environmental factors, and the known genetic background among other
factors.

As summarised in Fig. 2.1, two basic types of situation can be observed in
the human genetics of infectious diseases. In certain rare infections, the fam-
ily structure (e.g., consanguineous parents) or the familial relationships be-
tween infected subjects suggest simple Mendelian inheritance (monogenic).
Although rare, a number of Mendelian syndromes of susceptibility to infec-
tious agents have been described, notably the predisposition to infection by
weakly virulent mycobacteria (Casanova and Abel, 2002). Mendelian resis-
tance to some pathogens, such as Plasmodium vivax (Barnwell et al., 1989;
Miller et al., 1976), has also been described, and the molecular basis of the
Duffy blood group system accounting for this resistance to P. vivax has been
elucidated (Iwamoto et al., 1995; Tournamille et al., 1995). More commonly,
the genetic predisposition is expected to be more complex (polygenic). The
distinction between these two categories is somewhat blurred because other
genes may have a substantial impact on the clinical expression of a Mendelian
predisposition and because polygenic susceptibility may primarily reflect the
effect of a predominant gene often referred to as a major gene (Abel and
Casanova, 2000). Therefore, some aspects of the strategies for searching for
the genetic factors in these two situations are specific and others are comple-
mentary. The following sections provide an overview of the two most popular
tools used in genetic epidemiology and displayed in Fig. 2.1, i.e., linkage and
association studies. The use of these methods is illustrated with the main
findings obtained in the study of human genes influencing susceptibility to
common mycobacterial infections.

2. LINKAGE ANALYSIS

In the analysis of complex traits such as infectious diseases, linkage stud-
ies are used to locate chromosomal regions containing the gene(s) of interest
by either focusing on a few candidate regions or using a genome-wide search.
The main interest of the whole genome approach is to ensure that all major
loci involved in the control of a phenotype are identified and to provide the op-
portunity to discover new major genes, and consequently physiopathological
pathways that were not previously suspected of contributing to the pheno-
type under study. Unfortunately, unlike the analysis of simple monogenic
diseases, a fine mapping of the gene(s) of interest cannot be expected from
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linkage studies of complex infectious phenotypes. When successful, linkage
analyses generally identify a region of about 10–20 cM (∼10,000 to 20,000 kb)
which may still contain hundreds of genes. As detailed in the association
studies section, the next step is to test the role of polymorphisms of candidate
genes located within the identified region. The general principle of linkage
analysis is to search for chromosomal regions that segregate nonrandomly
with the phenotype of interest within families. According to what is known, or
what one is disposed to assume, about the phenotype mode of inheritance,
linkage analysis methods are usually classified as model-based or model-
free. Although the terms parametric and nonparametric are sometimes used,
they should be avoided since all model-free (nonparametric) approaches are
actually parametric in the sense that they necessitate, more or less explicitly,
the estimation of at least one parameter.

2.1 Model-Based Methods

Model-based linkage analysis by the classical lod-score method (Morton,
1955) requires one to define the model specifying the relationship between
the phenotype and factors that may influence its expression, mainly a puta-
tive gene with two alleles (d, D) and other relevant risk factors, often referred
to as the genetic (or phenotype/genotype) model. In the context of a binary

Figure 2.1. (facing page). Methods and strategies for identifying human mycobacterial

susceptibility genes. The molecular basis of rare Mendelian predisposition to

mycobacterial disease may be investigated using several strategies. Linkage analysis is

usually the first step in the positional cloning approach, although the identification of

visible cytogenetic abnormalities may be helpful. The candidate gene approach involves

the prior selection of genes (generally based on studies of animal models or comparison

with other human inherited disorders with a related clinical phenotype), which are then

tested by functional assays and/or mutation detection. Another potentially fruitful strategy

is based on studying the differential expression of genes in tissues from affected and

healthy individuals. To determine the molecular basis of complex predisposition to

common mycobacterial diseases, one may use candidate gene hypothesis testing as

defined above or generate new hypotheses by means of genomewide screens. At present

these screens are performed by linkage study but functional analysis (e.g., through DNA

chips) is likely to be used in the near future. The role of polymorphisms within candidate

genes defined a priori or identified “by experiment” (e.g., located within a linked region

pinpointed by a linkage genome scan) is tested in association studies (which may be

population based or family based). Statistical evidence for an association should be

validated by functional studies, aimed at determining the impact of the polymorphism

studied on gene function and, potentially, on the phenotype of interest.
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phenotype (e.g., affected/unaffected and seronegative/seropositive), this ge-
netic model should specify, in addition to the frequency of the deleterious
allele denoted as D, the penetrance vector, i.e., the probability for an indi-
vidual to be affected given his genotype (dd, Dd, or DD) and his own set of
relevant covariates such as age, factors of exposure to the infectious agent,
etc. In the context of a quantitative phenotype (e.g., infection levels), the
complete specification of the genetic model includes, in addition to the fre-
quency of the allele predisposing to high values of the trait denoted as D, the
three genotype-specific means and variances which may also be influenced
by some individual covariates; given the genotype, the distribution of the
phenotype is then assumed to be normal so that the overall distribution is a
mixture of three normal distributions. An elegant way to express this phe-
notype/genotype model is to use a regressive approach for binary (Bonney,
1986) as well as for quantitative (Bonney, 1984) traits.

The genetic model is generally provided and estimated by segregation
analysis, which is the first step to determine from family data the mode
of inheritance of a given phenotype. The aim of segregation analysis is to
discriminate between the different factors causing familial resemblance, with
the main goal to test for the existence of a single gene, called a major gene.
The major gene term does not mean that it is the only gene involved in the
expression of the phenotype, but that, among the set of involved genes, there
is at least one gene with an effect important enough to be distinguished from
the others. For a binary phenotype, this effect can be expressed in terms of
relative risks, e.g., the ratio of the probability for a subject to be affected given
he has a DD genotype to the same probability given he has a dd genotype.
For a quantitative phenotype, this effect is measured by the proportion of
the phenotypic variance explained by the major gene (heritability due to the
gene). A detailed review of the pros and cons of segregation analysis can be
found in Jarvik (1998).

When there is evidence for a major gene, model-based linkage analysis
allows one to confirm and to locate this gene, denoted below as the phenotype
locus. It tests in families whether the phenotype locus cosegregates with
genetic markers of known chromosomal location and provides an estimation
of the recombination rate between these two loci (Ott, 1999). Linkage with
the phenotype locus can be tested marker by marker (two-point analysis) or
considering a set of linked markers (multipoint analysis). In this analysis,
as in segregation analysis, all the inferences for individual genotypes at the
phenotype locus are made from the individual phenotypes and the specified
phenotype/genotype model (e.g., according to his quantitative phenotypic
value, the probability that an individual carries genotype dd, dD, or DD at
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the phenotype locus will be computed from the mixture of the three normal
distributions described above and for which means and variances have been
estimated through segregation analysis).

The lod-score approach is certainly the most powerful linkage method
when the assumed genetic model is (or is close enough to) the true model.
This is the case in a situation of monogenic inheritance where a simple ge-
netic model can be assumed. A nice illustration in the syndrome of Mendelian
susceptibility to mycobacterial infection was provided by the identification of
IFNGR1, the gene encoding the interferon-γ receptor ligand-binding chain,
in two kindreds (Jouanguy et al., 1996; Newport et al., 1996) by means of
homozygosity mapping, a specific model-based linkage approach assuming
inheritance of a rare recessive deleterious allele in consanguineous fami-
lies (Lander and Botstein, 1987). However, a misspecification of the genetic
model can lead to both severe loss of power to detect linkage (and therefore
to false exclusion of the region containing the phenotype locus) and bias
in the estimation of the recombination fraction (i.e., the genetic distance)
between the phenotype locus and the marker locus (Clerget-Darpoux et al.,
1986). Nevertheless, such a misspecification does not affect the robustness
of the method, i.e., it does not lead to false conclusions in favor of linkage, as
long as only one phenotype/genotype model is tested. When there is some
knowledge about the prevalence of the disease under study and the level of
familial aggregation, a common procedure to reduce the risk of misspecifi-
cation is to generate a limited number of realistic genetic models to use in
lod-score analysis. However, when performing the analysis under a number
of different genetic models, one needs to introduce a correction for multi-
ple testing and adjust the significance level of the lod score (MacLean et al.,
1993). The same issue occurs when several markers are tested, and guide-
lines which have been proposed to adapt lod score thresholds to the context
of the genome-wide search (Lander and Kruglyak, 1995) are detailed at the
end of this section. Another source of problem arises when marker data are
missing for some family members. In this case, linkage analysis also depends
on marker allele frequencies and misspecification of these frequencies can
affect both the power and the robustness of the method. Note that the two lat-
ter problems (multiple marker testing and misspecification of marker allele
frequencies) are also common to model-free methods.

2.2 Model-Free Methods

Model-free linkage approaches (allele sharing methods such as sib-pair
studies) allow locating the genetic factors influencing a phenotype without
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CD

AC AC AD BC

AB

IBD=2 IBD=1 IBD=0

Expected IBD Distribution:
  IBD=2 : 0.25
  IBD=1 : 0.5
  IBD=0 : 0.25

Figure 2.2. Expected distribution of Identical By Descent (IBD) alleles in a nuclear family.

For simplicity the two parents are assumed to be heterozygous at a marker (AB × CD

respectively). Two sibs can share 2, 1, or 0 alleles IBD. In a sample of sib-pairs, the

expected IBD distribution is 0.25, 0.5, and 0.25 for IBD values of 2, 1, and 0, respectively.

Overall, the mean proportion of alleles shared IBD by two sibs is 0.5. Different approaches

have been developed to assess departure from the expected values that are based either on

the IBD distribution or on the mean IBD value (see text).

specifying the phenotype/genotype model. Therefore, they are strongly rec-
ommended when little is known about this model (i.e., no segregation anal-
ysis has been performed or no clear major gene model can be inferred from
segregation analysis). The general principle of model-free linkage analysis is
to test whether relatives who have a certain phenotypic resemblance (e.g., af-
fected relatives) share more marker alleles inherited from the same ancestor,
i.e., alleles identical by descent (IBD), than expected under random segrega-
tion. The most commonly used model-free linkage analysis approach is the
sib-pair method. As shown in Fig. 2.2, two sibs can share 0, 1, or 2 parental
alleles IBD at any locus, and the respective proportions of this IBD sharing
under random segregation are simply 0.25, 0.5, and 0.25 (overall, two sibs
are expected to share 50% of their parental alleles).

When the phenotype under study is binary (affected/unaffected), the
method tests whether affected sibling pairs share more parental alleles at the
marker(s) of interest than randomly expected. This excess allele sharing can
be tested by a simple χ2 test, in particular when all parental marker data are
known. The rationale for focusing on affected rather than unaffected sub-
jects is that they are more informative and robust since their phenotypes are
fixed, whereas we hardly know whether an unaffected subject will develop the
disease later. In situations where unaffected status is less ambiguous (espe-
cially by using additional information brought by relevant covariates), how-
ever, it has been shown that incorporating such individuals into the analysis
can increase the power (Alcais and Abel, 2001). Maximum likelihood meth-
ods have also been developed to analyse affected sib-pair data, such as a
maximum likelihood score (MLS) (Risch, 1990) and a maximum likelihood
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binomial (MLB) approach (Abel et al., 1998a; Abel and Muller-Myhsok,
1998b), and can lead to more powerful tests. The MLB, which relies on the
idea of binomial distributions of parental alleles among offspring, is of partic-
ular interest when the sample includes families with more than two affected
sibs since it does not need to decompose the sibship into its constitutive sib-
pairs. This latter strategy of decomposition can lead to large inflation of type I
errors (i.e., false conclusions in favor of linkage) due to the nonindependence
of the resulting pairs (Abel et al., 1998a; Holmans, 2001).

When the phenotype under study is quantitative, the general idea of
the approach consists in testing whether sibs having close phenotype val-
ues share more alleles IBD than sibs having more distant values. Most of
the methods differ only on the way that they quantify the phenotypic re-
semblance. The widely used regression-based approach proposed 30 years
ago by Haseman and Elston (1972) regresses the squared difference of the
sib-pair phenotypes on the expected proportion of alleles shared IBD by the
sib-pair. Numerous developments have been performed on this method to
account for multipoint analysis (Olson, 1995) or large pedigrees (Amos and
Elston, 1989), and recent works have proposed to use the cross-product of
the sib-pair phenotypes in addition to their difference (Elston et al., 2000;
Xu et al., 2000). It is noteworthy that this latter approach is nothing more
than a reformulation of the weighted pairwise correlation (WPC) method
previously developed (Commenges et al., 1994). As a regression-based ap-
proach, the Haseman–Elston method relies on the same assumptions on
the residuals (i.e., normal distribution, homosedasticity, and independence)
of which violation can significantly impact on the statistical properties of
the method (both the power and the robustness). Another way of assessing
the phenotypic resemblance is through the covariance and this is the core
of the variance components methodology that came across increased popu-
larity in the past few years (Goldgar, 1990; Amos, 1994; Almasy and Blangero,
1998). In essence, this method involves first estimating IBD sharing for rel-
ative pairs and then estimating covariances between relatives that are a func-
tion of the IBD sharing. Estimates and test statistics are obtained under the
assumption of a multivariate normal distribution of the trait within families
and violation of this assumption (e.g., by ascertainment on the trait values
as proposed by Risch and Zhang [1995] to increase the power of analysis)
has been shown to inflate the type I error rate (Allison et al., 1999b). By
contrast, extension of the MLB approach to a quantitative trait, denoted as
MLB-QTL (Alcais and Abel, 1999), is insensitive to nonnormal phenotypic
distribution whatever the mechanism underlying this nonnormality (Alcais
and Abel, 2000b) and can be used to analyse sibships of any size (Alcais and
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Abel, 2000a). Some of these methods are implemented in popular packages
such as MAPMAKER/SIBS (Kruglyak and Lander, 1995), GENEHUNTER
(Kruglyak et al., 1996), SOLAR (Almasy and Blangero, 1998), or MLBGH
(Abel and Muller-Myhsok, 1998b; Alcais and Abel, 1999).

As mentioned previously, model-free methods share some issues with
model-based linkage analysis regarding missing parental marker data and
testing with multiple markers. In particular, the significance levels of the
tests should be adapted to the number of comparisons that are made, and
replication studies are required to confirm suggestive linkage. Moreover, it
should be noted that the distinction between model-free and model-based
approaches may not be so clear. As an example, in the affected sib-pairs
method all calculations are carried out on marker alleles and clearly this
method does not require specification of a disease inheritance model. How-
ever, this method implies an inheritance model, as shown by Knapp et al.
(1994), since the affected sib-pair approach is equivalent to a model-based
linkage analysis carried out assuming a recessive inheritance with complete
penetrance, no sporadic cases, and unknown parental phenotypes. This latter
point (‘assuming unknown parental phenotypes’) underlines the important
feature that model-free approaches do not consider parental phenotypes, i.e.,
they assume that both parents are potentially informative for linkage. For this
reason, affected sib-pairs methods are less powerful for dominant-like than
for recessive-like traits.

2.3 Conclusions

Although it is clear that there is no unique answer to the question of
whether to use a model-free or model-based approach, it is possible to pro-
pose some practical guidelines (Goldgar, 2001). As already mentioned, when
there is some knowledge about the prevalence of the disease under study
and the level of familial aggregation, it is possible to generate a limited num-
ber of realistic genetic models to use in lod-score analysis (with appropriate
correction for the number of models tested). Conversely, when there is a
lack of reliable epidemiological information, so that consistent models can-
not be generated, model-free approaches should be preferentially used. Also,
investigators should be aware of the multiple testing issue when using sev-
eral methods of analysis unless they carefully account for it when computing
the significance criterion.

Finally, another key point when performing a linkage analysis is whether
to choose a candidate gene strategy or to go for a whole-genome search. From
a statistical point of view, this has striking consequences. The ‘candidate gene
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by hypothesis’ approach is motivated by what is known about the trait biolog-
ically and can be understood as a classical hypothesis testing strategy where the
type I (i.e., false positive) and II (i.e., false negative) errors have their stan-
dard definitions and interpretations. By contrast, the ‘genome scan’ strategy
is applied without prior knowledge of the biological basis of the disease and
therefore aims at generating hypothesis. In this context, the central parameter
becomes the type II error, whereas the interpretation of type I errors is more
difficult and controversial. The debate is still open to decide between (unre-
alistically) increasing the sample size to allow for both acceptable type I and
II error rates and using less stringent nominal significance levels than those
initially proposed by Lander and Kruglyak (1995) that were based on complex
analytic calculations under very particular assumptions rather than practi-
cal considerations (Elston, 1998; Morton, 1998). In the article by Lander and
Kruglyak (1995), the P values associated with ‘suggestive/significant linkage’
were defined as 1.7 × 10−3/4.9 × 10−5 (corresponding to a lod score of 1.9/
3.3) and 7.4 × 10−4/2.2 × 10−5(2.2/3.6) for model-based and model-free ap-
proaches, respectively. Despite the initial fear that has led to the definition of
such rigorous thresholds, it seems that genome scans are rather flooded by
false-negative than by false-positive results and several authors now advocate
for new criteria (Elston, 1998; Rao, 1998; Sawcer et al., 1997). Although there
is no doubt that improvements in statistical methods will increase the power
of linkage analysis, it is our feeling, however, that the most efficient way to
achieve this goal may be to increase the correlation between the marker locus
and the phenotype either theoretically, e.g., by focusing on a mendelian-like
phenotype, or experimentally, e.g., by using larger pedigrees and more ho-
mogenous samples.

3. ASSOCIATION STUDIES

Association studies are used to investigate the role of polymorphisms
(or alleles) of genes that are defined as candidate genes on the basis of their
function or location (Fig. 2.1). Classical association studies are population-
based case-control studies comparing the frequency of a given allele marker,
denoted as M1, between unrelated affected (cases) and unaffected (controls)
subjects (Khoury et al., 1993; Lander and Schork, 1994). A first approach con-
siders the allele frequency per se, and because each individual has two alleles
at any autosomal locus, there will be twice as many alleles as people. A second
approach considers genotypes, i.e., the differences in disease risk between
individuals who do not carry M1, those who have a single copy and those who
are homozygous for M1. In an appealing article, Sasieni (1997) analytically
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established that both the odds ratio and the χ2 statistic computed from the
first allelic approach are appropriate provided that the population from which
the cases and controls are sampled is in Hardy–Weinberg (HW) equilibrium,
i.e., in practice, HW must hold in the combined sample. Although some
methodological developments have been proposed to overcome this problem
(Schaid and Jacobsen, 1999), the interpretation in terms of relative risk of
disease remains questionable when using the allelic analysis. Therefore the
use of the genotypic approach should be preferred whenever possible and
also provides the opportunity of testing some specific allelic effects (dom-
inant/recessive). An understated statistical issue is the number of degrees
of freedom of the test based on genotypic distribution. Three cases must be
distinguished as follows: (1) assuming a multiplicative model (i.e., the risk of
M1M1 versus M2M2 is the square of the risk between M1M2 versus M2M2),
inference about the null hypothesis of no association between the disease
and the gene is based on Armitage’s trend test (Armitage, 1955), which is
asymptotically distributed as a χ2 with 1 df ; (2) assuming no overdominance
effect (i.e., the risk of M1M2 versus M2M2 lies within the range bounded
by 1 and the risk of M1M1 versus M2M2) the test statistic is distributed as
a mixture of χ2 distributions with 1 and 2 df (see for example Chiano and
Clayton, 1998); and (3) when both previous assumptions are regarded as un-
desirable, then a traditional χ2 with 2 df may be used. Furthermore, checking
the Hardy–Weinberg equilibrium in controls must be the first step of any
population-based study, as it can also help to detect genotyping inconsisten-
cies (e.g., excess of both homozygous due to the presence of a null allele).
Several approaches have been proposed to test whether the HW holds details
of which are beyond the scope of this article (e.g., Gomes et al., 1999).

A statistically significant association between a given polymorphism and
a given phenotype has several possible explanations as follows: (1) random,
i.e., the association has occurred just by chance (type I error); (2) the pheno-
type causes variation in the marker genotype. However, as noted by Allison
et al. (1999a), this point can be ruled out a priori both ‘as being logically
impossible because genotype precedes phenotype in time and because it is a
fundamental axiom of causality that cause must precede effect’; (3) the allelic
variation causes variation in the phenotype, i.e., it is the functional variant;
(4) the marker allele under study is in linkage disequilibrium with the al-
lele causing variation in the phenotype; and (5) population admixture. In the
context of gene identification, we are interested only in associations due to
points 3 and 4. For further explanations, we will consider a likely present
situation with two SNPs denoted as G and M. G has two alleles, G1 and G2,
and G1 is the functional polymorphism increasing the risk of disease (G1may
be understood as the deleterious allele D described previously). M has also
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two alleles, M1 and M2, and corresponds to the SNP, which has been geno-
typed and will be tested as the marker. The simplest reason that explains
association is that allele M1 is the functional polymorphism G1 itself (M cor-
responds to G). A more likely explanation is that M1 has no direct role on
the phenotype but is in linkage disequilibrium with allele G1. Linkage dis-
equilibrium means two conditions: (1) linkage between M and G (generally
tight linkage and in particular M and G can be within the same gene) and (2)
allele M1 is preferentially associated with allele G1, i.e., the M1-G1 haplotype
is more frequent than expected by the respective frequencies of M1 and G1

(e.g., many present cases are due to one ancestral G1 allele and the ancestor
who transmitted this allele was bearing the M1-G1 haplotype). It should be
noted that linkage alone (only the first condition is fulfilled), even very close,
does not lead to association, and therefore, that absence of association does
not exclude linkage. Taking into account these two explanations, it seems
that association studies should have their greater interest in candidate gene
approach by considering markers which are either within or in close linkage
with a gene having a known relationship with the phenotype.

Unfortunately, there is one additional, and potentially frequent, situation
which can lead to fallacious association between a marker and a phenotype:
population admixture. For example, a case-control study conducted in a pop-
ulation which is a mixture of two subpopulations of which one has a higher
disease frequency and a higher M1 frequency than the second will conclude
to positive association of allele M1 with the disease. One way to avoid the
problem of population admixture is to condition on parents’ genotypes at the
marker locus. This is the rationale for the recent development of family-based
association methods, such as the transmission disequilibrium test (TDT)
(Spielman et al., 1993). The sampling unit in the classical TDT consists in
two parents with an affected child, and parental alleles nontransmitted to
affected children are used as control alleles. More specifically, the TDT con-
siders affected children born from parents heterozygous for M1, i.e., M1M2

parents, and simply tests whether these children have received M1 with a
probability different from 0.5, the value expected under random segregation.
Methods have been subsequently developed to handle families with missing
parental data by either using unaffected sibs as controls (Sib-TDT) (Spielman
and Ewens, 1998) or reconstructing parental genotypes from children (RC-
TDT) (Knapp, 1999), and family data can be efficiently analysed by methods
combining these different approaches such as the FBAT software (Horvath
et al., 2001; Lake et al., 2000).

Although association studies mostly focused on binary traits (affected/
unaffected), numerous developments have been recently performed for the
analysis of quantitative phenotypes that rely either on regression (e.g., George
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et al., 1999; Waldman et al., 1999; Monks and Kaplan, 2000) or variance com-
ponent (e.g., Fulker et al., 1999; Abecasis et al., 2000; Sham et al., 2000) tech-
niques. These two statistical tools are closely related and therefore display
similar limitations. First, they intrinsically assume multivariate normality of
the phenotypic distribution, and violation of this hypothesis can lead to large
inflation of the type I error rate when compared to the asymptotic expecta-
tions. The use of a very large sample could relax this assumption by allowing
reliance on the central limit theorem. However, in some cases (e.g., in the
context of an extremely selected sample) neither the normality assumption
nor the use of a large sample can be achieved. Therefore, the analysis of
such data would usually require the use of additional procedures such as
the transformation of the data to handle the nonnormality or the compu-
tation of empirical P values. Furthermore, it is clear that both approaches
derive information from phenotypic variability. Consequently, as mentioned
by Abecasis et al. (2001) these methods may have low power to detect LD
under some extreme selection schemes (e.g., one-tailed selection). However,
when their assumptions are valid, these approaches can be very powerful and
their flexibility may allow deep insights of genetic mechanisms involved in
the trait under study.

Association studies (population-based or family-based) are expected to
be very efficient to detect the effect of allele M1 when M1 is the functional
polymorphism G1 itself (Risch and Merikangas, 1996). Under this latter hy-
pothesis, Risch and Merikangas (1996) demonstrated that the TDT was more
powerful than the sib-pair method even in the context of a genome-wide
search involving 500,000 diallelic polymorphisms (5 polymorphisms per gene
for an assumed total number of 100,000 genes). However, in the more com-
mon situation where M1 is different from G1, the power of TDT (or other
association studies) is highly dependent on both the respective frequencies
of M1 and G1 and the strength of the linkage disequilibrium between M1 and
G1 (Muller-Myhsok and Abel, 1997; Abel and Muller-Myhsok, 1998a). To
a large extent, the utility of such genome-wide association testing depends
on the existence of marker alleles strongly associated with disease-causing
polymorphisms, but as yet the nature and extent of such associations in the
human genome are not well understood. In particular, several recent articles
have pointed out that the extent of linkage disequilibrium was not uniformly
distributed among both chromosomal regions and populations (Lonjou et al.,
1999; Reich et al., 2001; Stephens et al., 2001), adding some important ele-
ments to account for when trying to define the optimal strategy of analysis.
These results clearly indicate that linkage methods are still of interest to iden-
tify genes involved in infectious diseases at least until molecular resources
become available for full genomic screening of human genes.
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4. MYCOBACTERIAL INFECTIONS

In humans, mycobacterial pathogenicity strongly depends on the species.
Tuberculosis and leprosy are the most common human mycobacterial dis-
eases and are caused by M. tuberculosis and Mycobacterium leprae, respectively.
Numerous other species present in the environment, denoted as nontuber-
culous mycobacteria (NTM), are generally less pathogenic, although they can
be responsible for a variety of infections under certain conditions. There is
now clear evidence that the intrinsic virulence of a mycobacterial species
is not the unique pathogenic factor and that the outcome of mycobacterial
infection depends to a large extent on the genetic background of the in-
fected subject (Casanova and Abel, 2002). Many experimental studies have
demonstrated the role of genetic factors in mycobacterial infections (reviewed
in Wakelin and Blackwell, 1988; Blackwell et al., 1994; McLeod et al., 1995).
As detailed below, genetic epidemiological studies have shown that human
genes have an important role in the expression of leprosy and tuberculosis,
although the molecular basis of this genetic control still remains largely un-
known. However, major advances have been made in the genetic dissec-
tion of disseminated infections because of poorly virulent mycobacteria such
as NTM and detailed in Chapter 9 of this book. After presenting the two
genome screens recently reported in tuberculosis and leprosy, the follow-
ing sections review the main candidate genes that have been investigated by
linkage and/or association studies in both diseases. The most important find-
ings are summarised in Tables 2.1 and 2.2 for linkage and association studies,
respectively.

5. GENOME SCREENS

The two genome screens performed in tuberculosis and leprosy were
based on affected sib-pair linkage studies. The first study was conducted on
pulmonary tuberculosis (PTB) in families originating from Gambia (85 sib-
pairs) and South Africa (88 sib-pairs) (Bellamy et al., 2000). Most affected sub-
jects had smear-positive pulmonary disease and the remaining patients were
diagnosed using clinical and X-ray criteria. No region of the genome showed
significant evidence for linkage, ruling out the presence of a gene with a strong
effect on tuberculosis in these families. In particular, no linkage was found
with the regions containing the NRAMP1 and VDR genes for which associ-
ations were previously reported in the Gambian population (Bellamy et al.,
1998b, 1999), indicating that those genes did not have a major effect on PTB in
this population. Two other regions located on chromosome 15q (P < 0.001)
and Xq (P < 0.005) provided only suggestive evidence for linkage (as
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discussed in Section 2.3, P values around 0.001 are considered as suggestive
in genome screens because of the problem of multiple testing with numerous
markers).

The second genome screen was performed on leprosy in a total of 245
affected sib-pairs from South India (Siddiqui et al., 2001). Patients were di-
agnosed using WHO guidelines and all siblings except four were affected by
paucibacillary leprosy. Significant evidence for linkage (P < 2 × 10−5) was
found with chromosome 10p13 indicating that a gene located within this re-
gion can have a substantial influence in paucibacillary leprosy. Surprisingly,
no linkage was observed with the HLA region, whereas several previous sib-
pair studies, including those in South India, provided some evidence for
HLA-linked genes playing a role in paucibacillary/tuberculoid leprosy (see
next section).

6. THE MAJOR HISTOCOMPATIBILITY COMPLEX

Since Human Leukocyte Antigens (HLA) class I and class II molecules
are highly polymorphic and play an important role in presenting antigenic
peptides to cytotoxic CD8 and helper CD4 T cells, respectively, during the
cellular immune response, their genes have been extensively studied in tu-
berculosis and leprosy but the results have been controversial. Most studies
were population-based association surveys in adults, which involve the com-
parison of HLA class I and/or class II alleles between unrelated cases and
unrelated controls. As the number of compared alleles can be quite large, a
key methodological point that was often overlooked is to correct the observed
P values for the number of tests that were performed. Overall, in both tu-
berculosis and leprosy, the most convincing associations were found with
HLA class II alleles. The main chains of antigenic peptides are thought to
form hydrogen bonds with HLA residues conserved in most class II alleles,
whereas the side chains are accommodated in the binding site by polymor-
phic pockets which appear to determine the peptide specificity of different
class II proteins (Stern et al., 1994). Although little is known about the molec-
ular nature of HLA-restricted mycobacterial antigens, it has been suggested
that the variability in the class II genes which commonly occur in or near
the peptide binding pockets can affect peptide binding and presentation and
may explain some observed associations between HLA class II alleles and
tuberculosis (Goldfeld et al., 1998) or leprosy (Zerva et al., 1996).

Several case-control studies reported an increased frequency of HLA-
DR2 in PTB patients originating from Indonesia (Bothamley et al., 1989) and
India (Brahmajothi et al., 1991; Rajalingam et al., 1996) with an associated
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odds ratio (OR) estimated between 1.8 and 2.7. In the latter study (Rajalingam
et al., 1996) the association was stronger (OR = 3.7, P < 0.0001) in patients
who did not respond to drug treatment. It is worth noting that when the
disease prevalence is low (in practice lower than 10% which may not be
the case for tuberculosis in some highly endemic areas), the OR is a valid
estimate of the relative risk, i.e., the risk of developing the disease with a
particular genotype compared to the risk of developing the disease without
this particular genotype. Another strong argument in favor of the role of
HLA-DR2 in PTB was provided by a family-based association study (Singh
et al., 1983), which showed a skewed transmission of DR2 (around 80%) to
affected offspring from DR2 heterozygous parents in a sample of 25 multiple-
case Indian families. However, some other case-control studies failed to repli-
cate the HLA-DR2 association in Chinese (Hawkins et al., 1988), Mexican
(Cox et al., 1988), and Indian (Sanjeevi et al., 1992) populations. In addition
to classical explanations such as ethnic heterogeneity, phenotype definition,
or lack of power, these discrepant results can be due, at least in part, to the use
in most of these studies of HLA serologic techniques which lead to a lower
resolution of HLA class II types (Schreuder et al., 1999). Recent studies that
used molecular DNA-based typing methods found an increased frequency of
DRB1∗1501 (which is part of the DR2 serotype) in PTB patients from India
(Mehra et al., 1995; Ravikumar et al., 1999) and Mexico (Teran-Escandon et al.,
1999) with estimated ORs varying from 2.7 to 8. Two DQB1 alleles (which
are both part of the DQ1 serology specificity) were also found to be associ-
ated with pulmonary tuberculosis, DQB1∗0503 in Cambodia (Goldfeld et al.,
1998), and DQB1∗0501 in Mexico (Teran-Escandon et al., 1999), this latter
association being independent of that with DRB1∗1501.

In leprosy, the role of the HLA system was shown in the two main
subtypes, tuberculoid and lepromatous leprosy, but not in the leprosy per se
phenotype. Some association studies reviewed by Ottenhoff and de Vries
(1987) found an inverse relationship between leprosy subtypes and HLA-DR3,
which was increased in tuberculoid and decreased in lepromatous patients.
However, the most consistent reported results were an increased frequency
of HLA-DR2 in both tuberculoid and lepromatous patients (Meyer et al.,
1998). As in PTB, two family-based association studies in India (de Vries
et al., 1980) and Egypt (Dessoukey et al., 1996) found a skewed distribution
of the DR2 allele in tuberculoid siblings. Using molecular HLA typing, a
positive association was found between Indian tuberculoid leprosy patients
and alleles DRB1∗1501 and DRB1∗1502 (both of which are DR2 alleles) (Rani
et al., 1993; Zerva et al., 1996). As these alleles were characterised by arginines
at positions 13 or 70–71, a stronger association was found when considering
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all HLA-DRB1 alleles that contain Arg13 or Arg70–Arg71, suggesting that
the presence of a positive charge generated by Arg at these positions may
influence a critical site within the binding groove of the DR chain that affects
peptide binding and/or T-cell interactions (Zerva et al., 1996).

The role of some other genes located within the MHC was also assessed
by means of case-control studies. The first was the gene encoding the tu-
mor necrosis factor-α(TNF-α) which plays a key role in the granulomatous
response against mycobacteria. All studies investigated a TNF-α promoter
polymorphism located at position −308 (a G/A transition denoted as TNF2)
that, after some debate, is thought to increase both transcription of the TNF-α
gene and protein production (Allen, 1999). No association was found between
PTB and TNF2 in populations from Cambodia (Goldfeld et al., 1998) and
Brazil (Blackwell et al., 1997). In leprosy, an increased frequency of TNF2
was reported in Indian lepromatous leprosy patients with an OR around 2
(Roy et al., 1997). This result was independent of the HLA-DR2 association
also found in this population and is consistent with previous reports of high
serum TNF levels observed in lepromatous patients (Barnes et al., 1992). Lo-
cated between HLA-DQ and HLA-DP are two genes designated Transporter
associated with Antigen-Processing (TAP)1 and TAP2. The products of these
genes form a TAP complex which transports antigenic peptides to the endo-
plasmic reticulum for binding to HLA class I molecules for presentation to
CD8 cytotoxic T cells (Spies et al., 1990). In a population from North India no
association was found between three TAP1 polymorphisms and PTB or tu-
berculoid leprosy (Rajalingam et al., 1997). Five TAP2 polymorphisms were
identified, and, as compared to controls, an increased frequency of TAP2-
A/F (OR = 4.3, P < 0.002) and TAP2-B (OR = 3.5, P < 0.006) was found in
PTB patients and tuberculoid leprosy patients, respectively. These TAP2 poly-
morphisms were not found in strong linkage disequilibrium with any DRB1,
DQA1, or DQB1 alleles indicating that the putative role of these TAP2 variants
can be independent of previously described HLA–class II associations.

6.1 The NRAMP1 Gene

The human NRAMP1 (natural resistance associated macrophage pro-
tein 1) gene, is an excellent candidate gene, as it is the human ortholog
(Cellier et al., 1994) of the murine Nramp1 gene, which was the first
mouse mycobacterial susceptibility gene identified (Vidal et al., 1993). In
mice, a single nonconservative amino acid substitution in Nramp1 regulates
the early phase of infection to several intracellular mycobacteria (Govoni
et al., 1996; Vidal et al., 1996), including M. bovis (BCG) and M. lepraemurium,
the rodent-tropic equivalent of M. leprae. The Nramp1 gene does not appear
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to affect the susceptibility of mice to M. tuberculosis (North et al., 1999), but
M. tuberculosis is not naturally pathogenic in rodents. Nramp1 codes for an
integral membrane protein which is recruited to the membrane of phago-
somes soon after the completion of phagocytosis, and a recent work suggests
that Nramp1 contributes to defense against infection by extrusion from the
phagosomal space of divalent metal cations essential for microbial activity
(Jabado et al., 2000).

In a case-control study performed in Gambia (Bellamy et al., 1998b),
four NRAMP1 variants were found to predispose subjects to PTB with an
estimated OR around 1.8. However, these polymorphisms were in strong
linkage disequilibrium two by two, so that only two variants were indepen-
dently associated with the disease. The first is a single nucleotide change
in intron 4 (INT4) and the other is a 4-basepair deletion in the 3′ untrans-
lated region (3′UTR). Heterozygosity for both variants was associated with
the highest risk of tuberculosis (OR = 4.1, P < 0.001). A recent small family-
based association study in Guinea-Conakry found a skewed transmission for
the INT4 variant among PTB offspring but not for the 3′UTR variant (Cervino
et al., 2000). Association of PTB with the 3′UTR variant was reported in a case-
control study in Korea (Ryu et al., 2000), whereas another pattern of NRAMP1
allelic association was found in a Japanese population (Gao et al., 2000). This
heterogeneity of results together with the absence of a known functional role
of these alleles suggest that the reported associations can reflect the effect
of another variant not yet identified and in linkage disequilibrium with the
alleles tested. Another convincing source of evidence for the role of NRAMP1
(or a NRAMP1-linked gene) in PTB came from a recent linkage study per-
formed in a large Aboriginal Canadian pedigree after a tuberculosis outbreak
(Greenwood et al., 2000). This study found a major locus of susceptibil-
ity to clinical tuberculosis which maps to chromosome 2q35, including the
NRAMP1 gene. The most significant results (<2 × 10−5) were obtained with
a dominant susceptibility allele having a major effect, as carriers of at least
one copy of this allele have a risk of tuberculosis ten times higher than that
of wild-type homozygotes. Whether this linkage reflects the role of NRAMP1
itself or that of a closely linked gene remains to be established. However,
these results indicate that, at least in certain contexts (e.g., populations that
do not have an extensive history of exposure to M. tuberculosis such as Abo-
riginal Canadians), Mendelian-like subentities can be involved in the genetic
control of common mycobacterial diseases.

The possible role of NRAMP1 in leprosy has been mostly investigated so
far through linkage studies. A sib-pair study in Vietnam showed significant
linkage (P < 0.005–0.02) between leprosy per se and NRAMP1 haplotypes
corresponding to six intragenic variants of NRAMP1 and four polymorphic
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flanking markers (Abel et al., 1998b). Combined with the segregation anal-
ysis performed in the same population (Abel et al., 1995), this study also
suggested a genetic heterogeneity according to the ethnic origin of the fami-
lies (Vietnamese or Chinese). Genetic heterogeneity may account, at least in
part, for the results of two previous reports that failed to detect linkage be-
tween leprosy and the NRAMP1 region in families from Pakistan and Brazil
(Shaw et al., 1993) and French Polynesia (Levee et al., 1994). In the same Viet-
namese study, the NRAMP1 region was also found to be linked (P < 0.002)
with the in vivo Mitsuda reaction measuring the delayed immune response
against intradermally injected lepromin (Alcais et al., 2000). This latter re-
sult, which may account for the first linkage observed with leprosy per se, is
consistent with the view that NRAMP1 may be involved in the development
of immune responses to mycobacterial antigens with a putative role in the
regulation of type 1/type 2 cytokine responses (Soo et al., 1998). There is an
increasing body of evidence that lepromatous leprosy (generally displaying
negative Mitsuda reactions) is associated with a predominantly type 2 cy-
tokine response, whereas a more type 1 response is observed in tuberculoid
leprosy (Yamamura et al., 1991; Yamauchi et al., 2000).

6.2 The VDR Gene

The active form of Vitamin D, 1α,25-(OH)2D3, modulates the differen-
tiation, growth, and function of a broad range of cells, including cells of the
immune system. Although vitamin D deficiency was commonly associated
with susceptibility to tuberculosis (Chan, 2000), recent data underlined the
immunosuppressive effects of this hormone, showing that 1α,25-(OH)2D3

inhibited both differentiation of dendritic cells into potent antigen-presenting
cells (Piemonti et al., 2000) and IL-12 production in already differentiated
dendritic cells and monocytes (D’Ambrosio et al., 1998). The effects of 1α,
25-(OH)2D3 are exerted through the vitamin D receptor (VDR), and experi-
mental studies on VDR-deficient mice confirmed the inhibitory role of the 1α,
25-(OH)2D3/VDR pathway on maturation of dendritic cells (Griffin et al.,
2001). Several allelic variants of the VDR gene have been described in
humans, and the influence of a single base polymorphism in codon 352
with two alleles designated as T and t, respectively, has been investigated in
several studies.

In the same Gambian population which was analysed to study NRAMP1,
a lower proportion of tt homozygous at the VDR gene was found among
PTB patients than controls (OR = 0.5, P < 0.02) (Bellamy et al., 1999). In
another case/control study performed on Gujarati Asians living in England
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(Wilkinson et al., 2000), tuberculosis patients were found to have lower serum
25-hydroxycalciferol levels than healthy contacts but no convincing associa-
tion was found with VDR polymorphisms (Stene, 2000). Another study was
performed on leprosy patients from India (Roy et al., 1999). Compared to
the control group, the homozygous tt genotype frequency was higher among
tuberculoid (OR = 3.2, P < 0.001), whereas the TT genotype was found at
increased frequency in lepromatous patients (OR = 1.7, P < 0.04). Overall,
these results can be consistent with the recent data on the immunosuppres-
sive effects of the 1α, 25-(OH)2D3 under the hypothesis that the VDR function
is impaired in tt homozygous. This remains to be established especially with
respect to previous studies associating the t allele with higher levels of mRNA
expression in transient transfection assays (Morrison et al., 1992).

6.3 The MBL Gene

Mannose binding lectin (MBL), also called mannose binding protein, is
a serum protein of hepatic origin which plays an important role in innate
immune defense. MBL binds to the repeating sugar arrays on many micro-
bial surfaces through multiple lectin domains and, following binding, is able
to activate complement in an antibody- and C1q-independent manner using
a specific protease (Neth et al., 2000). Three common functional mutations
within exon 1 of the MBL gene at codons 52, 54, and 57 lead to reduced or ex-
tremely low serum MBL levels in heterozygotes or homozygotes, respectively,
and genetically determined low levels of the protein have been associated
with predisposition to various infections, especially in children (Summerfield
et al., 1997).

The role of these MBL variants in tuberculosis have been investigated in
three case/control studies with contrasting results. A first study in the pre-
viously mentioned Gambian sample showed no strong association (Bellamy
et al., 1998c). In an Indian population, the frequency of MBL mutant ho-
mozygotes (including codons 52, 54, and 57) was higher in PTB patients
than in controls (OR = 6.5, P < 0.009) (Selvaraj et al. 1999). Conversely, in
a South African community, the MBL mutant allele at codon 54 was found
to be protective against pulmonary tuberculosis (OR = 0.4, P < 0.02) and
especially against tuberculous meningitis (OR = 0.2, P < 0.002) (Hoal-Van
Helden et al., 1999). Whereas the results of the Indian study are consis-
tent with the common knowledge about the MBL role, the findings in the
South African population need to make the hypothesis that, under certain
circumstances, MBL genotypes that usually lead to low MBL levels might be
protective (Garred et al., 1994).
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6.4 The IL-1 Genes

The proinflammatory cytokine IL-1β is strongly induced by M. tubercu-
losis infection and is likely to play an important role in host defense against
this mycobacteria as shown by studies in IL-1 type I receptor-deficient mice
(Juffermans et al., 2000). This proinflammatory response is downregulated
by the IL-1 receptor antagonist (IL-1Ra), a pure antagonist of the IL-1 type
1 receptor. The genes coding for IL-1β, IL-1Ra, as well as that for IL-1α,
are located in a cluster on chromosome 2q (Nicklin et al., 1994). Two single
nucleotide polymorphisms in the IL-1β gene at positions −511 and +3953,
respectively, and one VNTR marker in the IL-1Ra gene have been described.
The IL-1Ra VNTR allele A2 (IL-1Ra A2) was shown to produce higher levels
of IL1-Ra (Hurme and Santtila, 1998).

The functional role of these polymorphisms on in vitro IL-1β and IL1-Ra
secretion in response to M. tuberculosis, and their association with tubercu-
losis were recently investigated in a population of Gujarati Asians living in
England (Wilkinson et al., 1999). Healthy subjects carrying the IL-1Ra A2
allele were found to produce 1.9-fold more IL-1Ra, and to have higher molar
ratios of IL-1Ra/IL-1β than the remaining subjects. The two polymorphisms
of the IL-1β gene were not clearly associated with the level of M. tuberculosis-
stimulated IL-1β production. No differences were observed in the frequency
of IL-1β and IL1-Ra polymorphisms between 89 tuberculosis patients (pul-
monary and extrapulmonary) and 114 controls. When combining the geno-
types at these polymorphisms, subjects carrying allele 1 of the IL-1β + 3593
variant and not carrying the IL-1Ra A2 allele were overrepresented in the
twelve patients with tuberculous pleurisy (P < 0.03). Finally, the IL-1Ra A2
allele was found to be associated with a reduced Mantoux response to puri-
fied protein derivative of M. tuberculosis. The role of variants in IL-1 genes
was also investigated in the Gambian sample (Bellamy et al., 1998a). No clear
association was found between PTB and alleles of IL-1β − 511 (IL-1β + 3593
was not tested), the IL-1Ra VNTR, and a IL1-α microsatellite. However, and
although not significant (P < 0.09), subjects not carrying the IL-1Ra A2 allele
were overrepresented in PTB patients.

7. DISCUSSION

Reviewing all these population-based association studies, it is important
to recall the inherent limitations of these approaches which may lead to both
false-positive and false-negative results. A major methodological problem is



P1: GSD

CB591-02 CB591-Bellamy-v2 July 26, 2003 21:22

31©

applicatio
n

o
f

g
en

etic
epid

em
io

lo
g

y

multiple testing (e.g., of twenty tests, one is expected to be significant at the
0.05 level just by chance). In particular, looking at several candidate genes
(and several polymorphisms within a gene) on the same disease and in the
same population requires to correct for multiple tests (or at least to discuss
this issue) even if the results are published in successive papers. In addition,
it should be noted that negative (nonsignificant) results are often not reported
making more difficult to assess the actual meaning of a so-called significant
association. A second issue relates to linkage disequilibrium. As explained
in Chapter 3, in the presence of an actual association between an allele and a
disease, it is possible that the associated allele is not the functional variant but
is in linkage disequilibrium with it. In this latter case, the absence of replica-
tion of the association with this specific allele in different populations can be
explained by heterogeneity in linkage disequilibrium between populations,
whereas this explanation cannot hold when the assumed functional variant
is tested. Conversely, if no association is found, one explanation could be that
the tested allele is not in strong linkage disequilibrium with the functional
one although the functional allele is within the same gene. The power of
association studies highly depends on several factors detailed in Section 3,
and it is important to note that the absence of association with some alleles
of a given gene does not always rule out the role of the gene.

Taking into account these remarks, the main convincing results so far
can be considered to be the association of HLA-DR2 (or some molecular
subtypes) with PTB and leprosy subtypes; the role of NRAMP1 (or a closely
linked gene), which may have strong effects under certain circumstances
(specific population, specific phenotype); and the presence of a locus predis-
posing to paucibacillary leprosy on chromosome 10p. Most other findings
need additional studies to confirm or not the previous results. It is clear that
a minority of candidate genes have been tested hitherto, whereas many oth-
ers are quite relevant, such as those involved in Mendelian predisposition to
mycobacterial infections and/or in the numerous pathways influencing the
immune response to common mycobacteria (Yamauchi et al., 2000; Flynn
and Chan, 2001). In any case, to be convincing, the role of a given allele,
especially when it is supposed to have a moderate effect, should be replicated
in several studies and validated by functional studies.

8. CONCLUSION

Essential tools for identifying genes that influence human infectious
diseases have been developed recently. These tools include a dense human
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genetic map, a growing number of candidate genes with intragenic SNPs,
and genetic epidemiology methods to optimise analysis of these data. At
this point, there is strong evidence for the major role of genetic factors in
most infectious diseases, but the molecular basis of this genetic suscepti-
bility/resistance remains largely unknown, except in the situation of rare
Mendelian disorders such as disseminated mycobacterial infections. It is
likely that progress in the genetic dissection of infectious diseases will come
from the complementary analysis of different phenotypes accounting for the
different steps of the process going from the exposure to a given infectious
agent to the eventual development of a clinical disease (Casanova and Abel,
2002). Indeed, a plausible reason for the difficulty of identifying genes in
common infectious diseases is that the link between the DNA sequence and
the trait under study is mediated by highly complex biochemical pathways.
One way to overcome this problem could come from the development of a
functional map by means of a new and promising tool, the microarrays or DNA
chips. These technologies permit the expression monitoring of thousands of
genes by measuring the quantity of mRNA given different conditions (human
populations, infecting strains, disease expressions, tissue types) and could be
used to define sets of coexpressed genes (also known as pathway fractions).
This could lead to the construction of a functional map under the likely hy-
pothesis that there is a strong correlation between gene function and gene
expression. A ‘functional distance’ between genes is then defined by means
of correlation analysis, cluster analysis, multidimensional scaling analysis, or
classification tree (for a detailed review see Quackenbush, 2001). Following
the attractive idea developed by Horvath and Baur (2000), once a functional
map exists functional mapping could parallel meiotic mapping: observed
functional distances could be compared to expected differences (analogous
to linkage analysis) and different variants of pathway fractions could be as-
sociated with the trait of interest (analogous to association studies). To make
functional mapping successful, however, adequate statistical models need to
be developed that relate the traits of interest to these functional maps. This
will certainly be one of the most challenging areas in genetic epidemiology
during the next few years. Finally, we cannot fully appreciate how genetic
information will modify our approach to the prevention and treatment of
infectious diseases. However, the identification of susceptibility/resistance
genes in malaria, schistosomiasis, mycobacterial, or HIV infections have al-
ready opened new avenues for understanding of pathogenesis mechanisms,
screening genetically predisposed subjects, designing vaccines, and develop-
ing novel drugs.
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CHAPTER 3

The diverse genetic basis
of immunodeficiencies

Mauno Vihinen
Institute of Medical Technology, Finland and Tampere University Hospital

The immune system is constantly alert to recognise and neutralise invad-
ing microorganisms and foreign molecules. To cope with a large spectrum
of substances and organisms, nature has developed highly sophisticated re-
sponse systems. Innate immunity can generate a fast but usually nonspecific
response. Adaptive immunity facilitates specific recognition. The recognition
components – antigens, B- and T-cell receptors, and major histocompatibility
complexes – of the adaptive immunity originate from gene rearrangements,
which produce countless combinations of recognition sites. Together the im-
mune system is capable of protecting the body from most microorganisms.
When components of the machinery are mutated the affected individuals suf-
fer from immunodeficiencies. Primary immunodeficiencies can arise from
numerous mutated genes, which leads to a large number of very different
immunodeficiencies, which require different therapeutic approaches. The
disorders vary greatly in regard to symptoms, infection-causing organisms,
genotype, phenotype, and severity of the disease. The genetic background
and disease-causing mutations, symptoms, and therapy are discussed for a
number of well-characterised primary immunodeficiencies.

1. INTRODUCTION

Adaptive immune mechanisms recognise and neutralise foreign
molecules or microorganisms in a specific manner. B and T lymphocytes
can respond selectively to thousands of nonself materials. Adaptation is fur-
ther acquired with memory of previous infections. The other arm of the
immune system, native (innate) immunity is able to respond almost immedi-
ately to potentially infectious agents. The major components of innate immu-
nity are natural killer cells, phagocytes, and the complement system. Innate
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immunity has only a limited specificity to distinguish one microbe from
another. Immunodeficiencies impair the functioning of the immune system
(Fig. 3.1). Deficiencies vary widely, e.g., with regard to symptoms, causative
microorganisms, genotype, phenotype, and severity, because many types of
cells and molecules are required for both natural and adaptive immunity.
Increased susceptibility to infections is common to all immunodeficiencies.

Some 100 primary immune deficiencies (PIDs) are known. Most of them
are rare disorders. They have been grouped according to the components
of the immune system affected (Anonymous, 1997; Ochs et al., 1999) in
slightly different ways. We follow the latter classification here (Table 3.1). A
constantly updated version is available in the ImmunoDeficiency Resource
(IDR) (Väliaho et al., 2000, 2002) at http://bioinf.uta.fi/idr. In this review we
describe some common and well-known PIDs with regard to genetics, symp-
toms, treatment, and disease-causing mutations.

Antibody deficiency disorders are defects in immunoglobulin-producing
B cells. T-cell deficiencies affect the capability to kill infected cells or help other
immune cells. Both T cells and antibody production are defective in combined
immunodeficiencies (CIDs). Life-threatening symptoms can arise in severe
combined immunodeficiencies (SCIDs). Other PIDs affect the complement
system or phagocytic cells, impairing antimicrobial immunity. Secondary
immunodeficiencies, although presenting similar infections as PIDs, arise
secondarily to some pathological condition, e.g., age, malnutrition, drugs,
infections, or tumours.

The incidence of PIDs varies greatly from about 1:500 births with se-
lective IgA deficiency to only a few known cases for the rarest disorders.
In the ESID registry of European PID patients there are close to 9000 pa-
tients (Abedi et al., 1995). Antibody deficiencies are by far the most common
group of disorders (67%) followed by T-cell and combined deficiencies (18%),
phagocytic (7%), and complement disorders (6%). Immunodeficiency muta-
tion databases (IDbases) contain genetic and clinical information for around
2500 individuals (Vihinen et al., 2001).

2. INFECTIONS AND TREATMENT

PID patients have recurrent, serious infections starting early after birth.
Immunodeficiencies do not result in prenatal death except when the affected
gene is crucial for organs outside the immune system. The immune system
normally is not activated prior to birth. Maternal IgG protects children for
6–12 months in immunoglobulin deficiencies. The different immunological
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Table 3.1. Classification of PIDs

Deficiencies predominantly affecting antibody production

Agammaglobulinemia

X-linked agammaglobulinemia (XLA)

X-linked hypogammaglobulinemia with growth hormone deficiency

BLNK deficiency

Igα-deficiency

µ-heavy-chain deficiency

λ5-surrogate light-chain deficiency

κ light-chain deficiency

Selective deficiency of IgG subclass and IgE and/or IgA class or subclass

γ 1-isotype deficiency

γ 2-isotype deficiency

Partial γ 3-isotype deficiency

γ 4-isotype deficiency

α1-isotype deficiency

α2-isotype deficiency

ε-isotype deficiency

IgG subclass deficiency with or without IgA deficiency

Common variable immunodeficiency

IgA deficiency

Antibody deficiency with normal immunoglobulin levels

Transient hypogammaglobulinemia of infancy

Combined B- and T-cell immunodeficiencies

T−B−severe combined immunodeficiency (SCID)

Reticular dysgenesis

RAG1 deficiency

RAG2 deficiency

Omenn syndrome

Artemis deficiency

Native American SCID

CD45 deficiency

T−B+ SCID

X-linked SCID (γ c-chain defficiency)

JAK3 deficiency

Deficiencies of purine metabolism

Adenosine deaminase (ADA) deficiency

Purine nucleoside phosphorylase (PNP) deficiency
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Table 3.1. (cont.)

Major histocompatibility complex class II deficiency

CIITA, MHCII transactivating protein deficiency

RFX-5, MHCII promoter X box regulatory factor 5 deficiency

RFXAP, Regulatory factor X-associated protein deficiency

RFXANK, Ankyrin repeat containing regulatory factor

X-associated protein deficiency

MHC class I deficiency

Hyper-IgM syndrome

X-linked hyper-IgM syndrome (CD40L deficiency)

Non-X-linked hyper-IgM syndrome

CD 40 deficiency

X-linked hyper-IgM syndrome and hypohydrotic ectodermal

dysplasia (NEMO deficiency)

CD3 deficiency

CD3ε-deficiency

CD3γ -deficiency

ZAP-70 deficiency

IL-2 receptor α-chain deficiency

CD8α deficiency

Defects in lymphocyte apoptosis

Autoimmune lymphoproliferative syndrome (ALPS)

Apoptosis mediator APO-1/Fas defects

APO-1 ligand/Fas ligand defects

Other well-defined immunodeficiency syndromes

Wiskott–Aldrich syndrome (WAS) and X-linked thrombocytopenia

Autoimmune polyendocrinopathy with candidiasis and ectodermal

dystrophy (APECED)

X-linked lymphoproliferative syndrome (Duncan’s disease)

DiGeorge-anomaly

Hyper-IgE recurrent infection syndrome

Chronic mucocutaneous candidiasis

Cartilage-hair hypoplasia

Immunodeficiency, polyendocrinopathy, enteropathy, X-linked (IDEX)

Immunodeficiency, centromeric instability and facial anomalies (ICF)

(cont.)



P1: JMT/JMTo P2: FCH/FFX QC: FCH

CB591-03 CB591-Bellamy-v2 August 2, 2003 17:38

50©

m
.v

ih
in

en

Table 3.1. (cont.)

Defects of phagocyte function

Chronic granulomatous disease

X-linked CGD

p22phox deficiency

p47phox deficiency

p67phoxdeficiency

Leukocyte adhesion defects

LAD1

LAD2

Chediak–Higashi syndrome

Griscelli syndrome

Glucose 6-phosphate dehydrogenase deficiency

Myeloperoxidase deficiency

Glycogen storage disease Ib

Shwachman syndrome

Severe congenital neutropenias, including Kostmann syndrome

Cyclic neutropenia

Interferon-γ (IFN-γ ) associated immunodeficiency

IFN-γ 1-receptor deficiency

IFN-γ 1-receptor deficiency

IFN-γ 2-receptor deficiency

Interleukin-12 (IL-12) p40 deficiency

Interleukin-12 receptor β1 deficiency

DNA breakage-associated syndromes

Ataxia-telangiectasia

Nijmegen-breakage syndrome

Bloom syndrome

Defects of the complement cascade proteins

C1q deficiency

C1 α-polypeptide deficiency

C1 β-polypeptide deficiency

C1 γ -polypeptide deficiency

C1r and C1s deficiency

C1r deficiency

C1s deficiency

C2 deficiency
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Table 3.1. (cont.)

C3 deficiency

C4 deficiency

C4A deficiency

C4B deficiency

C5 deficiency

C6 deficiency

C7 deficiency

C8 deficiency

C8 α-polypeptide deficiency

C8 β-polypeptide deficiency

C8 γ -polypeptide deficiency

C9 deficiency

Factor B deficiency

Mannose-binding lectin (protein) deficiency

Defects of complement regulatory proteins

Hereditary angioedema

C4-binding protein deficiency

C4 binding protein-α deficiency

C4 binding protein-β deficiency

Factor D deficiency

Factor I deficiency

Properdin factor C deficiency

Factor H1 deficiency

Decay-accelerating factor (CD55) deficiency

CD59 (antigen p18-20) or protectin deficiency

systems recognise and destroy different pathogens. Therefore the symptoms
vary depending on the component(s) of the immune system impaired in
PIDs.

Patients with antibody deficiencies are especially susceptible to pyogenic
infections caused by encapsulated bacteria such as Haemophilus influenzae,
Staphylococcus aureus, and Streptococcus pneumoniae. Individuals with T-cell
immunodeficiencies and SCIDs have opportunistic infections caused by com-
mon environmental microorganisms as well as an increased frequency of vi-
ral, parasitic, and fungal infections. In SCIDs, life-threatening symptoms can
arise already within the first few days of life. Persons with natural killer (NK)
cell disorders are mostly susceptible to viral infections that are treatable with
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antiviral therapy. NK cells have cytolytic activity towards virus-infected cells,
some types of tumour cells and cells infected with the protozoan Toxoplasma
gondii and microbicidal activity against some bacteria (e.g., Salmonella and
Escherichia coli), and the fungus Cryptococcus neoformans. In diseases affecting
phagocytes, mainly skin and oral bacterial infections occur. Granulomas are
formed when the microorganisms spread to organs. Also fungal infections
cause severe complications for affected individuals.

Certain defects lead to an increased susceptibility to a few or even a single
pathogenic agent(s). Patients with X-linked lymphoproliferative syndrome
(XLP) are selectively prone to Epstein–Barr virus infections, and patients
having defects in interleukin 12 (IL-12) or interferon-γ signalling are sensitive
to atypical forms of mycobacteria and also to salmonella.

Some PIDs result in primarily autoimmune manifestations and in cer-
tain primary immunodeficiencies, patients have an increased incidence of
cancer such as Wiskott Aldrich syndrome (WAS) and ataxia telangiectasia
(AT).

The management of PIDs requires a number of treatments (Stiehm,
1999). Infections in PID patients require prolonged treatment with high
doses of antibiotics. Antibody deficiencies are treated with intravenous im-
munoglobulin substitution therapy. Leukocytes (B and T cells) are produced
in stem cells in bone marrow. In many PIDs, including SCIDs, bone mar-
row transplantation is the most effective treatment (Fischer et al., 1998). In
certain metabolic disorders [adenosine deaminase (ADA) and purine nucle-
oside phosphorylase (PNP) deficiency] enzyme substitution therapy can be
applied.

The human genome project and other advances in genetics have gen-
erated a large pool of data on human diseases. Gene therapy is a method
for delivering normal copies of genes or fragments of genes for the treat-
ment of patients with inherited diseases. The only successful gene therapy
trial with a long-lasting effect has been conducted for a PID, X-linked SCID,
caused by mutations in the common γ -chain of several interleukin receptors
(Cavazzana-Calvo et al., 2000). This condition is well suited for gene therapy,
because γ c expression confers a major selective advantage to transduced cells.
Initially adenosine deaminase (ADA) deficiency, another immunodeficiency,
was extensively studied for gene therapy (Bordignon et al., 1995; Onodera et
al., 1999).

The functional γ c cDNA was transferred to CD34 cells with a retroviral
vector (Cavazzana-Calvo et al., 2000). A similar approach could at least in
principle be used for treatment of several other monogenic SCIDs, including
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IL-R7α and JAK3 deficiencies as well as RAG1 and RAG2 deficiencies in
SCID and Omenn syndrome.

3. IMMUNODEFICIENCY INFORMATION SERVICES

Diagnosis of immunodeficiencies can be very difficult (Chapel and
Webster, 1999; Väliaho et al., 2000), because several disorders can have sim-
ilar symptoms. Further, many PIDs are rare. Early and reliable diagnosis is
in many instances crucial for the efficient treatment of these diseases be-
cause delayed diagnosis and management can cause severe and irreversible
complications, even the death of the patient. The early or possibly prenatal
molecular diagnosis would allow enough time for the most suitable manage-
ment and selection of treatment. The European and Pan-American societies
for PIDs have released guidelines for the diagnosis of some common im-
munodeficiencies (Conley et al., 1999).

IDdiagnostics registry (Väliaho et al., 2000) contains two databases,
genetic and clinical. It provides a service for physicians to find quickly
the nearest and/or most suitable laboratory conducting PID testing. For
many PIDs there are only a few laboratories in the world providing the
analysis. The IDdiagnostics service is available at http://bioinf.uta.fi/iddia-
gnostics.

There is plenty of information available regarding PIDs on the Inter-
net, but it may be difficult to find up-to-date and validated knowledge. The
Immunodeficiency Resource (IDR) collects and distributes all the essential
information related to immunodeficiencies (Väliaho et al., 2000, 2002). The
IDR (http://bioinf.uta.fi/idr) aims at providing comprehensive, integrated
knowledge on immunodeficiencies in an easily accessible format offering
data for clinical, biochemical, genetic, structural, and computational analy-
sis (Fig. 3.2). IDR provides only validated information. Data for each disease
have been evaluated by curators who are established scientists and experts
on the particular disease.

4. GENETIC BASIS

The immune system is based on a large number of molecules and pro-
cesses. A particular PID can orginate from defects in any one of the molecules
essential for certain responses (Fig. 3.1), because a defect in any of the sequen-
tial steps can impair the complete system (Vihinen et al., 2001). Numerous
genes involved in PIDs have been identified (Table 3.1). The majority of
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Figure 3.2. The composition of the XML- (eXtensible Markup Language) based

ImmunoDeficiency Resource (IDR), which is built around the central fact files. The major

categories of distributed information, links, and connections are shown. PDA, personal

digital assitant; WAP, wireless application protocol; XSLT, extensible style sheet language

transformation.

the PIDs are autosomal recessive (AR), although the best known cases are
X-linked forms. In IFNGR1 dominant mutations are also known. PID caus-
ing genes locate in a number of chromosomes. The majority of the genes
code for multidomain proteins. Consanguinity is common in families with
autosomal recessive forms of immunodeficiencies. In X-linked disorders a
single mutated gene is enough to cause the phenotype in males, because
X-linked recessive diseases usually have full penetrance.

The functions of the PID related proteins are very diverse in nature
indicating the importance of the numerous cellular functions for producing
the natural and adaptive immune response (Fig. 3.1). The proteins in PIDs
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are employed, e.g., in signal transduction, cell surface receptors, nucleotide
metabolism, gene diversification, transcription factors, and phagocytosis. The
localisation of these proteins ranges from nucleus to cytoplasm and from
compartments to cell membrane.

4.1 Immunological Recognition Molecules

Heterogeneous receptors – antibodies, T-cell receptors (TCRs), and the
components of the major histocompatibility complexes (MHCs) – form the
basis of adaptive immunity by recognising the enormous range of nonself
substances. The very highly variable molecules are formed by joining a large
number of genetic segments randomly.

Antibodies (immunoglobulins) appear either free in serum or as a part of
the B-cell receptor (BCR). The main role of antibodies is to recognise foreign
substances and thereby facilitate their destruction. Antibodies are formed
of two light and two heavy chains. The gene for each antibody is composed
by gene rearrangement from a large number of regions and contains both
constant and highly variable regions. From the large number (up to 100) of
different segments for each part of the antibody gene, just one is used in each
cell. First a diversity region (D) segment is combined with a single joining
(J) segment and a single variable region (V). The V(D)J rearrangement is
responsible for the diversity of antibodies. Then one of the several constant
regions (C) is added to complete the full V(D)JC gene. Antibodies further
undergo class switching. Antigen-specific TCRs are produced by related gene
rearrangements.

Membrane-bound MHC molecules recognise peptides on the surface of
the cell. The peptide-binding cleft is coded by hypervariable gene segments.
Class I MHC molecules bind to foreign peptides processed within infected
cells and then present them to cytotoxic CD8+ T cells. Class II molecules
bind to peptides processed within specialised antigen-presenting cells and
present them to helper CD4+ T cells.

Errors in the highly variable antibodies and receptors or defects in their
production lead to immunodeficiencies. Immunoglobulin (Ig) gene dele-
tions are usually deletions of the constant heavy chain, although also some
κ-light chain gene mutations have been identified. In general, patients with
these immunodeficiencies do not have a markedly increased risk of infection.
In recombination activating gene 1 (RAG1) and RAG2 deficiencies and the
Omenn syndrome as well as Artemis deficiency, both BCR and TCR are defi-
cient, leading into SCID due to defective V(D)J recombination. MHC class II
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deficiencies are caused by defective promoter-binding proteins affecting the
transcription of genes.

5. ANTIBODY DEFICIENCIES

B-cell immunodeficiencies are deficiencies of antibody function (Table
3.1). Either the B lymphocyte development is impaired or B cells fail to re-
spond to T-cell signals. All or only a subset of immunoglobulins may be
deficient.

In XLA antibody production is prevented due to a block in the B-cell
maturation (Vihinen et al., 2000a; Smith et al., 2001). Serum concentrations
of IgG, IgA, and IgM are markedly reduced. Levels of circulating B lympho-
cytes are significantly decreased and plasma cells are absent, whereas the
number of T cells is normal or increased. The clinical outcome varies and
even members of the same family can have different symptoms. Patients with
XLA have normal response to viral infections and normal V(D)J rearrange-
ment.

Btk belongs to the Tec family of cytoplasmic protein tyrosine kinases
(PTKs). They all consist of five distinct structural domains. Btk interacts
with several partners (for review see Smith et al., 2001). The PH domain
binds to phosphatidyl inositols and can function as a membrane-localising
module. The TH domain contains a Zn2+-binding motif (Hyvönen and
Saraste, 1997; Vihinen et al., 1997) and a polyproline stretch. The SH2 and
SH3 domains bind either to phosphotyrosine (pTyr) residue or polyproline-
containing proteins.

Many XLA-causing mutations affect functionally significant, conserved
residues (Vihinen et al., 1995, 1999, 2001). The majority of the missense
mutations in the PH domain are in the inositol-compound-binding region.
In the TH domain the missense mutations affect Zn2+ binding. Most of the
amino acid substitutions in the SH2 domain impair pTyr binding. In the
kinase domain, the mutations are mainly on one face of the molecule, which
is in charge of the ATP, Mg2+, and substrate binding.

IgA deficiency can affect selectively only IgA levels. It may also be com-
bined with the lack of other isotypes. It is the most prevalent of PIDs (1:500
Caucasians). The mechanism of the disease is still unknown. Of the affected
individuals only about one-third are particularly prone to infections. The pa-
tients have a high incidence of autoantibodies although the serum concentra-
tions of the other immunoglobulins are usually normal. Selective deficiencies
of IgG subclasses, with or without IgA deficiency, are caused by defects in
several genes.
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Common variable immunodeficiency (CVI) is a group of disorders of
defective antibody formation. CVI patients usually have a normal number of
circulating but defective B cells. Their serum levels of IgG and IgA are low.
CVI affects females and males equally and it usually has later age of onset
than the other antibody deficiencies. Patients frequently have lymphoretic-
ular and gastrointestinal malignancies and also autoimmune disorders are
common.

6. SEVERE COMBINED IMMUNODEFICIENCIES

In combined B- and T-cell immunodeficiencies (SCIDs), which are the
most severe PIDs, all adaptive immune functions are impaired. SCID is
fatal unless the immune system is reconstituted either by transplants of
immunocompetent tissue or by enzyme replacement.

6.1 T−B+ SCID

In T−B+ SCID both T and B cells are lacking. In RAG1 and RAG2 de-
ficiencies and the Omenn syndrome, recombinase-activating proteins are
defective (Notarangelo et al., 1999). T−B− SCID and Omenn syndrome (OS)
are caused by mutations in either of the two recombination activating genes,
RAG1 and RAG2 (Schwarz et al., 1996a; Villa et al., 1998; 2001). RAGs are
crucial because they activate the V(D)J recombination in the antibody and
TCR receptor genes required for generation of the diversity of the recogni-
tion sites. RAG1 or -2 disruption blocks the initiation of V(D)J recombination
and leads further to complete absence of both mature B and T cells. In the
Omenn syndrome, recombination is only partially deficient.

The T−B− SCID patients exhibit no mature T and B cells and show a
complete absence of lymph nodes and tonsils. Infections start in the second
or third month after birth. The affected individuals show opportunistic in-
fections, chronic persistent disease of the airways, and local and systemic
bacterial infections. The recurrent infections lead to a failure to thrive and
virus infections can be lethal.

In addition to SCID, OS patients have a number of other symptoms. The
patients have a variable number of circulating T cells that respond poorly to
stimulation. B cells are absent or highly reduced in their number. RAG1 core
is crucial for DNA binding. This region bears similarity to the homeodomain
of the Hin invertase family and it contributes to the heterodimer fomation
with RAG2. The three basic regions in the N-terminal half of RAG1 inter-
act with the nuclear transport protein Srp1. Central part of RAG2 has been
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suggested to contain repeated kelch/mipp motifs. Disease-causing mutations
have been found throughout the RAG1 and −2 proteins.

Reticular dysgenesis is a very rare autosomal recessive form of SCID,
which generally leads to very early death.

6.2 T−B+ SCID

In T−B+ SCID, T cells are missing, but there can be B cells even in
increased numbers (Buckley et al., 1997). Although B cells are produced, they
are defective. X-linked SCID, the most common of SCIDs, is caused by IL-2
receptor γ -chain mutations (Puck, 1999). Patients have very low numbers of
T cells and NK cells, whereas B cells are present in high numbers although
they are immature and defective (Candotti et al., 1998). Infants with SCID
develop severe infections in the first months of life. At the age of 3 to 6
months most boys with XSCID have failure to thrive, chronic diarrhoea, and
recurrent and persistent infections, often due to opportunistic pathogens.
The γ -chain of the receptor forms part of the receptor also for IL-2, -4, -7, -9,
and -15, affecting the differentiation and growth of lymphocytes.

Mutations in IL2RG severely compromise the function of γ c and result in
a severe phenotype. Mutations associated with XSCID are found throughout
all the exons of IL2RG (Puck et al., 1996). Of the mutations in 220 unrelated
families, the most common are missense and nonsense point mutations. The
protein contains a signal sequence and a large extracellular domain followed
by a transmembrane region and Box1/Box2 domain, the cytoplasmic part of
the molecule. WSXWS motif in the extracellular region has been shown to
be essential for cytokine binding.

The AR form of T−B+ SCID is caused by Janus kinase 3 (JAK3) tyrosine
kinase mutations (Candotti et al., 1998). IL-2 stimulates the receptor, induces
tyrosine phosphorylation, and activation of JAK3. The γ c-JAK3 pathway trans-
mits the signal to the nucleus and effects the expression of genes responding
to cytokines. Binding to IL-2 leads to the dimerisation of receptors and into
activation of JAK3. Activated JAK family members phosphorylate multiple
tyrosine residues in the receptors. Signal transducers and activators of tran-
scription (STATs) recognise with their SH2 domains phosphotyrosines in
the receptor. Then activated, dimerised STATs dissociate from the receptor
and translocate to the nucleus, where they bind to enhancer regions in DNA
and thereby effect transcription of cytokine-responsive genes.

JAKs include altogether seven Jak homology (JH) domains. In the C-
terminus there is tyrosine kinase (JH1) domain, which is preceded by an
inactive pseudokinase (JH2) domain. The N-terminal domains (JH6 and −7)
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are necessary and sufficient for γ c binding. Mutations have been identified
from all the JH domains.

6.3 Deficiencies in Purine Metabolism

Purine nucleoside phosphorylase deficiency is characterised by accumu-
lation of toxic purine metabolites in cells (Osborne and Ochs, 1999). PNP
catalyses the phosphorolysis of the purine nucleosides to purine bases and
ribose-1-phosphate. dGTP accumulation is particularly toxic to T cells due to
the inhibition of ribonucleotide reductase, DNA synthesis, and cell prolifera-
tion. The protein consists of a single catalytic domain coded by six exons. The
enzyme following PNP in the purine catabolism is adenosine deaminase.

Adenosine deaminase deficiency is the most common of the autoso-
mal recessive forms of SCIDs. ADA deficiency causes even more severe
symptoms than PNP deficiency (Hershfield, 1998). ADA degrades toxic
adenosine and deoxyadenosine, which accumulate in the cells of patients.
Immature lymphoid cells are very sensitive to these nucleotides. In addi-
tion to the immunological defect, most ADA deficiency patients have skeletal
abnormalities.

About 85–90% of ADA deficient patients have SCID and are diagnosed
by 1 year of age. About 15% have milder immunodeficiency diagnosed later.
Of all SCID patients, ADA deficiency patients have the most profound lym-
phopaenia, involving T, B, and NK cells (Buckley et al., 1997). In addition to
bone marrow transplantation, ADA deficiency can be treated by enzyme re-
placement therapy or with a combination of PEG-ADA and gene therapy. The
catalytic domain consists of the whole protein. Genotype and both clinical
and metabolic phenotype have good correlation.

6.4 Major Histocompatibility Complex Deficiencies

MHC class I deficiency is due to peptide transporter protein 2 (TAP2)
mutations. TAP2 transports peptides from the cytoplasm into endoplasmic
reticulum, where MHC I molecules can bind to them. Foreign proteins are
degraded by proteolysis to peptides. The processed peptides bind to MHC
I molecules, which are transported to the cell surface, where cytotoxic T
cells recognise the antigen-presenting MHC molecules and kill the infected
cells.

MHC class II is a surface molecule on B cells. It presents processed
peptide fragments to the TCR of CD4+ T-helper cells triggering the antigen-
specific T-cell response. MHC class II deficiencies originate from impaired
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transcription of MHC II genes (Reith et al., 1999). Four different forms are
known.

Patients with MHC class II deficiency generally develop septicaemia
and recurrent infections of the gastrointestinal, pulmonary, upper respira-
tory, and urinary tracts. The patients are prone to bacterial, fungal, viral,
and protozoal infections. Infections start within the first year of life. Almost
all patients suffer from repeated, severe intestinal infections, diarrhoea, and
failure to thrive. The patients usually die before the age of 5 years.

The affected individuals are treated with antibodies and immunoglobu-
lins, but the progressive organ dysfunction and death cannot be prevented.
The only curative treatment is bone marrow transplantation, although with
a relatively poor success rate.

Regulatory factor (RF) X is a complex that binds to the X-box of
MHC II promoters. Class II transcription activator (CIITA) is mutated in
complementation group A. CIITA is a positive regulator of MHC class II
gene transcription, which does not interact directly with DNA. RFXANK (reg-
ulatory factor X, ankyrin repeat-containing) of complementation group B in-
cludes three ankyrin repeats and accounts for some 70% of MHC class II mu-
tations. DNA-binding domain containing regulatory factor RFX 5 is mutated
in complementation group C deficiency. RFX-associated protein (RFXAP)
binding RFX5 is mutated in the complementation group D. CD4+ T-cell level
is decreased in all these forms, although patients have normal numbers of
circulating lymphocytes. Also immunoglobulin numbers can be decreased.
There are only a few identified cases in each complementation group.

6.5 Hyper IgM Syndrome

The majority of hyper IgM (HIM) syndromes are X-linked. XHIM is
caused by a defect in the gene for CD40 ligand. The patients have a failure
with heavy-chain class switching from IgM to IgG and IgA. Individuals with
XHIM show very low or undetectable serum IgG and IgA, with normal to el-
evated IgM, and have an increased susceptibility to bacterial and opportunis-
tic infections (Pneumocystis carinii pneumonia and Cryptosporidium-related
diarrhoea). They are at high risk for progressive liver disease and liver and
intestinal tumours. Neutropenia is also a common manifestation. Treatment
is based on regular use of intravenous immunoglobulins and antibodies or
bone marrow transplantation.

Interaction between CD40L in T cells and CD40 on B cells is crucial for
the formation of germinal centres and the generation of memory B cells.
CD40 is also essential for interactions with macrophages and dendritic cells
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leading to induction of IL-12 secretion and immune response to intracellular
microorganisms.

The protein consists of a short intracytoplasmic domain, transmembrane
region, and an approximately 200 residues long extracellular domain. Mis-
sense mutations comprise the most common mutational event, frameshift
mutations are the second most common type of mutations, when added up.
Although some of the missense mutations affect the CD40-binding site, most
of them disrupt CD40L function by other mechanisms. Some mutations af-
fect residues that participate in the generation of the hydrophobic core and
hence interfere with core packing and folding of the monomers, whereas
other mutations involve buried residues at the interface between monomers
and thus prevent trimer formation. In general, no strict genotype–phenotype
correlation has been identified in XHIM. Most patients have a severe pheno-
type, regardless of the type of mutations.

6.6 Other CIDs

T-cell activation triggers cascades of reactions. Zap-70 (ζ -associated
polypeptide of 70 kDa) is a protein tyrosine kinase that binds with its SH2
domains to the phosphorylated immunoreceptor tyrosine-based activation
motif (ITAM) sequences of TCR. Signalling through TCR is defective in
Zap-70 deficiency, influencing T-cell development.

CD3 is a multicomponent T-cell complex formed of nonidentical sub-
units that interact with TCR. Interaction with antigen activates cytokine re-
lease and cell proliferation. Rare CD3 deficiencies are caused by mutations
in the γ - and ε-subunits.

7. OTHER WELL-DEFINED PIDs

Wiskott–Aldrich syndrome (WAS), an immunodeficiency of both T and
B cells, is characterised by thrombocytopaenia, eczema, and recurrent infec-
tions (Ochs, 1998). Patients have progressive lymphopaenia. Without bone
marrow transplantation WAS leads to death within the first two decades of
life because of viral or bacterial infections. WAS patients with autoimmune
manifestations have a high risk of getting malignancies.

WAS protein (WASP) interacts with Cdc42, a GTP-binding protein,
which is involved in cytoskeleton reorganisation. WASP includes a number
of domains, from the N-terminus WASP homology (WH1) domain, basic
domain, GTPase-binding domain, polyproline, cofilin homology, and acidic
domain. Defective cell polarisation due to WASP mutations could also affect
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B-cell/T-cell interactions. The WASP mutations affecting the coding region
are unevenly distributed along the WASP gene (Schwarz et al., 1996b). The
WH1 domain accounts for 76% of all mutations, but for only 26% of all
amino acids.

DiGeorge syndrome is a congenital PID characterised by lack of embry-
onic development or underdevelopment. Since the syndrome is associated
with other defects, it has also been called CATCH22. Patients usually have a
deletion on chromosome 22. The symptoms include cardiac abnormalities,
abnormal facies, thymic hypoplasia, cleft palate, and hypocalcaemia. The de-
gree of thymus problems varies.

In X-linked lymphoproliferative disease (XLP), or Duncan’s disease, pa-
tients are exceptionally susceptible to Epstein–Barr virus (EBV) (Schuster and
Kreth, 1999). In XLP, EBV infection causes mononucleosis by vigorous un-
controlled expansion of both T and B cells. XLP is usually associated either
with hypogammaglobulinaemia, Burkitt lymphoma, carcinoma, some forms
of Hodgkin disease, or several of them. The mortality is complete by the age
of 40 years. SH2D1A, also known as DSHP or SAP, is an SH2 domain-
containing molecule. SLAM (signalling lymphocyte activation molecule or
CDw150) on the surface of T cells is crucial for stimulation. Phosphory-
lated SLAM can interact with SH2 domain-containing proteins, including
protein phosphatase SHP-2. SH2D1A competes for binding to the SLAM.
Mutations in SH2D1A affect the interaction between T and B cells and lead
into uncontrolled B-cell proliferation in EBV infection. The majority of mu-
tations affect the phosphotyrosine ligand binding region (Lappalainen et al.,
2000).

ICF syndrome got its name from immunodeficiency, centromeric in-
stability, facial abnormalities. Patients have mutations in DNA cytosine-5-
methyltransferase 3B (DNMT3B).

8. PHAGOCYTE DEFECTS

Adaptive immunity facilitated by B and T cells is complemented by
innate, cellular immunity of neutrophils, monocytes, macrophages, and
eosinophils.

8.1 Chronic Granulomatous Disease

Phagocytic cells increase remarkably their oxygen consumption when
brought into contact with opsonised microorganisms or a number of solu-
ble stimuli. The respiratory burst is released by a NADPH oxidase complex
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that catalyses the reduction of oxygen to superoxide. Chronic granulomatous
disease (CGD) is due to a defective NADPH oxidase. It is manifested usually
by a total absence of superoxide production in phagocytes (Roos and Curnutte,
1999). Patients are highly susceptible to life-threatening bacterial and fungal
infections, which can be fatal. The most common infections encountered
include pneumonia, lymphadenitis, infections of the skin, and hepatic and
perirectal abscesses.

In CGD, patients generate granulomas within organs and tissues in
an attempt to control and isolate an unclearable infection. Granuloma for-
mation can cause several chronic complications, such as the enlargement
of the spleen and liver and obstruction of the urinary or gastrointestinal
tracts.

Any one of the genes encoding different phox components can be af-
fected. Mutations in the gene for p91phox cause the X-linked form of the
disease, of which nearly two-thirds of CGD patients are suffering. Mutations
in genes for p22phox, p47phox, and p67phox account for autosomal recessive
forms of CGD. Aggressive treatment of infections is essential. Bone marrow
transplantation has been used successfully to treat the disease.

The phagocyte NADPH oxidase consists of at least five submits. The
membrane proteins p91phox and p22phox are integral flavocytochrome b558

subunits. p40phox, p47phox, and p67phox are located in cytosol. The small GTP-
binding protein Rac is required for NADPH oxidase activity. When the respi-
ratory burst is stimulated, the cytosolic subunits translocate to the membrane
and associate with the flavocytochrome to form the active complex. Super-
oxide is released either into the phagosome following phagocytosis or into
the extracellular space. The produced superoxide is converted to hydrogen
peroxide, hydroxyl radicals, and hypohalous acids, all of which are effective
antimicrobial agents.

8.2 Leukocyte Adhesion Defects

Free neutrophils and monocytes of blood stream can adhere to the en-
dothelial cell lining of blood vessels to move to sites of infection within the
tissues to ingest pathogens.

LAD-I disorder is characterised by recurrent bacterial and fungal in-
fections and the accumulation of very low numbers of neutrophils at sites
of infection (Etzioni and Harlan, 1999). Patients with LAD-I disorder have
high numbers of circulating neutrophils. The affected gene codes for CD18,
that is the β2-subunit of leukocyte integrins. Integrin subfamilies contain
the common β-subunit. In the heterodimeric integrins the α-subunit varies
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and it is responsible for functional specificity. The patients suffer from
increased incidence of bacterial infections and impaired wound healing.
Treatment with antibiotics and bone marrow transplantation have excellent
results.

LAD-II is a very rare, autosomal recessive disease. Patients suffer from
life-threatening recurrent bacterial and fungal infections. The disorder also
leads to growth defects, neurological defects, and to abnormal carbohydrate
blood group markers on erythrocytes. The levels of CD18 are normal in
neutrophils.

The mechanism of LAD-II still remains unknown. It is involved in the
biosynthesis of GDP-fucose, which is required for the synthesis of fucose-
containing carbohydrates, including sialyl Lewis X and some blood group
antigens. The diverse defects of the syndrome originate from the LAD-II
related disruption of GDP-fucose and fucosylated surface glycoconjugate
biosynthesis.

8.3 Chediak–Higashi Syndrome

The Chediak–Higashi syndrome (CHS) is a rare, autosomal recessive
disorder characterised by immunodeficiency, neurologic abnormalities, and
hypopigmentation. CHS patients have reduced numbers of neutrophils and
other phagocytes and contain large, fused granules. Some granule proteins
are missing. Both chemotaxis and phagocytosis are defective. Patients are
very prone to bacterial infections.

Many CHS patients die early and the others enter the so-called accelerated
phase, which is normally fatal. The phase is characterised by a lymphoma-like
syndrome with fever and enlarged liver, spleen, and lymph nodes as well as
severely reduced numbers of all blood cells.

CHS is related to the mouse beige phenotype. The human CHS gene
encodes a large multidomain protein that contains similarity to motifs asso-
ciated with vesicle transport and protein interactions.

8.4 Glucose 6-Phosphate Dehydrogenase Deficiency

Glucose-6-phosphate dehydrogenase (G6PD) is the first as well as the
rate-limiting enzyme in the hexose monophosphate shunt, which produces
6-phosphogluconate and NADPH. This pathway is important especially for
cells which contain only few mitochondria such as neutrophils or from which
mitochondria are missing such as erythrocytes. G6PD deficiency is a rela-
tively common X-linked disorder affecting primarily erythrocytes. NADPH is
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essential for converting the disulphide form of glutathione to the sulphhydryl
form (GSH), which together with glutathione peroxidase protects phagocytes
from the damaging effects of hydrogen peroxide generated during the respi-
ratory burst.

8.5 Myeloperoxidase Deficiency

Myeloperoxidase catalyses the production of antimicrobial HOCl in neu-
trophils and monocytes. The majority of affected individuals have normal
health without symptoms, but some patients have risk of systemic fungal
infections.

9. DNA BREAKAGE-ASSOCIATED SYNDROMES

Ataxia telangiectasia (AT) is a rare, progressive, neurodegenerative child-
hood disease that affects the nervous and other body systems (Lavin and
Shiloh, 1999). AT patients have ataxia, lack of muscle control, and telang-
iectasia (tiny, red veins). Many patients have an impaired immune system.
They are predisposed to leukaemia and lymphoma in addition to being ex-
tremely sensitive to radiation exposure. The majority of the patients have IgA
deficiency. Some IgG subclasses can also be reduced. There is no cure for
AT and the progression cannot be slowed down. The defective protein, ATM,
is a protein kinase that reacts to DNA damage and delays the accumulation
of a p53 tumour suppressor. Thus, cells can replicate without repair of the
damaged DNA lesions and thereby increase the risk of cancer.

ATM is composed of a leucine zipper, a proline-rich region, Rad3
homology, and a PI-3 kinase homology domain, all of which harbour mu-
tations in AT (Vihinen et al., 2001).

10. COMPLEMENT DEFECTS

Complement activities, both classical and alternative pathway, are major
recognition systems in innate immunity. Invading microorganisms trigger
the complement cascade directly or indirectly (Sullivan and Winkelstein,
1999). Complement activation results in either the opsonisation of the
pathogen for phagocytosis or the assembly on its surface for membrane dam-
age and lysis. The classical pathway is antibody-dependent. The alternative
pathway is an evolutionarily old defence system, which does not require
antibody. Defects in the different complement factors predispose affected
individuals for infections by different microorganisms.
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Deficiencies of the early components of the classical pathway include
C1q, C1r, C1s, C2, and C4 disorders. Patients with any of these deficien-
cies suffer from systemic lupus erythematosus (SLE), a chronic multisystem
autoimmune disease. The risk for SLE is 20- to 30-fold in homozygous indi-
viduals and about 3-fold in those being heterozygous for defective alleles.

C1q deficiency presents at very different ages in different individuals.
The C1q protein variants are encoded by three closely located genes. The C1r
deficiency seems to be associated with at least a partial defect of a closely
linked C1s gene. C2 deficiency is the most common complement deficiency,
although half of the individuals deficient in C2 are asymptomatic. Because
C4 is encoded by two genes, C4A and C4B, the complete C4 deficiency is very
rare.

Of the alternative pathway PIDs, the properdin and factor D deficiencies
are associated with recurrent neisserial infections.

The proteolytic cleavage of the C3 to C3a and C3b is common for
both pathways of complement activation. C3b is the crucial opsonin that
facilitates phagocytosis after binding to the surface. Further, it is also impor-
tant in erythrocyte-related clearance of immune complexes. C3a mediates lo-
cal inflammatory responses, including the stimulation of mast cells to release
histamine. C3 deficiency is a rare AR PID manifested by frequent pyogenic
bacterial infections and some patients also have immune complex disease.
Individuals deficient in C5, C6, C7, or C8 have greatly increased susceptibil-
ity to infections with Neisseria species. The majority of the patients having
the homozygous defect have recurrent infections and meningococcal disease
caused by Neisseria meningiditis. Interestingly, C9-deficient individuals have
no increased susceptibility to infections and they are generally in good health.

Both CD59 and decay-accelerating factor (DAF) are GPI-anchored mem-
brane proteins, which protect host cells from complement-mediated lysis by
inhibiting the formation of the membrane attack complex. Deficiencies of
these proteins usually arise from an acquired mutation in haematopoietic
stem cells affecting the synthesis of the GPI linker, but also CD59 and DAF
deficiencies are known. Defective cells, particularly erythrocytes, are suscep-
tible to lysis. Other common symptoms include back pain, headache, kidney
dysfunction, and iron deficiency.

C1 inhibitor inhibits the protease activity, in addition to that of C1r and
C1s, of blood-clotting system proteases and kallikrein. Defects in C1 inhibitor
lead to angioneurotic oedema. The episodes of oedema start early in childhood
and increase in severity into adolescence but then diminish with age. Oedema
of the larynx leading to respiratory obstruction can be fatal. The disease is
caused by uninhibited activation of the complement and kallikrein systems.
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11. IMMUNODEFICIENCY MUTATION DATABASES (IDBASES)

The number of mutations identified in unrelated families with primary
immunodeficiency is close to 2500 (Vihinen et al., 2001) (Table 3.2). Several
freely accessible mutation databases have been established to handle and
distribute the large amount of available information (Smith and Vihinen,
1996; Vihinen et al., 2001) (Table 3.3).

Information about immunodeficiency patients has been collected
into the European Society for Immunodeficiency (ESID) registry (http://
213.80.3.170:80/esid/registry.html). The ESID database contains clinical in-
formation of almost 9000 patients (Abedi et al., 1995). The registry lists dif-
ferent immunodeficiency disorders, immunoglobulin values, therapy, and
family history of patients.

Currently there are more than 20 immunodeficiency mutation databases
(Table 3.3). The databases at IMT Bioinformatics distributed by MUTbase
system (Riikonen and Vihinen, 1999) are also accessible with mobile devices
by using BioWAP service (Riikonen et al., 2001).

All types of mutations have been identified in PIDs (Table 3.3). Point
mutations are the most common alterations. As in genetic diseases in general,
missense and nonsense mutations comprise some 47% of all the genetic
defects. Truncation of the produced protein is the most common effect when
summing up nonsense, deletion, insertion, and splice site mutations.

In several forms of PID CpG sites are hot spots for mutations. These
dinucleotides are the single most mutated doublet harbouring, e.g., in XLA
30%, in XSCID 22%, and in XCGD 32% of the mutations despite these
dinucleotides constituting less than 5% of the genes (Vihinen et al., 2001).
Mutations have been found also in single nucleotide repeats, presumably
caused by mispairing slippage, e.g., in BTK and IL2RG genes.

Disease-causing mutations have different effects and consequences. The
expression of the proteins can be changed, usually lowered or prevented, and
stability, specificity, and activity of the proteins can be altered. Expression
level and stability of mRNA are crucial. Despite large numbers of mutations
it has not been possible to make genotype–phenotype correlations in many
PIDs, at least in some cases because of redundant activities.

The IDbases aim at providing new insights into genotype–phenotype
correlations in patients and protein structure–function relationships. The
databases have been used to retrieve prospective and retrospective informa-
tion on the clinical presentation, immunological phenotype, long-term prog-
nosis, and efficacy of therapeutic options. The information may also prove
valuable when developing new treatments, including drug design.
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CHAPTER 4

Genetic diversity in the major
histocompatibility complex and the
immune response to infectious diseases
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1. INTRODUCTION: THE NATURAL HISTORY
OF INFECTIOUS DISEASES

The natural history of many infectious diseases is characterised by a
broad range of clinical outcomes. For example, infection with bacterial agents
such as Mycobacterium tuberculosis may be asymptomatic in some individuals;
in others, clinical manifestations of disseminated tuberculosis may develop.
Infection with viral agents such as the hepatitis B virus (HBV) may result
in spontaneous clearance in some individuals, whereas in others, chronic
infection may develop. Among those with chronic HBV infection, disease
progression proceeds at varied rates, with some individuals developing liver
cirrhosis and others only mild amounts of liver fibrosis despite similar dura-
tions of infection. Protozoan organisms, such as Plasmodium, are similarly
characterised by a broad spectrum of outcomes. Some individuals may suf-
fer from a severe course of malaria with cerebral manifestations or malarial
anaemia, whereas others may naturally avoid such severe sequelae.

What factors influence this broad clinical spectrum in so many different
diseases? Infectious disease natural history is affected by four main factors.
First, pathogen virulence may determine outcome. For example, some strains
of influenza virus cause only mild flu symptoms, whereas others have resulted
in a global pandemic, such as the strain that killed millions of individuals
across the world in 1918. Second, external modulators, or environmental
factors, may affect outcome. These factors may be environmental, such as
the increased risk of developing liver cancer among chronic carriers of HBV
who are exposed to aflatoxins, or they may be behavioural, such as the in-
creased risk of accelerating HBV or hepatitis C virus (HCV) progression by
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consumption of large amounts of alcohol (Poynard, 1997; Schiff, 1997;
Ostapowicz, 1998; Wiley, 1998; Thomas et al., 2000; Harris et al., 2001).
Third, host genetic variation between individuals may affect clinical outcome.
In particular, genetic diversity in genes encoding key immunomodulatory
molecules may affect the ability of individuals to effectively respond to infec-
tions. Fourth is the possible interaction between these three aforementioned
components.

This chapter will focus on the contribution of host genetics to the natural
history of infectious diseases. Specifically, we will address the role of genetic
diversity in the major histocompatibility complex (MHC) in mediating this
immune response and highlight methods for conducting disease association
studies, as well as examine examples of such disease association studies.

2. GENETIC CONTRIBUTIONS TO IMMUNE RESPONSES
AGAINST INFECTIOUS AGENTS

Studies of twins suggest that genetic factors may play a significant role
in modulating the immune response to infectious agents. Twin heritability
studies have found a high genetic contribution for the immune response
to several infectious diseases (Kallman and Reisner, 1942; Comstock, 1978;
Sorensen et al., 1988; Lin et al., 1989; Malaty et al., 1994). This is in contrast to
many autoimmune diseases, where concordance among monozygotic twins
is almost always less than 50%, suggesting a more significant role for envi-
ronmental factors in autoimmune disease pathogenesis (Cooper et al., 1998,
1999). For this reason, much interest has been focused in recent years on
the possible contributions of host genetic factors to the often diverse clinical
manifestations seen in many infectious diseases.

3. THE HUMAN MAJOR HISTOCOMPATIBILITY COMPLEX

The MHC was originally identified by Gorer and Snell through their
work on transplant compatibility in mice. The region conferring transplant
compatibility/incompatibility was mapped to mouse chromosome 17 and
subsequently the orthologous region in humans was mapped to the short
arm of chromosome 6.

The complete DNA sequence of the MHC region was completed ahead
of the draft human genome sequence (MHC Sequencing Consortium, 1999).
This revealed that the 3.6-Mb region contains 224 genetic loci, of which
128 are predicted to be expressed. Approximately 40% of the expressed
genes are thought to participate in immune functions, which is particularly
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Figure 4.1. Simplified schematic map of the human major histocompatability complex

(MHC) on the short arm of chromosome 6. This figure highlights just some of the key

polymorphic loci related to immune function in the complex, including the class I and

class II regions, which encode the human leukocyte antigens (HLA). (The MHC

Sequencing Consortium Nature 1999)

extraordinary as the MHC region is thought to predate the emergence of
the adaptive immune system (Trachtulec et al., 1997). Clustering of these
immune-related genes is unlikely to have occurred by chance. However, du-
plication, particularly in the class I and II regions, has occurred frequently.
The loci in the MHC exhibit unprecedented allelic diversity with variation
levels of 5–17%. Highly polymorphic loci, such as the HLA-DRB1 locus or
HLA-B, have more than 200 alleles (Marsh et al., 2001).

This polymorphic cluster of genes is divided into three major regions
(Fig. 4.1). The class I and class II MHC genes encode the human leukocyte
antigen (HLA) molecules that are important in the antigen-processing and
antigen presentation pathways. Although the class I molecules interact with
cytotoxic T lymphocytes (CTL), the class II molecules interact with T-helper
(TH) cells. The class III region encodes a variety of genes, including cytokines,
complement components, and heat shock proteins. Within the class I region
there are also a number of loci encoding atypical HLA class I molecules.

The principle of T-cell restriction was identified by Doherty and Zinker-
nagel (1975) more than 25 years ago. T cells will only respond to specific
peptides presented by antigen-presenting cells bearing specific MHC class
I or class II alleles. The molecular basis for antigen-MHC restriction was
revealed by the high-resolution crystal structure of an MHC class I molecule
and associated antigen (Bjorkman et al., 1987; Ghosh et al., 1995; Jardetzky
et al., 1996). HLA molecules bind antigenic peptide fragments in a groove on
the exterior surface of the molecule. The HLA–peptide complex is recognised
by T-cell receptors (TCR) expressed on the surface of CD4+ TH cells or CD8+
CTLs. Interaction among HLA molecule, peptide, and TCR, in the context of
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Figure 4.2. Schematic diagram of a HLA class I molecule. The alpha subunits are depicted

in complex with β2-microglobulin. (Reviewed in Williams A. et al. Tissue Antigens 2002)

appropriate costimulatory signals, may initiate T-cell activation, proliferation,
and cytokine release. Class I molecules are present, or can be induced, on vir-
tually every nucleated cell in the body, whereas class II molecules are usually
only expressed by professional antigen-presenting cells. Class I molecules
form heterodimers with β2-microglobulin on the cell membrane and assist
in the presentation of ‘endogenous antigens’ such as those from virally in-
fected cells (Klein and Sato, 2000a, 2000b). Figure 4.2 presents a schematic
diagram of HLA class I molecule structure. In Fig. 4.1, one can see the various
subunits of the molecule, along with β2-microglobulin. Endogenous proteins
are digested by the proteosome complex and transported to the endoplasmic
reticulum (ER) by the transporter associated with antigen-processing (TAP)
proteins (Cresswell et al., 1999). In the ER, peptide fragments are loaded into
the HLA class I groove. HLA class II molecules (Fig. 4.3), as heterodimers,
are encoded by more than one genetic locus and assist in the presentation
of “exogenous antigens” such as those from foreign pathogens (Shackelford
et al., 1982; Schafer et al., 1995). Figure 4.2 depicts the various subunits of the
class II molecule on the cell surface. One locus encodes an α-chain, whereas
the other encodes a β-chain. These α/β heterodimers are stabilised by an in-
variant chain polypeptide and are translocated to the lysosomal compartment
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Figure 4.3. Schematic diagram of an HLA class II molecule. Here, the alpha and beta

subunits are depicted on the Surface of the cell membrane. (Reviewed in Shackelford

1982 and Schafer 1995)

where they encounter exogenously derived peptides which have been ingested
by the antigen-presenting cell. Antigenic peptides competitively bind to the
HLA class II molecule, and the trimeric complex is then transported to the
cell membrane. Figure 4.4 shows an HLA class I molecule with a peptide in
the binding domain (Parker et al., 1995). Other molecules, such as the DM
molecules, are also involved with class II antigen presentation.

The genes encoding the major components of the HLA molecules fall
into the class I and class II regions (Fig. 4.1). The region between, often
referred to as the class III region, encodes a number of immunomodulatory
cytokines as well as other genes. The α-class I heavy chains are encoded
within this class I region, whereas the β-light chain, β2-microglobulin, is
actually encoded by a gene located on chromosome 15. Although there are
over 20 class I and class I-like genes (many of them polymorphic), HLA-A,
-B, and -C are the key molecules involved in differential antigen presentation
and natural killer (NK) cell activities (Thorsby, 1999; Williams et al., 2002).

In contrast, both the α- and β-portions of the class II genes are encoded
within the HLA region of chromosome 6. Nomenclature for molecular geno-
typing of class II consists of three letters. The first letter, D, designates class II.
The second letter designates the family: M, O, P, Q, or R. The third letter
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Figure 4.4. Illustration of a nonamer peptide (amino acids are numbered 1–9) bound

within the binding cleft of an HLA class I molecule. (Jardetzky 1996 and Ghosh 1995)

designates whether it is the α- or the β-chain of the HLA molecule. This
three-letter complex is then followed by an arabic number designating the
family member. For example, DRB4 is the fourth member of the Rβ-family.
This four-character designation is then followed by an arabic number desig-
nating the allele and separated from the prefix by an asterisk. For example
DRB1∗1501 stands for allele 1501 of gene 1 of the β-chain of the R-family
gene in the class II region.

Early classification of HLA alleles was based on serological methods
employing the microcytotoxicity assay. Serological methods have relied on
HLA-specific antibodies binding to antigens exposed on cell surfaces. As a
result, polymorphisms in the internal regions of the HLA molecule (such as
those in the binding cleft) have escaped easy classification using this method.
Over the past decade, a revolution in molecular genotyping techniques has al-
lowed for DNA sequence-based definition of HLA alleles and these methods
have largely replaced the serologically based typing methods for most areas of
research. As a result, HLA classification now increasingly relies on molecular
methods and many of the older serogroups have been reclassified according
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Table 4.1. Summary of serologically defined DR groups and molecularly
defined allele(s) within each sero group

Serologically
defined group Molecularly defined (DRB1∗) allele(s)

DR1 0101 0102

DR103 0103

DR2 DR15 1501 1502 1503

DR16 1601 1602

DR3 DR17 0301

DR18 0302 0303

DR4 0401 0402 0403 0404 0405 0406 0407

0409 0410 0411 0412

DR5 DR11 1101 1102 1103 1104 1105

DR12 1201 1202

DR6 DR13 1301 1302 1303 1304 1305 1306

DR14 1401 1402 1405 1406 1407 1408 1409

DR1403 1403

DR1404 1404

DR7 0701 0702

DR8 0801 0802 0803 0804 0805

DR9 0901

DR10 1001

DR51 0101 0102 0201 0202

DR52 0101 0201 0202 0301

DR53 0101

Note: N > 200 in total.

to molecular definitions, resulting in additional alleles. Table 4.1 briefly high-
lights the molecular subdivisions of the serological groups at the DR locus.
Similar molecular subdivisions exist for other loci in the HLA as well.

Molecular HLA typing methods include several commonly employed
methods. Polymerase chain reaction (PCR) with sequence-specific primers
(PCR-SSP) that specifically target amplification of particular alleles is one
common method. Here, a set of primers for specific alleles is used, and if
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a particular allele is present, an amplicon will be identified when the prod-
ucts are run on a gel. A combination of PCR amplification and subsequent
sequence-specific oligonucleotide hybridisation (PCR-SSO) is also commonly
used. Also, direct sequencing of the gene(s) is often employed. Reference
strand-mediated conformational analysis (RSCA) is another new technique.
Microarray-based typing has been developed for HLA-B typing as well.

4. LINKAGE DISEQUILIBRIUM AND HLA HAPLOTYPES

Although the HLA region is the most polymorphic region in the human
genome, different alleles at different loci often do not sort independently
of one another, resulting in greater frequencies of specific combinations of
alleles than would be expected by chance. This nonrandom sorting is often
referred to as linkage disequilibrium. The specific combinations of different
alleles at two or more loci are termed haplotypes. It is important to note that
haplotypes are generally inferred in immunogenetic studies, thus necessitat-
ing the need for large study sizes. Linkage disequilibrium may be measured
using several techniques and is typically expressed as a delta value (�), which
can range between 0 and 1. A delta value of 1 indicates complete association.
Theoretically, linkage disequilibrium should be a function of the genetic dis-
tance between two loci due to the effect of recombination, but in reality the
relationship between linkage disequilibrium and genetic distance is compli-
cated by hot spots and cold spots for recombination. Furthermore, differences
in the evolutionary age and geography of specific polymorphisms make it im-
possible to predict the patterns of linkage disequilibrium. Blocks of linkage
disequilibrium within the MHC appear to extend over fairly long genetic
distances and empirical investigations revealed that particular alleles tend to
segregate with others, leading to conserved combinations, or common haplo-
types. For example, the class I allele A1 often occurs with the B8 allele. These
alleles also commonly occur with the class II alleles DR3 or DR4, leading to
the common extended haplotypes: A1-B8-DR3 or A1-B8-DR4. The strength
of linkage varies from allele to allele. Although there is a tendency for DR3
to be seen with A1-B8, it also occurs in the absence of A1 and B8.

It is important to consider linkage disequilibrium in immunogenetic
studies, as it is difficult to implicate a particular allele in disease association
studies without properly considering its linkage disequilibrium with other
variants. Using the example above, let us say that the allele B8 was observed
more frequently in individuals exposed to pathogen X who developed the dis-
ease when compared to those who were exposed to pathogen X but did not
develop the disease. Because of linkage disequilibrium, it is difficult to solely
implicate the B8 allele as the determinant because B8-carrying chromosomes
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often have A1, Cw7, and several class II alleles. Alternatively, there may be
yet another gene located on the haplotype with B8 that is truly responsible
and B8 alone or in combination with A1 is merely reflecting linkage with
this other factor. Finally, it may not be B8 alone that is responsible for the
observed association. It may be the extended haplotype rather than the indi-
vidual alleles that truly alters immune function and ultimately plays a role
in disease pathogenesis. In fact, this may be the case with the A1-B8-DR3
haplotype as in vivo and in vitro studies suggest that individuals with this
genetic haplotype may have altered immune responses (Caruso et al., 1990,
1993, 1997; Modica et al., 1990; Lio et al., 1995; 1997).

Another important factor to consider in immunogenetic studies is
the great variation in linkage disequilibrium patterns. Not only do allele
frequencies vary among different racial groups, but linkage disequilibrium
patterns as well. For example, Hill et al. (1991) observed the DRB1∗1302 allele
to be associated with the DQB1∗0501 allele in Gambia, whereas DQB1∗0604
is the association commonly seen in Caucasians.

Although linkage disequilibrium patterns may make disease associations
more difficult to make, they may be simultaneously exploited to further refine
observed associations. For example, if you conducted a study and observed
an association with the A1-B8 class I haplotype, but are unsure whether most
of the association is due to A1-B8 or the class II allele DR3 (with which A1-
B8 is often associated), or even the extended A1-B8-DR3 haplotype, it will
be possible to conduct subgroup analysis, providing the study is sufficiently
large. By comparing individuals who have the A1-B8-DR3 haplotype to those
who do not have DR3 (for example, those with the A1-B8-DR4 haplotype)
it is possible to determine whether it is the class II allele or the haplotype
by comparing any changes in the observed strengths of association between
the different groups. Similarly, the different linkage disequilibrium patterns
observed in different populations may be exploited to determine the relative
effects of a particular allele on disease outcome. In summary, although link-
age disequilibrium may make the implication of specific alleles more difficult
in disease association studies and complicate the statistical analyses, it may
simultaneously be exploited as a mapping aid for the further refinement of
observed associations (Ardlie et al., 2002).

5. THE DESIGN OF STUDIES OF HLA AND DISEASE OUTCOME

The majority of studies investigating the relationship between disease
outcome and host genetic background use a disease association/case-control
design, where a group of individuals with a particular outcome of interest
are compared to a group of appropriate and carefully selected controls and
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differential distributions in the frequencies of alleles, genotypes, and hap-
lotypes are examined. Genes are often chosen for study based on biological
plausibility or knowledge of biological function. Because of the relative ease
of this type of study design, it is the most commonly employed method for
disease association studies. Because of its widespread use, we will focus on
this type of study design in this chapter. Associations using this type of design
have been implicated in many diseases of varying aetiology, including those
of bacterial, viral, and protozoan origin.

There are a few inherent difficulties with respect to disease association
studies on MHC that arise from the great allelic diversity of this region and
from linkage disequilibrium. Study design should take into account the rigour
of phenotypic selection. Controls, in theory, should be similar to cases in
every manner except for the outcome under study. If matching on poten-
tial confounding factors between cases and controls cannot be made, appro-
priate measurement and statistical adjustment for these factors should be
conducted in the analysis portion of the study (see statistical issues follow-
ing). Comparison of cases who have a particular disease outcome against
healthy controls may not always be appropriate. For example, in HCV in-
fection, a number of studies compare MHC class II allele frequencies be-
tween groups of patients with persistent HCV infection and healthy con-
trol volunteers. However, if these volunteers were exposed to the virus,
80% would become persistently infected. A more suitable comparison is be-
tween phenotypic extremes; so in the example of HCV, comparison is often
made between groups with self-limiting infection versus groups with per-
sistent infection. Such comparisons lead to more consistent results (Thursz,
2001).

6. STATISTICAL ISSUES IN MHC ASSOCIATIONS

Because of the highly polymorphic nature of the MHC, it is important
to highlight a number of statistical issues inherent in these types of studies.
First is the issue of adequate power. This must be addressed in the planning
stage of the study. Studies must be of sufficient size to detect meaningful
differences between cases and controls for the gene under study. This is
particularly important with respect to studies of the MHC due to (1) the
highly polymorphic nature of the MHC and (2) the relatively low frequency
of many of the alleles in the MHC. Molecular typing has further subdivided
the serological allele groups, splitting the categories into smaller numbers
(Table 4.1). The low frequency of many of the HLA alleles is further com-
pounded by linkage disequilibrium, an important aspect to consider in the
analysis of immunogenetic studies, and in particular those of the MHC. By
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combining alleles at different loci into haplotypes, the numbers available for
study are further decreased. As a result, proper power calculations account-
ing for molecular classification of alleles and extended haplotypes should be
conducted prior to the inception of a study.

The appropriate measurement of and the proper control of potential
confounders also forms a necessary part of the analyses of studies of the
MHC. Control for such confounders may be planned into the study design
and include matching cases and controls on the confounding factor(s), or
addressed in the analysis phase of the study, where statistical techniques
such as multivariable modelling may be employed. Adjustment must be made
for not only other potential genetic confounders, but for environmental and
demographic factors as well as differences in the virulence of pathogens. In a
study of Mycobacterium avium complex infection, an opportunistic infection
seen in HIV disease, LeBlanc and colleagues (1999) matched on factors such
as initial diagnosis, CD4+ cell counts, and the slope of CD4+ cell decline
to account for, among other things, variability in the progression of HIV.
Similarly, the study of genetic mediators of the response to anti-HCV therapy
must adjust for the fact that genotype 1 viruses are more resilient to treatment
with interferon (McHutchison, 1998; Poynard, 1998; Manns et al., 2001).
Studies of histologic progression of HCV must account for environmental
confounders such as alcohol intake or even co-infection with other hepatitis
viruses (Schiff, 1997; Ostapowicz, 1998; Wiley, 1998; Thomas et al., 2000;
Harris et al., 2001).

Because the MHC is so highly polymorphic, some researchers advocate
making a statistical adjustment for multiple comparisons (Bonferroni cor-
rection) to account for the possibility that an observed association is due to
chance simply as a result of the numbers of comparisons made. This approach
is problematic in some respects. First, the strength of many of the observed
genetic associations are relatively modest. Odds ratios (OR) of 2 or 3 are com-
mon. The conservative nature of the Bonferroni correction will often reduce
the level of statistical significance for such nominal associations. Second, the
frequencies of many of the alleles in the MHC are relatively low. A conser-
vative statistical adjustment such as the Bonferroni correction might result
in the erroneous rejection of an association, even if it is true, solely based
on the P value. Many in this camp believe that observed statistical associa-
tions should stand alone, irrespective of the numbers of comparisons made
(Rothman, 1990). Given the highly polymorphic nature of the MHC com-
plex, such a statistical adjustment will likely be too conservative and unfairly
mitigate the significance of the observed effects. Moreover, the Bonferroni
correction places undue emphasis on the significance of P values, which
are highly influenced by both the study size and the observed strength of
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association (Lang et al., 1998). As a result, some researchers have advocated
the use of independent replication in lieu of potentially overly conservative
statistical adjustments. In this method, putative associations seen in one co-
hort are confirmed in a second unrelated cohort (Editor Nature Genetics,
1999). In other words, one cohort is used to generate hypotheses regarding
candidate genes and another is used to verify any observed associations. Of
course, this method is not without its inherent difficulties as well. Often large,
well-characterised cohorts are not readily available; needing two such cohorts
is even more difficult.

7. THE MHC, IMMUNE RESPONSE, AND THE NATURAL
HISTORY OF INFECTIOUS DISEASES

There are several points in the natural history of infectious diseases in
which the varied immune response among different individuals arising from
genetic diversity in the MHC can influence disease outcome. First is suscepti-
bility. Not everyone infected with a pathogen will develop persistent infection
with that pathogen. For example, only about 10% of individuals infected with
the HBV virus develop persistent infections. The rest clear it. The second
point is in the progression of the disease. Some individuals with persistent
HCV infection, for example, will progress to liver cirrhosis, whereas others
infected for similar amounts of time may be asymptomatic. The third stage
involves therapy. Diversity in the genes that encode the antigen-processing
pathways may influence the outcome(s) of immunomodulatory therapies.

8. DISEASE ASSOCIATION STUDIES

Although studies of twins suggest that most disease susceptibility genes
map outside the HLA (Jepson et al., 1997), it is nevertheless important to
recognise that the HLA system plays an important role in mediating the
immune response to all infectious agents to some degree. Thus, although
HLA may not play the major role in mediating the immune response to
every infectious agent, it does play a role in the immune response in some
capacity. For this reason, many association studies have been conducted to
correlate specific alleles within the HLA to various disease outcomes.

In this section we will give examples of disease association studies for
all of the major categories of pathogens: bacterial, viral, and protozoan. The
summaries of the studies included here are not systematic reviews and are
not intended to be exhaustive; rather, they are included merely as illustrative
examples of studies that have addressed the role of the HLA in infectious
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disease outcome. We have deliberately chosen a select and somewhat biased
group of studies to illustrate our points.

Table 4.2 summarises some of the studies concerning mycobacterial in-
fections. The most consistent finding has been the association with DR2 and
DR3 with risk for developing mycobacterial diseases. This association can be
seen in both M. tuberculosis and Mycobacterium leprae infections. It is worth
noting that HLA typing in earlier studies was done by serological methods. A
recent study by Rani and colleagues (1993) in India relied on molecular geno-
typing and confirmed previous associations with DR2. Interestingly, LeBlanc
et al. (1999) looked at disseminated M. avium complex (DMAC) in HIV-1 dis-
ease, as DMAC is an important opportunistic infection associated with HIV
in the developed world. Molecular genotyping revealed similar associations
with DRB1∗1501, part of the older DR2 serogroup. It is important to bear
in mind that although M. tuberculosis, M. leprae, and DMAC are different
diseases, the similar associations with DR2 might reflect common pathways
in the class II immune response to mycobacterial antigens. However, such
a statement is made a priori and remains as yet unproven in the absence
of mechanistic data. The mechanism behind these observed associations is
completely unknown. It is quite possible that linkage with another gene or
set of genes might ultimately explain these observations.

Table 4.3 highlights some studies of HLA and HIV disease. Early stud-
ies revealed an association between HLA-B35 or Cw4 (or both) with rapidly
progressing HIV disease (Keet, 1996; Carrington et al., 1999). Similar asso-
ciations were observed for the A1-B8-DR3 haplotype and rapid progression
(Kaslow et al., 1990; McNeil et al., 1996). HLA-B57 and B27 were associated
with slow HIV progression (McNeil et al., 1996). Using a more comprehen-
sive strategy examining not only individual alleles but also combinations
of alleles in multiple class I and class II loci, along with variants in the Tap
(transporter associated with antigen processing) gene, Kaslow and colleagues
(1996) identified alleles most strongly associated with rapid or slow progres-
sion and combined them into an algorithm that summarised the HLA profile
for each patient. Observations made in one cohort were validated in another.
This HLA profile appears to correlate with serum HIV-RNA levels early in the
course of HIV-1 infection as well (Saah et al., 1998). Although the individual
effects of each allele are relatively small, this approach has helped highlight
the cumulative effects of combinations of multiple HLA alleles on disease
outcome. It is worth noting that a lot of the studies listed in Table 4.3 have
examined the class I genes as the primary candidates. This is likely to re-
flect the role of class I HLA molecules in mediating the CTL response –
an important component in the immune response to viral replication.
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Disease association studies have yielded some consistent results with
respect to viral hepatitis (HCV and HBV) (Table 4.4). The class II allele
DQB1∗0301 has been associated with natural clearance of viraemia in several
studies conducted in largely Caucasian cohorts (Alric, 1997; Cramp, 1998;
Minton et al., 1998; Mangia, 1999; Thursz et al., 1999). Associations have not
been very consistent with respect to the severity of HCV-related liver disease
(Table 4.4). In hepatitis B virus infection, alleles of the DRB1∗13 group have
been associated with persistent hepatitis B infections, defined as hepatitis B
surface antigen (HBsAg) persistence, in several studies conducted in differ-
ent ethnic populations (Thursz, 1995; Hohler et al., 1997; Ahn et al., 2000).
A number of studies conducted prior to the availability of molecular geno-
typing techniques reported inconsistent results which may be accounted for
either by the lack of specificity of the serotyping and/or ethnic stratification
between cases and controls.

Compared to the mycobacterial diseases, with regard to HIV and vi-
ral hepatitis, which we discussed above, not as much has been done with
respect to disease associations and protozoan diseases (Table 4.5). We
have highlighted studies of three different diseases: Plasmodium falciparum,
which causes malaria; Trypanosoma cruzi, which causes Chagas’ disease; and
Leishmania, which causes leishmaniasis. The most interesting of these stud-
ies is the large study of malaria in Gambia showing an association between
the class I antigen Bw53 and the haplotype DRB1∗1302-DQB1∗0501 and pro-
tection from severe malaria. Interestingly, these alleles and haplotypes are
common in this West African population, but not in others (Hill et al., 1991).
This observation further supports the notion that HLA diversity evolved from
selection by infectious pathogens (Hill et al., 1991).

Although the above highlights associations between particular MHC al-
leles and infectious disease outcomes, it is important to bear in mind that
the MHC is not the only genetic locus influencing disease outcome. Other
loci that work in conjunction with the MHC may also exert pressure on an
infectious pathogen. In many cases these genes may have an even greater
impact than the MHC, for example, the NRAMP gene in affecting tubercu-
losis outcome and the effects of the 32-basepair deletion in the CCR5 gene
on the outcome of HIV disease (both are discussed elsewhere in this book).

9. MECHANISM OF MHC ASSOCIATIONS

As highlighted above, consistent and reproducible associations between
MHC loci polymorphisms and the outcome of infectious diseases have
been established over the past 5 years but little progress has been made in
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identification of the mechanisms underlying these associations. Although
this is disappointing, it should be recalled that the association of HLA-B27
with ankylosing spondylitis has been established for more than 25 years and
a complete explanation of the association remains elusive.

At a hypothetical level it is possible to provide mechanistic explanations
for the observed associations in a number of ways.

1. Associated MHC alleles induce quantitatively superior/inferior T-cell

responses than nonassociated alleles.

2. Associated MHC alleles induce qualitatively superior/inferior T-cell

responses.

3. The peptide repertoire presented by associated MHC alleles is

broader/narrower than the repertoires of nonassociated alleles.

4. Immunodominant peptide epitopes are only/never presented by the

associated MHC allele.

5. The T-cell lines bearing the T-cell receptor required to respond to the

immunodominant peptide epitope presented by the associated MHC

allele is deleted during thymic maturation.

6. The MHC allele is in linkage disequilibrium with the true disease

susceptibility allele.

In support of the first hypothesis Diepolder et al. (1998) have demonstrated
that the CD4+ T-cell response to hepatitis B core antigen (HBcAg) is greater
in individuals with HLA-DRB1∗1301/2 compared to those who do not have
these alleles. These data suggest that the HLA DRB1∗13 alleles were more
proficient than other alleles in presenting the HbcAg-derived epitopes. Sur-
prisingly, the majority of T-cell lines generated from HLA-DRB1∗13 patients
with self-limiting HBV infection recognise a single epitope (Cao, T. unpub-
lished observations). These data support the fourth hypothesis implicating
the presentation of an immunodominant epitope.

Analysis of the peptide binding repertoire of MHC alleles may be reveal-
ing. Comparing the binding affinities of peptides eluted from MHC class II
molecules, Davenport and Hill (1996) demonstrated that HLA-DRB1∗1302
bound a broader range of peptides with higher affinity than seen with other
MHC class II alleles. If this property is extrapolated to antigenic peptides
in the context of an acute infection it is unlikely that sequence variation
in pathogen derived antigens would allow the pathogen to evade T-cell-
mediated immune responses. This property of HLA-DRB1∗1302 may there-
fore underlie the ubiquitous benefit of the allele which is associated with self-
limiting HBV infection, protection from HPV-associated cervical carcinoma,
long-term survival with HIV infection, reduced severity of HCV associated
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hepatitis, and protection from severe malaria (Hill et al., 1991; Apple et al.,
1994; Thursz et al., 1995; Kuzushita et al., 1996; Höhler et al., 1997; Ahn
et al., 2000).

There is evidence that qualitative differences in T-cell responses may
occur with different MHC alleles. MHC class II antigen presentation to CD4+
T helper cells may induce T-cell activation with two different phenotypes:
a Th1 response characterised by interferon-γ secretion or a Th2 response
characterised by interleukin 4 and interleukin 5 secretion from the T helper
cells. In a mouse model of immunological responses to HBV-derived antigens
Milich and colleagues have demonstrated that MHC haplotypes are one of the
determinants of the phenotype of the CD4+ T helper cell response (Milich
et al., 1995). However, similar in vivo human examples of this phenomenon
do not exist and it is not a particularly plausible hypothesis for the mechanism
underlying MHC associations.

T-cell receptors responding to HLA–self peptide complexes in the thy-
mus are induced into apoptosis to avoid autoimmunity. It is possible that a
narrow range of T cells which respond to self peptides presented by disease-
associated MHC alleles are deleted in this system, leaving a hole in the T-cell
receptor repertoire for immunodominant-pathogen-derived antigens. There
is no data to support this theoretical mechanism presumably because there
is no suitable model system to investigate this possibility. Nevertheless, it
remains an attractive hypothesis to explain the association of MHC alleles
with negative outcomes of infection such as viral persistence or inability to
control pathogen replication.

Linkage disequilibrium is a universal criticism levelled against disease
association studies for disease susceptibility or resistance. Clearly MHC dis-
ease associations could be explained by linkage disequilibrium to other loci
within or adjacent to the MHC region as discussed above. This has previously
been demonstrated in the case of the haemochromatosis gene, where there
had been a strong association with the HLA-A3 allele. The association of an
antigen presentation gene with an iron storage disorder clearly lacked plausi-
bility, thus fuelling the search for non-MHC loci. In contrast the associations
of antigen presentation genes with the outcome of infectious or autoimmune
diseases are entirely credible even if the precise mechanism of association
cannot be provided. Autoimmune chronic active hepatitis may provide a salu-
tary warning. This is one of many autoimmune disorders associated with the
HLA-A1-B8-DR3 haplotype. More recently, however, investigations suggest
that the complement component C4-null allele might be the more important
causative variant on this haplotype rather than the MHC class I or II loci
(Scully et al., 1993; Doherty et al., 1994).
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Patterns of linkage disequilibrium in the MHC region extend further
than in many other regions of the human genome and may be complex. In
the HBV study conducted in Gambia, association was excluded at loci im-
mediately centromeric and telomeric to the HLA-DRB1 locus but these data
do not entirely exclude a causative association at a greater distance (Thursz,
1995).

10. HOST–PARASITE INTERACTIONS

The loci within the MHC region display a unique degree of allelic diver-
sity which is thought to relate to the function of the gene products in immune
response to infection. Allelic diversity is thought to arise through pathogen-
driven selection pressure. Pathogen-driven selection could, theoretically, op-
erate through one or more of three proposed mechanisms: overdominant se-
lection, (heterozygote advantage), frequency-dependent selection, and fluctu-
ating selection (Snell, 1968; Doherty and Zinkernagel, 1975; Gillespie, 1985).
Based on their discovery of MHC restriction of T-cell responses, Doherty
and Zinkernagel (1975) proposed a mechanism whereby heterozygosity for
MHC antigens might be beneficial in resistance to infectious pathogens. They
envisaged that this might operate at either or both of two levels: against a sin-
gle infectious pathogen or against a range of different infectious pathogens.
Heterozygosity at MHC class I or class II loci has been shown to confer advan-
tage in several different infections (Table 4.6). It is logical to assume that the
repertoire of pathogen-derived epitopes presented to the T-cell population is
broader in heterozygotes than in homozygotes, circumventing the possibility
that the pathogen could escape from T-cell-mediated immune responses.

When T-cell responses are inadequate to successfully eliminate viral
replication, host–pathogen interaction may be observed as sequence vari-
ation in antigen sequences driven by the weak host response. Individuals
with chronic HBV infection may spontaneously, or with the assistance of
interferon therapy, mount an immune response to the virus which partially
controls high levels of viral replication. This is accompanied by serocon-
version from HBeAg positivity to anti-HBe positivity (Thursz and Thomas,
1999). Sequence variation in the HBcAg of the dominant viral strain may
be observed with the frequency of nucleotide and amino acid substitutions
being disproportionately high in MHC class II epitope regions (Carman
et al., 1997). This imprint of the host MHC on the virus may also be ob-
served in HBV when transmitted within families. Viral sequences from pairs
of MHC identical family members display closer homology than between
pairs who have inherited different MHC haplotypes (Zampino et al., 2002).
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Sequence variation in pathogen genomes is clearly driven by the need
to evade host T-cell responses. This may be achieved in two ways; substitu-
tion of amino acid residues critical for epitope binding to HLA molecules
and T-cell receptors or through epitope antagonism. In the second mecha-
nism, sequence variation in an antigen may generate a peptide which binds
to the HLA molecule but is not recognised by the host T-cell receptor reper-
toire. Loading of peptides into the cleft of HLA molecules is governed by the
parameters of the Henderson–Hasselbach equation. Therefore an unrecog-
nised peptide with high binding affinity may displace an immunodominant
peptide from the HLA cleft preventing efficient recognition by T cells. Exam-
ples of epitope antagonism have been cited in both HBV and HIV infection
but the relevance of these to viral persistence is uncertain.

11. EVOLUTIONARY ORIGINS OF THE HLA COMPLEX

So why is there such diversity in the MHC region? One hypothesis is that
greater diversity conferred some evolutionary advantage. According to this
theory, the high degree of polymorphism, and accordingly the allele frequen-
cies, in these loci are a reflection of selective pressures from common and
familiar pathogens (Doherty and Zinkernagel, 1975; Jeffery and Bangham,
2000). Hill and colleagues (1991) observed an association of the common
West African allele Bw53 with protection from severe malaria in a malaria-
endemic region. Because this allele is not common in other racial groups,
it has been hypothesised that selection for this allele in this population has
been largely due to evolutionary pressure from malaria (Hill et al., 1991).
Thus, “beneficial” alleles are selected by pressure from infectious pathogens
over many centuries. For newly emerging pathogens such as HIV infection,
the selection process has just begun and it is therefore more likely that the
influence of HLA in response to these newly “emerging pathogens” will be
more apparent (Kaslow et al., 1996).

Another theory suggests that there is an element of innate self-selection
for genetic diversity in the mate selection process (Penn and Potts, 1999).
A number of studies conducted in both mice and rats suggest that these
animals can distinguish individuals that are virtually genetically identical
except in the MHC region and at a single locus (Yamazaki et al., 1979; 1983;
Brown et al., 1987; Penn and Potts, 1998a). These studies suggest a role
for the MHC in determining individual body odour (Yamazaki et al., 2000;
Schaefer et al., 2001). Although the mechanisms for this phenomena are
unclear, one possibility is that the MHC genes influence microbial flora and
volatile acids (Singh et al., 1987; Singer et al., 1997). Studies in both animals
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and humans suggest that there is indeed an ability for individuals to detect
individual body odours and that preference for these odours favours greater
HLA mismatch (Ober et al., 1997; Penn and Potts, 1998b, 1999; Yamazaki
et al., 2000; Jacob et al., 2002). In short, there is an innate predisposition
for individuals to select others with greater HLA differences. Presumably,
this encourages outbreeding and greater genetic diversity leading to more
immunocompetent offspring.

12. CLINICAL USE OF MHC DISEASE ASSOCIATION STUDIES

The primary aim of disease association studies has been to define key
variables which determine the outcome of infectious diseases. Knowledge of
such variables should theoretically provide prognostic guidance, prediction
of treatment outcome, or novel therapeutic targets which could be used in
the clinic.

12.1 Prognostic Information

There is an inherent disadvantage to the exceptional allelic diversity of
the MHC loci: the predictive value of many of the associations is relatively
weak. The strength of MHC disease associations, estimated using the crude
odds ratio, usually fall in the range of 2–7. Calculation of the population
attributable risk takes into account the allele frequency which is inevitably
low due to the allelic diversity. Population attributable risks and predictive
values are, in general, too low for clinical utility in contrast to the use of
HLA-B27 positivity in the diagnosis of ankylosing spondylitis.

It is likely that a number of genetic loci exert influence over the outcome
of infectious diseases and therefore accurate prognostic information will re-
quire a comprehensive knowledge of as many of these as possible.

In HBV infection, DRB1∗13 alleles and, in HCV infection, DRB1∗1101
and DQB1∗0301 (Table 4.4) are consistently associated with spontaneous res-
olution of infection. However, there is little clinical utility to this information
as patients usually present after the division between these outcomes has oc-
curred. However, understanding host factors in the response to therapeutics
may aid in more individually tailored therapies in the future.

In chronic HCV infection, progression of hepatic fibrosis has been
associated with TAP polymorphisms and with the HLA-DRB1∗13 alleles
(Kuzushita, 1996, 1999). Progression of hepatic fibrosis is difficult to moni-
tor in the clinic and liver biopsy, an invasive and hazardous technique, can
only reveal the current stage of fibrosis development. Therapy for chronic



P1: GSD

CB591-04 CB591-Bellamy-v2 July 26, 2003 18:19

103©

g
en

etic
d

iversity
in

th
e

m
h

c

Table 4.6. Studies suggesting an advantage for heterozygosity of HLA alleles

Study Disease Finding

Heterozygote Advantage for Class I

Carrington et al. (1999) HIV Disease progression

Tang et al. (1999) HIV Disease progression

MacDonald et al. (1998) HIV Vertical transmission∗

Jeffrey et al. (2000) HTLV-1 Proviral viral load

Heterozygote Advantage for Class II

Thursz et al. (1997) Hepatitis B Class II

∗ This study examined class I concordance between mother and child.

HCV infection is currently based on interferon therapy, which is expensive,
unpleasant for the patient, and relatively ineffective. Only 20–30% of patients
with chronic HCV infection will progress to a degree of fibrosis associated
with increased morbidity or mortality and the infection risk to others can be
readily controlled by changes to lifestyle. Prediction of the individuals with
highest risk of fibrosis progression would be a rational method of targeting
therapy. However, MHC alleles are not consistently associated with disease
progression (Table 4.4).

13. RESPONSES TO THERAPY AND VACCINATION

Factors which predict the outcome of therapy are valuable when treat-
ment is expensive, associated with high frequency of severe side effects, and
effective in only a small proportion of patients. Response to interferon-α
therapy has been associated with specific MHC alleles in HCV infection but
there is little consistency in the studies and the strength of the associations
is insufficient to be clinically useful at present.

HBV envelope proteins are encoded by three overlapping reading frames
in the viral genome generating a large, middle, and small envelope protein. In
HBV vaccination with the small envelope protein (HBsAg) failure to mount
a satisfactory antibody response has been consistently associated with HLA-
DR3 (Table 4.7). Although this is not particularly useful to the individual
patient there have been advances in the design of HBV vaccine which have
improved response rates. New generation HBV vaccines incorporate addi-
tional epitopes from the middle and large envelope protein which overcome
vaccine nonresponse in HLA-DR3 individuals (McDermott et al., 1999).
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Table 4.7. Summary of selected studies concerning HLA and the response
to therapeutics

Country Finding

Response to Hepatitis B Surface Antigen (HBsAg) Vaccination∗

Japan DRw6-DQ1 and response

DR4-DRw53-DQ3/4 and nonresponse

Bw54-DR4-DR53 and nonresponse

China DQ3 and response

DR14 and nonresponse

DR14-DRw52 and nonresponse

United States DR3 and nonresponse

DR4 and nonresponse

DR7 and nonresponse

B8-DR3 and nonresponse

B44-DR7 and nonresponse

Europe A3 and response

A11 and response

DQ1 and response

DR1 and response

DR3 and nonresponse

DR4 and nonresponse

DR7 and nonresponse

A1-B8-DR3 and nonresponse

Response to Interferon-α Therapy for Hepatitis C Virus (HCV) Infection

France (Alric et al., 1999) DRB1∗07 and nonresponse

DQB1∗06 and sustained response

Egypt (Almarri et al., 1998) DR2 and ALT normalisation

Poland (Wawrzynowicz- DRB1∗0701-DQA1∗0201-DQB1∗02

Syczewska, 2000) and response

Response to Canarypox AIDS Vaccines or Drug Side Effects

United States (Kaslow et al., B∗27 and response to Gag protein

2001) B∗57 and response to Gag protein

B∗57 and response to Env protein

Drug trials (Hetherington et al., B∗5701, DR7 and DQ3 and hypersensitivity

2002; Mallal et al., 2002) to the reverse transcriptase inhibitor,

abacavir

∗ Reviewed in Thursz (2001).
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Response to vaccine is also a problem in HIV treatment, where novel
vaccines based on the canarypox virus bearing HIV-env or HIV-gag proteins
are in development. Response to these vaccines has been associated with
HLA-B27 and HLA-B57 (Table 4.7). Similarly, HLA variants have also been
associated with the side effects of reverse transcriptase inhibitors (Table 4.7).
Such observations lead to the hope that one day genetic information may be
included in the clinical management of patients (Telenti et al., 2002).

14. VACCINE DEVELOPMENT

We have argued (above) that one of the mechanisms underlying the as-
sociation of MHC alleles with better outcomes of infection is the optimal pre-
sentation of immunodominant epitopes from pathogenic antigens. If these
epitopes and antigens could be identified then, in theory, vaccination could
be used to boost the cognate T-cell responses in individuals who do not have
the ideal MHC allele. Reverse immunogenetics is a term used to describe the
process of identifying T-cell epitopes based on MHC disease association data
(Davenport and Hill, 1996). The process involves the elution and sequencing
of peptides from the cleft in the HLA molecule. Inevitably the majority of
eluted peptides will be derived from host proteins but the sequences of these
peptides may be used to identify a binding motif for MHC class I molecules
(Lanzavecchia, 1985; Lanzavecchia et al., 1992). The “rules” of peptide bind-
ing are not as well defined for MHC class II molecules but sequence data
from eluted peptides can be used to create a scoring system based on the
frequency of each amino acid at each position in the eluted peptides. These
scoring systems or binding motifs can be incorporated in computer-based al-
gorithms to predict epitopes from antigen sequence data. Epitopes predicted
in silico can be tested in vitro in both HLA–peptide-binding assays and in
T-cell assays.

This approach was successfully used to identify a T-cell epitope in gliadin
which is involved in the pathogenesis of coeliac disease (Anderson et al.,
2000) and has recently been used to identify key HCV epitopes which are
presented by HLA-DRB1∗1101 (Godkin et al., 2001). It remains to be de-
termined whether these epitopes can be used as the basis of therapeutic or
prophylactic vaccines.

15. CONCLUSIONS

Understanding of the contribution of genetic diversity to the outcome
of infectious diseases consists of several steps: first is the identification of
new polymorphisms; second, understanding the biological function of these
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polymorphisms; and third, the correlation of these polymorphisms with dis-
ease outcomes. In turn, this can lead to the study of genetic and biologic
function in vivo.

The MHC is the richest region for human immune response genes and is
inevitably the first source of candidates in the investigation of genetic loci con-
tributing to susceptibility or resistance to infectious diseases. Well-designed
case-control studies have generated consistent associations in a number of
infections and the challenge is now to make use of this work to investigate
immunopathogenesis in greater depth and to provide clinical utility.
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CHAPTER 5

The cystic fibrosis transmembrane
conductance regulator

Alan W. Cuthbert
Department of Medicine, University of Cambridge, Addenbrooke’s Hospital,
Cambridge, United Kingdom

1. INTRODUCTION

Cystic fibrosis (CF) patients suffer from persistent airway infections. A
hallmark of CF lung disease is chronic infection, initially with Staphylococcus
aureus or Haemophilus influenzae and subsequently with Pseudomonas aerug-
inosa and Burkholderia cepacia, in which host defence mechanisms become
overwhelmed. Infection is followed by a neutrophil-dominated inflammatory
response due to exotoxins released by the bacteria together with enzymes,
such as elastase, cathepsin G, and proteinase-3, and release of inflammatory
mediators, such as IL8. The latter acts as a powerful neutrophil attractant.
Increased mucin formation by the epithelial cells also occurs but does not
seem to be a consequence of bacterial infection, as it is found in the airways
of CF foetuses (Ornoy et al., 1987). The continual tissue damage and fibrotic
changes following infection lead to a gradual loss of lung function, the major
cause of morbidity and mortality in this genetic disease.

Curiously, as we shall see later, CF can protect individuals from other
types of infectious disease. Also, heterozygotes, carrying a faulty CF gene on
one allele, are considered to be entirely normal and the persistence of the gene
in the population has led to suggestions that there may be an heterozygote
advantage in carriers. However, recent evidence suggests that heterozygotes
are more susceptible to sinusitis and chronic rhinitis than noncarriers (Wang
et al., 2000). Evidence will also be presented that suggests that heterozygotes
are less susceptible to a number of bacterial diseases affecting the gut.

In this chapter the mechanisms involved in increased or reduced suscep-
tibility to infectious diseases in CF will be critically reviewed. This is clearly im-
portant as reducing susceptibility to infectious disease in cystic fibrosis may
delay the onset of its lethal consequences. This point can be clearly underlined
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by quoting statistical information given in a recent document issued by the
Cystic Fibrosis Trust (2001) with suggestions for prevention and infection
control against P. aeruginosa. Some facts are as follows: (1) 42% of CF patients
with mucoid P. aeruginosa and 11% of those with nonmucoid P. aeruginosa
died, compared to 8% with no P. aeruginosa infection, monitored over an 8-
year period (Henry et al., 1992); (2) Infection with P. aeruginosa plus S. aureus
significantly increased mortality in the 10 years after diagnosis (Hudson et al.,
1993); and (3) Survival of CF patients with chronic P. aeruginosa infection was
28 years, with B. cepacia 16 years, and in patients with neither infection 39
years (FitzSimmons, 1996).

It is noteworthy that P. aeruginosa is a common organism, found in
plants, soils, and stagnant surface water. CF patients are more susceptible to
infection with hypermutable strains of P. aeruginosa than non-CF individuals,
with the consequent problems of antibiotic resistance. Therefore there can
be little doubt that host genetics has a major effect on the susceptibility to
infection with, at least, some of the organisms listed above.

2. WHAT IS CF?

The CF gene codes for a protein called the cystic fibrosis transmembrane
conductance regulator (CFTR) (Fig. 5.1). When this protein is dysfunctional
it leads to the phenotype characteristic of the disease. In this chapter the
focus will be on how the absence of CFTR alters susceptibility to infectious
disease.

Cystic fibrosis is an autosomal, recessive disease that affects some 1 in
2,500 live births in Caucasian populations. It is not unknown in other ethnic
groups where presumably interracial marriages have spread the genetic mu-
tation. Amongst Caucasians 1 in 25 persons are carriers who show no traits of
the disease and who may, as will be seen later, have some advantages over non-
carriers in relation to infectious disease. CF is a single gene disease in which
mutations of the gene, found on the long arm of chromosome 7, leads to the
disease phenotype. The mutation may prevent production of CFTR (through
nonsense, frameshift, or splice variant mutations), or may cause problems
in processing and delivery to the membrane (as with �F508CFTR), or may
allow delivery to the membrane but interfere with the regulation or function
of CFTR.

The gene was cloned in 1989 (Kerem et al., 1989; Riordan et al., 1989;
Rommens et al., 1989) and soon after it was confirmed that the protein be-
haved as a chloride ion channel when transfected into suitable cells and
probed electrophysiologically (Anderson et al., 1991). It could be activated
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Figure 5.1. Diagram showing the structure of the cystic fibrosis transmembrane

conductance regulator (CFTR). The molecule is symmetrical, the two halves each having

six membrane spanning domains and a nucleotide binding fold and joined at the R

domain. The nucleotide binding domains bind and hydrolyse ATP and regulate channel

gating. The R domain has many sites capable of phosphorylation by either protein kinase

A or C plus ATP. Note that very little of the protein is exposed to the extracellular

environment. The molecules may aggregate as dimers in the cell membrane.

through cAMP, acting through protein kinase A together with ATP. This
result was not unexpected as much previous research, notably that by Quin-
ton (1983), had already shown that the chloride conductance of epithelial
cells from sweat glands of CF patients was abnormally low when compared
to non-CF cells. CFTR is called the transmembrane conductance regulator,
rather than the transmembrane chloride channel, because CFTR controls a
number of other conductances in epithelial cell membranes as well as chlo-
ride conductance. These include those for sodium ions (Mall et al., 1996),
potassium ions (Loussouarn et al., 1996) and other types of chloride channel
(Wei et al., 1999), together with ion exchangers and transporters, such as the
chloride/bicarbonate exchanger (Lee et al., 1999a) and the NaK2Cl cotrans-
porter (Shumaker and Soleimani, 1999) and water channels, the aquaporins
(Schreiber et al., 1997).

CFTR is expressed in the membranes of many types of epithelial cells
lining hollow organs, but also in the heart and in low amounts in erythrocytes,
but it is the specific location in epithelial cells which is responsible for the
manifestations of the disease. Around a thousand different mutations of
the CF gene have been described which lead to a CF phenotype, but by far
the most common is the �F508 mutation, due to the deletion of the triplet
codon for phenylalanine in position 508. Seventy percent of those with CF
have at least one allele with the �F508 mutation. In order to understand how
the lack of CFTR alters the susceptibility to infectious diseases it is important
to understand where CFTR is located, its functions, and the consequences of
this lack of function.
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Figure 5.2. Diagram illustrating the mechanisms of electrogenic sodium absorption and

electrogenic chloride secretion (top, N) and how these are modified in CF (bottom, CF). In

CF chloride secretion (and bicarbonate secretion) fails and sodium transport is

enhanced.

3. APICAL MEMBRANE LOCATION OF CFTR

Epithelial cells are asymmetric; the properties of the membrane on the
side contacted by tissue fluid are different from those of the opposite face,
that is, those facing the lumen of hollow organs. These two faces are known
as the basolateral and apical faces, respectively. Tight junctions functionally
separate the apical and basolateral membrane domains of epithelial cells (Fig.
5.2). This effectively prevents translational movement of membrane compo-
nents from one membrane to the other. It is this asymmetric distribution of
membrane components which allows the vectorial transport of substances
inwardly or outwardly across epithelial surfaces, as clearly the processes at
one face must differ from those at the other or no net movement would occur.
CFTR is located in the apical membranes of the epithelia lining the airways;
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the alimentary canal and associated organs, such as the pancreatic duct and
the hepatobiliary system; organs of the genitourinary tract; and ducts of the
salivary and sweat glands. The locations of CFTR mirrors the pattern of the
disease, characterised by symptoms affecting the systems listed above. The
major cause of morbidity and mortality is by disease affecting the airways, par-
ticularly the small airways that become filled with thick viscid mucus and are
often chronically infected, as described earlier. Similarly, mucus accumula-
tion in the pancreatic duct prevents the secretion of pancreatic enzymes, with
consequent problems for digestion. Autodigestion may occur in the pancreas,
leading to complete loss of exocrine and sometimes endocrine function. Mu-
cus accumulation in the hepatobiliary tract can give rise to cirrhosis. Mucus
plugs in the intestine may lead to compaction and so-called meconium ileus
in the neonate, both of which may require surgical intervention. Male CF
patients are usually sterile because of blockage or loss of the vas deferens,
whereas in females implantation in the uterus may be affected. The loss of
these functions cannot be completely tied to mucus accumulation since sweat
too is abnormal in CF. The salt concentration of CF sweat is abnormally high,
yet the sweat gland produces no mucus.

4. THE ROLE OF CFTR IN EPITHELIAL TRANSPORT PROCESSES

Two ion transporting processes of the airways need to be considered in
this context; they are electrogenic sodium ion absorption and electrogenic
chloride ion secretion (see Fig. 5.2). In the former sodium ions enter the
apical face of epithelial cells moving down an electrochemical gradient. The
ions pass through special channels (ENaCs) which are specifically blocked
by the drug amiloride. The ions are then moved uphill across the basolateral
membrane using the sodium pump, i.e., the Na-K ATPase. This transfer of
charge creates the electrical gradient down which an accompanying anion
can pass passively, the usual anion being chloride ions passing between the
cells. Thus, effectively NaCl has been absorbed across the epithelium with
the expenditure of metabolic energy, i.e., the hydrolysis of ATP by the pump.

Electrogenic secretion of chloride ions is similarly powered by the sodium
pump, but this process is anion-led, with the accompanying cation pass-
ing passively down the electrical gradient created by the active transport of
chloride. The chloride ions enter the cells across the basolateral membrane,
against a gradient using the NaK2Cl cotransporter. The potential energy
stored in the sodium gradient (i.e., there is little Na+ inside cells, whereas
the extracellular fluid is Na+ rich) provides the driving force for the move-
ment. The sodium ions entering in this way are removed from the cell by
the sodium pump and the chloride ions are free to pass outwards across the
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apical membrane, if the electrochemical gradient is favourable and provided
suitable chloride ion channels are present. It is here that CFTR has a crucial
function, behaving as a chloride ion channel. Thus together with Na ions that
move passively the process results in NaCl secretion. Not shown in Fig. 5.2
are potassium channels both in the apical or basolateral membrane. They are
important too, allowing the reequilibration of K+ that enters on the cotrans-
porter and to compensate for the sodium pump, which has a stoichiometry of
3:2 for Na:K. Also some K ions may leave the cell across the apical membrane
along with chloride, moving passively by cation drag.

Briefly, two electrogenic ion transporting processes have been described,
one for NaCl absorption and one for NaCl secretion. ENaCs are essential for
the first and CFTR chloride channels for the second. One further process
must be mentioned, that is the secretion of bicarbonate ions. There are two
ways in which bicarbonate secretion may occur. HCO3 ions may pass out
through the apical membrane through CFTR or alternatively movement is
out of the cell using a Cl−/HCO−

3 exchanger, the chloride having exited via
CFTR. How does HCO3 get into the cell from the basolateral side? The most
common way is entrance using a NaHCO3 transporter, but some bicarbonate
will be formed in the cell by the hydration of CO2.

In CF two radical changes are present. First there is no CFTR and sec-
ondly the activity of ENaC is upregulated, probably by an increase in the
open state probability of the channels (Stutts et al., 1997). This is indicated
diagrammatically in the lower half of Fig. 5.2. The consequences are that
chloride secretion is abolished and sodium absorption is enhanced, the driv-
ing force for sodium absorption being enhanced both by increased ENaC
activity and the loss of CFTR conductance (Knowles et al., 1981). The epithe-
lium lining the airways has a high hydraulic conductivity or, in other words,
the water permeability is high. Water moves across tissues by osmosis and
consequently will follow the movement of salt. The consequence of altered
ion transporting activities is likely to affect the volume and/or composition
of ASL. First, however, it is important to consider the location of CFTR and
of ENaC and this is dealt with in the next section.

5. IS AIRWAY INFECTION IN CF DUE TO LACK OF CFTR?

5.1 Effects on Airway Surface Liquid (ASL)

The answer to the question posed in this section is almost certainly yes,
but the mechanisms involved are less clear, there being a variety of expla-
nations, each having its own champions. The importance of airway surface
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Figure 5.3. Diagram illustrating the mechanisms involved in mucociliary clearance. The

normal situation is shown on the left, whereas the right indicates the changes in CF.

Airway surface liquid (ASL) consisting of sol and gel phases is moved axially by ciliary

action in the normal condition. Secretion from the submucous glands enters the flow.

CFTR is shown in grey and is found in highest amounts at the base of the glands.

Secretory and absorptive processes throughout the respiratory tree maintain efficient

mucociliary clearance. In CF gland secretions are reduced and excessive fluid absorption

reduces the depth of the ASL and impairs mucociliary clearance.

liquid (ASL) and how this is affected by the compromised transporting capa-
bility of airway epithelia forms the focus of the discussion.

Figure 5.3 is a diagrammatic representation of airway epithelium and in-
dicates the amount and disposition of CFTR in both the surface epithelium
and the submucosal glands. One half of the diagram represents the normal
situation, whereas the other shows that existing in CF. RNA and immunolog-
ical methods have revealed a low level of CFTR in the ciliated cells of surface
epithelium in the proximal airways (Trapnell et al., 1991). The serous cells at
the base of the submucosal glands contain higher levels of CFTR (Engelhardt
et al., 1992), whereas in the distal airways a small number of nonciliated sur-
face cells express a high level of CFTR.

A great deal of experimental evidence has been obtained from the study
of the surface cells of proximal airways, either cultured as monolayers or
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alternatively using small areas of resected tissues. It appears that the pre-
dominant ion transporting activity in these epithelia is electrogenic sodium
absorption (Willumsen and Boucher, 1991). Using microelectrodes to deter-
mine the potentials across the apical and basolateral membranes and the
electrochemical activities of ions inside the cells has revealed that intracel-
lular chloride is distributed close to equilibrium (Willumsen et al., 1989).
Limited in vivo measurements confirm these findings. A detailed account
of the electrophysiological findings is not appropriate here and readers re-
quiring further information should consult the excellent review by Pilewski
and Frizzell (1999). However, the results are of great significance for our
discussion. They are, first, that electrogenic sodium absorption is the ma-
jor transporting activity of the surface ciliated epithelium in the proximal
airways. Second, as chloride is distributed close to its equilibrium position,
there is little or no driving force for chloride secretion, although there may
be some bicarbonate secretion in this site. Finally, in the absence of CFTR,
sodium absorption is increased because of lack of regulation of ENaC. As
argued elsewhere the major function of CFTR in the surface epithelium of
the airways is likely the regulation of sodium absorption (Cuthbert, 1999).

The transporting activity of the submucosal glands is different from that
found in the surface epithelium. Technically this activity is more difficult to
study and most of the information has been derived from investigations of
monolayers grown from a lung adenocarcinoma line, called Calu-3. These
cells express many markers present in the serous cells of the submucosal
glands. The apical membranes of these cells show a CFTR-dependent in-
crease in chloride conductance. It seems clear that these cells are capable of
electrogenic anion transport, but the major anion contained in the secretion
is HCO−

3 (Devor et al., 1999). As yet there is no clear evidence to show whether
CFTR acts as a bicarbonate ion conductance, whether CFTR in parallel with
a Cl−/HCO−

3 exchanger is responsible, or if CFTR can act as an exchanger
under some conditions. It is proposed that the secretion of the serous cells
from the base of the glands washes the glycoconjugates secreted from the
mucus-producing cells onto the surface. Furthermore, from the localisation
of CFTR and ENaCs in the glands (Burch et al., 1995) it is possible that the pri-
mary secretion is modified in its passage to the surface by sodium absorption
to produce a hypotonic secretion.

I have attempted to depict the proposed mechanism on the left-hand
side of Fig. 5.3. Thus secretions from the glands contribute to both the sol
(aqueous) and gel phases of ASL, both layers moving together, axially along
the airways driven by the actions of the cilia to generate mucociliary clear-
ance. In CF the situation is quite different in that fluid production is curtailed
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yet fluid absorption, driven by sodium transport, is enhanced. This situation
is depicted in the right-hand half of Fig. 5.3. The proposed reduction in the
thickness of the ASL layer brings the gel layer in contact with the cilia reducing
their effectiveness and the failure of mucociliary clearance. This hypothesis
is the so called ‘volume hypothesis’ (Kilburn, 1968; Boucher, 1994) for mu-
cociliary clearance, and its failure in CF and the subsequent consequences
for infection and lung function.

A totally different hypothesis, called the ‘concentration hypothesis’
(Smith et al., 1996), predicts that it is the concentration of salts in the ASL
that changes and is responsible for respiratory failure in CF. Evidence for
the concentration hypothesis was obtained as follows. Airway epithelia from
both normal and CF airways were grown on permeable supports and ex-
posed to various strains of P. aeruginosa. The bacteria were rapidly killed by
normal epithelia, but not those derived from CF tissues. Transfection of CF
airway monolayers with an adenovirus vector expressing CFTR restored the
ability of the monolayers to destroy bacteria. Defensin-like factors are nor-
mally present in ASL and are presumably involved in keeping airway surfaces
free of aspirated bacteria. CF airways apparently generate defensins in the
same manner as do non-CF epithelia so a straightforward explanation for the
difference between normal and CF epithelia cannot be simply due to the ab-
sence of defensins. Bactericidal activity in ASL is inhibited by increased salt
concentration and it was found that dilution of ASL of CF epithelia restored
their antimicrobial capability. The concentration hypothesis predicts there-
fore that ASL in CF has a raised NaCl concentration which inhibits the effects
of the defensins. It is not easy to see how raised NaCl concentration could
be achieved in ASL in a simple epithelial model with high water permeabil-
ity. One suggestion made was that normally the passive flow of Cl− anions
accompanying electrogenic Na absorption crossed the epithelium transcellu-
larly and intercellularly, the former route requiring CFTR. In the absorptive
duct of the sweat gland chloride ions accompany the actively transported
sodium ions by a transcellular route, explaining why the salt concentration
in sweat is elevated in CF. However, the absorptive part of the sweat duct is
water impermeable.

Clearly to answer the conundrum of the volume versus the concentration
model of ASL in CF depends on measuring the salt composition of the ASL.
This seemingly simple measurement is, unfortunately, exceedingly difficult
to measure in practice. ASL has been estimated to have a thickness of between
10 and 20 µm (Van As, 1977), which is a depth greater than the length of the
cilia of 6µm (Serafini and Michaelson, 1977). Thus ciliary action takes place in
the less viscous sol phase, whereas in CF, if the volume hypothesis is correct,
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ciliary action will be impaired by entanglement with the gel layer. The ASL
is the first contact point for inhaled pathogens and particulates and therefore
ciliary clearance is a primary defence mechanism against infection. Sampling
ASL by the filter paper or porous membrane technique, or by the use of glass
pipettes, poses severe technical problems, caused by evaporative losses and
possible stimulation of fluid secretion by the collecting probe. Experimental
data from these approaches can be found in the literature supporting both
the volume and concentration hypotheses.

There is also the possibility that the ASL may vary in ion composition in
different locations. In the submucosal glands ENaCs are found in the duct
(Burch et al., 1995) and if this part of the duct is relatively water impermeable
electrogenic sodium absorption will leave a ductal secretion hypotonic to
plasma in rather the same way as for the absorptive part of the sweat duct. If
CFTR is required for counterion transport, as in the sweat gland, then dilution
of the primary secretion would not occur in CF, favouring the inhibition
of defensin activity as a cause of bacterial infection. However, no evidence
for such a mechanism is known at present. Much evidence points to the
submucosal glands as crucial in the genesis of CF and doubtless these will
be intensively investigated in the future.

Filter paper sampling of the lower airways indicated the ASL was hypo-
tonic (Knowles et al., 1997), the tonicity falling the longer the collection period
and this was interpreted to be the result of drawing fluid from the submucosal
glands. Similar results were obtained in normal and CF subjects, which could
mean that the salt absorption in the duct was not CFTR dependent or that
the filter paper technique did not accurately report ASL composition for the
ducts. Clearly improved methods for measuring ASL properties are required.
Recently a noninvasive method using confocal microscopy and ratio-imaging
microscopy, together with fluorescent indicators, has been used to measure
thickness, pH, and salt concentration of ASL in cultured monolayers of air-
way epithelial cells, isolated human bronchi, and mouse trachea through a
small transparent window. In mice the results indicate that ASL is nearly
isotonic, with no difference between normal and CF mice (Jayaraman et al.,
2001). However CF mice do not show the same airway pathophysiology as
in humans because of the presence of alternative chloride channels to CFTR
(Anderson and Welsh, 1991). These optical techniques have been used, to-
gether with fluorescence recovery after photobleaching, to measure viscosity
to study secretions issuing from single human tracheobronchial glands, both
normal and CF (Joo et al., 2001). Secretion was essentially the same in nor-
mal and CF secretions, in terms of thickness, pH, ion composition, and rate
of secretion; however, viscosity was elevated in CF. Whether the primary
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secretion is different in normal and CF glands, but modifications during
passage to the surface remove these differences remains to be seen.

In summary, in CF the lack of CFTR increases the susceptibilty to air-
way infection, particularly by P. aeruginosa, possibly by affecting the volume
or composition of ASL, resulting in reduced mucociliary clearance, leading
eventually to bronchiectasis and the destruction of lung tissue. However,
other possible mechanisms may be more causal or are additional to the ef-
fects on ASL, namely those connected with the failure of intracellular events
which are CFTR-dependent or processes related to other regulatory effects of
CFTR. These are considered in the next sections.

5.2 Protein Processing, Bacterial Adherence, and CF

Changes in protein processing are found in CF. These include reduced
protein sialylation and increased fucosylation and sulphation. The latter two
processes are competitive with sialylation, the enzymes having neutral pH
optima, while sialylation requires mildly acid conditions (Paulson et al., 1978;
Green et al., 1984). For example, mucus sulphation is increased in CF with
a consequent increase in mucus viscosity (Mian et al., 1982). Reduced mu-
cociliary clearance, as discussed earlier, increases the bacterial load in CF,
but this alone cannot explain the relationship between P. aeruginosa and CF.
In primary ciliary dyskinesia mucociliary clearance is reduced but without
attracting colonisation with P. aeruginosa (Levison et al., 1983). Asialoganglio-
sides have been claimed as putative binding sites for P. aeruginosa and other
bacterial pathogens (Krivan et al., 1988; Imundo et al., 1995; Bryan et al.,
1998).

The changes in protein processing have been attributed to CFTR-
dependent changes in organellar pH. Unfortunately no consistent pattern
emerges from these studies, and claims for both hypo- and hyperacidifica-
tion have been made. One study (Barasch et al., 1991) used the uptake of a
weak base to estimate pH and showed that the Golgi, trans-Golgi network
(TGN), prelysosomes, and endosomes were less acidic in CF cells compared
to non-CF from nasal polyps. It was proposed that the action of H+-ATPase
in organellar membranes was limited by the absence of a chloride conduc-
tance, due to CFTR, so preventing the movement of the counterion into the
organelles (Fig. 5.4). In a second study CF and corrected CF human bronchial
epithelial cells were used (Poschet et al., 2001) and the pH measured using a
pH-sensitive fluorescent green protein that localised to the TGN. This study
showed the TGN was hyperacidified. It was proposed that the absence of
CFTR relieved the proton pump from membrane potential buildup by the
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Figure 5.4. Diagram illustrating two mechanisms whereby protein processing in the

trans-Golgi network is modified in CF. Proton pumping into the TGN is promoted by a

chloride conductance (CFTR) allowing the movement of counterions (bottom). In the

absence of CFTR proton pumping is restricted leading to hypoacidification (middle) or is

amplified by a deregulated sodium conductance, leading to hyperacidification (top). In

both instances the alteration in pH produces abnormal surface glycoconjugate.
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efflux of Na+ through an up-regulated sodium conductance (Fig. 5.4). With
both of the foregoing hypotheses the alteration in pH removes sialylating
enzymes away from their pH optima.

5.3 Other Regulatory Functions of CFTR and Bacterial Infection

The effect of CFTR in regulating ENaC was discussed in an earlier sec-
tion. Up-regulation of ENaC is responsible for increased osmotic water flow
along with the hyperabsorption of NaCl as a major cause of reduction in
ASL thickness and the basis of the ‘volume hypothesis’. As mentioned in the
introduction CFTR has been shown to regulate a number of other epithe-
lial transporting activities, and in particular the secretion of bicarbonate. For
example the alkaline secretion of the human duodenum is abolished in CF
(Pratha et al., 2000).

Recently there have been some important developments in the area of
bicarbonate secretion that may be relevant to lung infection in CF. In a se-
ries of studies Muallem and his colleagues (Lee et al., 1999a, b; Choi et al.,
2001) showed that forskolin stimulated luminal Cl−/HCO−

3 exchange activ-
ity in wild-type but not CF epithelia, that the presence of CFTR but not its
conductive function was necessary for Cl−/HCO−

3 exchange activity, and that
different CFTR mutations accurately predicted whether the phenotype was
of the pancreatic sufficient or pancreatic insufficient kind. This last point
is of considerable significance and implies that if a particular CF mutation
supports a chloride conductance it may not support Cl−/HCO−

3 exchange.
How are these new data to be interpreted? It may mean that that luminal
CFTR, not necessarily wild-type, is necessary for Cl−/HCO−

3 exchange func-
tion or that CFTR is able to operate as a Cl−/HCO−

3 exchanger in some
situations. In a complementary study another group showed in tracheal ep-
ithelial cells expressing functional CFTR showed upregulation of mRNA for
DRA (‘down regulated in adenoma’ protein) which itself acts as a Cl−/HCO−

3

exchanger (Wheat et al., 2000). These processes may be of the utmost im-
portance if they also apply to the submucosal ducts, where inspissation of
mucus occurs first in CF. This taken together with the beneficial effects of
an alkaline HCO3 secretion on mucus viscosity (Bansil et al., 1995; Bhaskar
et al., 1991; Veerman et al., 1989) and the presence of bacterial-binding sites in
mucin (Bryan et al., 1998; Imundo et al., 1995; Krivan et al., 1988; Schenkels
et al., 1993; Veerman et al. 1997; Wanke et al., 1990) makes the submu-
cosal duct a point where defence against entrained bacteria may be severely
weakened.
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6. CFTR AND THE MALARIAL PARASITE

CFTR is found at very low levels in human erythrocytes and has been con-
nected with the deformation-induced release of ATP (Sprague et al., 1998).
Channels were also found in mouse erythrocytes with the electrical character-
istics of CFTR and hypertonicity induced an additional chloride conductance
with strongly inwardly rectifying characteristics that was absent in murine
CF-/- erythrocytes. This CFTR-dependent additional conductance was asso-
ciated with increased ATP release (Verloo et al., 2001). Others (Desai et al.,
2000) have described a voltage-dependent channel for nutrient uptake in ery-
throcytes infected with the malarial parasite – the so-called new permeation
pathway (NPP) that is apparently absent in CF erythrocytes (de Jonge HR,
personal communication).

Whether the NPP (nutrient uptake) and the CFTR dependent IR path-
ways (ATP release) are the same and whether CF prevents malarial infection
are possibilities on which further research is needed.

7. HETEROZYGOTE ADVANTAGE AGAINST INFECTIOUS DISEASE

The prevalence and persistence of the CF mutation in populations has
led to suggestions that there is an heterozygote advantage in carriers. Among
Caucasian populations 1 person in 25 has one copy of a mutated CF gene.
Among the various advantages that might follow from this situation is the
suggestion that heterozygotes have a reduced susceptibility to a number of
infectious diseases. The diseases cited involve those in which secretory di-
arrhoea is the hallmark. These diseases include secretory diarrhoeas due to
Vibrio chlolerae, Escherichia coli, and Salmonella typhi. The loss of fluid in these
conditions is severe and the annual death toll, largely in populations where
medical care is minimal, reaches many millions. The secretory response in
both the intestine and the large bowel is dependent on electrogenic chloride
secretion (see Fig. 5.2) in which CFTR provides the exit route for chloride ions
from the epithelia. Gut epithelia from persons with CF or homozygous CF
mice fail to show chloride secretory responses in response to a variety of ag-
onists which increase cAMP or cGMP in epithelial cells (Berschneider et al.,
1988; Cuthbert et al., 1994). The toxins produced by V. cholerae and E. coli
activate adenylate cyclase and guanylate cyclase respectively.

The basis of the heterozygote hypothesis is straightforward. If CFTR is
the rate-limiting step in the electrogenic chloride secretion and heterozygotes
have only 50% of the CFTR present in homozygotes then secretion will be
limited and the effect of the disease less severe (Baxter et al., 1988). As a
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corollary it is anticipated that persons with CF would not be susceptible to
diseases involving secretory diarrhoea.

The availabilty of the CF mouse allowed for the direct testing of the het-
erozygote advantage hypothesis. The maximal chloride secretory responses
to a variety of chloride secretagogues was compared, in vitro, in colonic ep-
ithelia from wild-type and littermate CF heterozygotes (Cuthbert et al., 1995).
In these experiments the mice carried a null mutation, so the CF allele pro-
duced no protein. This may differ from the human condition where some
mutations produce protein but with much reduced transport capability. Thus
CF carriers might be expected to produce reduced responses to chloride sec-
retagogues, but not necessarily reduced by 50%. In the event no differences in
the maximal chloride secretory responses were recorded in heterozygote mice
in response to cholera toxin, heat-stable enterotoxin (Sta), forskolin, vasoac-
tive intestinal polypeptide, isoprenaline, (these latter three activating adeny-
late cyclase), guanylin (activates guanylate cyclase), lysyl bradykinin (causes
prostaglandin release that activates adenylate cyclase) and carbachol when
compared to wild-type controls. Furthermore heterozygote murine colons
maintained chloride secretion at normal levels in response to forskolin dur-
ing a period of 6 hours (Manson et al., 1997). In a further unpublished study,
by the author, the chloride secretory current in murine neonate colons in
response to forskolin was measured. All mice weighed around 2.5 g and the
acute responses to forskolin were 112 ± 16 µA cm−2 in wild type and 57 ±
17 µA cm−2 in heterozygotes quite different to the result in adult mice.

In another study in which cholera toxin was administered to mice fluid
accumulation in the intestine was significantly greater than in heterozygote
littermates when collected after 6 hours (Gabriel et al., 1994). Similarly in
murine intestinal epithelia studied in vitro the total chloride secretory re-
sponse to cholera toxin in heterozygotes measured over 6 hours was circa
50% of that of wild-type littermates. However the difference in the secretory
response appeared only after some 2.5 hours of incubation with cholera toxin,
possibly reflecting a reduced ability of heterozygotes to recruit more endoso-
mal CFTR. Alternatively, it has been suggested that the reduced sialylation
of GM1 cholera toxin receptors is CFTR-dependent (Fishman et al., 1976),
reducing the effectiveness in heterozygotes.

Quite a different role for CFTR was proposed in studies using S. typhi.
Human epithelial cells, either wild type or expressing the �F508 CFTR muta-
tion, were exposed to the organism and the uptake of bacteria was measured.
Significantly more were taken up if CFTR was present in the membrane and
it was proposed that CFTR acted as a receptor for the uptake process. Mon-
oclonal antibodies directed against the first extracellular domain of CFTR
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effectively blocked internalisation. The translocation of S. typhi into the sub-
mucosal intestinal space was further studied in wild-type and CF heterozygote
mice carrying the �F508 mutation and the latter showed a significant reduc-
tion in transfer (Pier et al., 1998). Although florid diarrhoea appears only
late in the sequence of symptoms in typhoid fever the proposal from this
work involves CFTR not as an effector of chloride secretion but rather as a
receptor which allows the organism to gain systemic access, which is reduced
in heterozygotes. Incidentally, CFTR has been proposed as a receptor for P.
aeruginosa in the airways, where its internalisation into the cell leads to its
destruction. This is the opposite of the argument made for S. typhi, which sur-
vives internalisation (Pier, 2000). The heterozygote advantage hypothesis has
been investigated also in human CF carriers (Hogenauer et al., 2000). Jejunal
secretion was measured using a nonabsorbable marker for two periods of 2
hours in each subject before and after the administration of a prostaglandin
E analogue, misoprostol. The stimulated secretion rates of normal and het-
erozygous individuals did not differ and the increase in jejunal PD was similar
in both groups, whereas CF patients had virtually no response.

In summary, although the hetrozygote advantage hypothesis is attractive
and often quoted, the evidence to support it is still equivocal. CF mutations are
not common in parts of the world where cholera is epidemic and the disease
did not appear in Europe until 1832. Although the mouse model for the
response to cholera toxin did show a reduction in secretion in heterozygotes,
the reduced response did not appear immediately, but only after 2.5 hours.
In humans where the prostaglandin agonist was used it was infused for
2 hours with no diminution in secretion found. In the mouse large gut no
differences in the acute responses to a variety of agonists were found, even
after using forskolin, a powerful stimulant of chloride secretion, for 6 hours.
However, in the neonate colon acute responses to forskolin were reduced in
heterozygotes. It would seem that if heterozygote advantage exists then the
hypothesis in its simplest form is untenable. A more subtle formulation may
require reappraisal of whether CFTR is the rate-limiting process in secretion,
rates of removal and replenishment of CFTR at the apical surface, and the
effects of bacterial toxins on other components of the transport process.

8. SUMMARY

In cystic fibrosis airway disease is the major cause of morbidity and
mortality. CF is characterised by chronic airway infection, often by P. aerug-
inosa. The absence of the product of the CF gene, the cystic fibrosis trans-
membrane conductance regulator (CFTR), is related to the susceptibility to
airway infection in a variety of ways. Lack of CFTR affects the thickness
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and/or the composition of airway surface liquid, resulting in a reduction of
mucociliary clearance. Lack of CFTR and/or its regulatory functions affects
chloride/bicarbonate exchange processes, resulting in lack of bicarbonate-
rich secretion from submucosal glands, with secondary effects on mucus
viscosity. Intracellular protein processing is altered in the absence of CFTR
to produce secreted or membrane proteins that may act as binding sites for
P. aeruginosa. Persons with CF are incapable of responding to organisms in-
vading the gastrointestinal tract that normally cause secretory diarrhoea, and
heterozygotes may also have a partial advantage.
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1. INTRODUCTION

The history of genetics and the study of malaria are inextricably linked.
The burden of disease due to malaria across much of the world has selected for
a series of very visible traits of major medical importance, including the alleles
of genes encoding haemoglobin, red cell enzymes, and membrane proteins.
Furthermore, it now appears that many other genes may also influence the
outcome of infection, including some that modulate the immune responses
and others that encode for endothelial proteins as might be expected from
the intricate life cycle of the parasite in the human host (Fig. 6.1).

A short chapter cannot hope to be a comprehensive description of such
a large field of scientific endeavour. The selection of evidence and the discus-
sion of its significance are inevitably personal. Nevertheless, we will attempt
to address some of the major questions that have been at the heart of studies
of the genetic influence on malaria infection, including ‘What is the overall
impact of genetics on malaria infection?’, ‘What protective traits have been
identified already?’, ‘How can we identify new protective traits?’, and ‘How
do these traits result in protection?’ The approaches we can use to study these
questions continue to change with new genetic and molecular techniques that
allow us to extract and analyse more genetic information, not least of which
is the sequence of both the human and parasite genomes. However, we must
not be satisfied with a simple catalogue of resistance traits to malaria. We
must now strive to relate this information to understanding how protective
traits actually modify malaria infection. By doing so, we stand to learn much
more about the subtle interaction between parasite and host and how immu-
nity develops in nature. As we shall see, the answers to this crucial question
are themselves complex and often elusive.
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Figure 6.1. The life cycle of the malaria parasite. Human infection begins with the

injection of sporozoites from female Anopheles mosquitoes taking a blood meal. Within

hepatocytes, replication takes place within 10–14 days to generate approximately 10,000

merozoites. After rupture of the hepatocyte, the infective merozoites are released into the

circulation and enter and multiply within erythrocytes. The parasites can multiply

approximately eightfold every 2 days and so within a short time a high proportion of

erythrocytes may be infected, comprising up to several grams of foreign antigens. Asexual

parasites may differentiate into sexual forms or gametocytes. The parasite life cycle is

(cont.)
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2. THE CONTRIBUTION OF GENETIC TRAITS TO RESISTANCE
TO MALARIA

The first observations suggesting that infectious diseases are influenced
by inherited factors are perhaps the striking species specificity for bacterial
pathogens noted by Louis Pasteur, as evidence for the germ theory of dis-
ease. In reviewing the epidemiology of malaria in North America, Klebs and
Tomassi-Crudeli commented on the apparent resistance of those of African
descent to malaria who ‘better than any other resist (malaria’s) action’ (Klebs
and Tommasi-Crudeli, 1888). However, more than 100 years passed before
A. E. Garrod stated a clear hypothesis that constitutional factors may underlie
the striking individual variation in the outcome of infectious disease. Later,
support for a contribution of genetic factors to malaria susceptibility has
been garnered from a variety of sources. During the era of malaria therapy,
when patients with neurosyphyilis were deliberately infected with malaria for
treatment purposes, the marked variation in susceptibility observed in non-
immune adults was accepted as general evidence for a genetic contribution.
However, the first clues about some of the genes that might be contributing
to malaria protection were provided by population genetic studies. As we will
see in subsequent sections, a number of genes, including those for sickle
haemoglobin (HbS), the thalassaemias, and a range of red cell membrane
and enzyme abnormalities, share a distribution that is strikingly similar to
that of malaria. It has now been confirmed that many of these traits provide
substantial protection against the disease. With the list growing all the time,
the overall importance of genetic factors has become increasingly obvious.
However, other factors also affect the outcome of individual malaria infec-
tions, including previous exposure and immune status and determinants of
parasite virulence.

Figure 6.1. (cont.) completed within the female Anopheles mosquito after the sexual

forms of the parasite are ingested in a blood meal. During the second half of the

erythrocytic cycle, PfEMP-1 or the variant antigen is expressed on the surface of infected

erythrocytes on the surface. This family of proteins (possibly with other adhesive proteins)

mediate adhesion of infected erythrocytes to endothelium on postcapillary venules.

Infected erythrocytes may also form rosettes with uninfected erythrocytes mediated in

different strains by CR1 (CD35), ABO blood group antigens, immunoglobulins, and

glycosamaminoglycans. Some ‘clumping’ strains are able to form large aggregates of

infected erythrocytes and platelets, requiring expression of CD36 on platelets. Finally

adhesion of infected erythrocytes to leucocytes directly or indirectly via CD36 and CD51

(αv integrin of the αvβ3 or αvβ5 heterodimer) may modulate host cell function. (See color

plate.)
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So what is the relative importance of each of these factors to the over-
all burden of malaria disease in human populations? Obviously, without a
complete list of candidate genes it is hard to come up with a precise esti-
mate. However, Mackinnon and colleagues (2000) have recently addressed
this question through pedigree analysis of malaria data collected during lon-
gitudinal cohort studies in Sri Lanka (Mackinnon et al., 2000). Compared with
many parts of Africa, current levels of malaria transmission and mortality in
Sri Lanka are relatively low. Nevertheless, they were able to determine that
human genetic factors, housing, and predisposing systemic effects, such as
sex, age, or village, each explained about 15% of the variation in the frequency
of malaria infection. The genetic component contributing to the severity of
the clinical illness was slightly greater and here 20% of the variation in the
intensity of disease was explained by repeatable differences between patients
and approximately half of this variation was attributable to host genetics. A
similar analysis of the total genetic contribution to malaria infection and dis-
ease is underway in Africa where the high rate of transmission and increased
severity of disease may suggest a greater contribution of human genetic fac-
tors to the outcome of disease.

3. THE SEARCH FOR INHERITED TRAITS CONFERRING
RESISTANCE TO MALARIA

The early search for malaria-protective genes took two main lines: a pop-
ulation genetic approach and a case control approach. Population genetic evi-
dence is strongest for the polymorphisms of the red blood cells, including the
haemoglobinopathies (such as HbS, HbC, and HbE and the thalassaemias),
red cell membrane anomalies (including ovalocytosis and elliptocytosis), and
enzyme defects (such as G6PD deficiency). This evidence will be discussed
in detail in the appropriate sections; however, in general terms, such studies
provide only an indication of which genes might be protective and ultimately
require the corroboration of more direct evidence.

3.1 Association Studies

Association studies measuring gene frequencies in carefully ascertained
cases of malaria and in ethnically matched controls have been the back-
bone of subsequent work aimed at defining protective traits. These simple
methods have the advantage of statistical power, providing a quantitative
estimate of protection from malaria by severity and syndrome for any demo-
graphic group. However, they do have several drawbacks. First, they may give
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false-positive or false-negative results if the control groups are not drawn from
the same ethnic background as the cases. Gene frequencies are likely to dif-
fer even between quite closely related groups due to drift or other selective
forces. Many association studies do not report the ethnic composition of
cases and controls and their results are consequently of uncertain reliability.
Matching for age and/or sex is of secondary importance as autosomal allele
frequencies are unlikely to change with age or by sex. Using parental con-
trols and analysing the transmission of alleles may circumvent some of these
confounding factors with some loss of statistical power (for recent review see
Schulze and McMahon, 2002). Second, case definitions have to be as precise
as possible. Only well-defined cases should be included in such studies. In
most malaria endemic areas this requires sufficient clinical and laboratory
support to exclude the many other phenotypically similar but pathologically
distinct diseases that may mimic the various manifestations of severe malaria.
These include acute respiratory infection, bacterial or viral meningitis, and
simple iron deficiency anaemia. Finally, such studies should be designed to
have sufficient power to detect effects that are likely to be statistically signi-
ficant to avoid false-negative results.

3.2 Studies Comparing Ethnic Groups

Within geographic regions with similar transmission of malaria, differ-
ent ethnic groups have different malaria-specific morbidity. Careful com-
parative studies within West Africa suggest the Fulani are more resistant to
malaria than the Mossi and Rimaibe ethnic groups living in the same area.
These differences cannot be explained by known environmental or genetic
factors and it seems possible that novel genetic traits have been selected in the
Fulani groups (Modiano et al. 1996). A polymorphism in the IL-4 promoter
(IL4-524 T) has been associated with increased levels of antimalarial anti-
bodies (Luoni et al., 2001). However, this association has not been confirmed
in other populations, nor has it been associated with the outcome of malaria
infection.

3.3 Linkage Studies

Linkage studies identify the cosegregation genetic markers and the pres-
ence of disease in individuals within families. In general these methods
have been very successful in identifying loci responsible for monogenic dis-
eases. In malaria studies they are attractive because they avoid the problem of
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matching for ethnic group, which is crucial for association studies. However,
it is difficult to assemble sufficient family members who have suffered from
severe malaria. Instead segregation and linkage analyses have studied the
development of mild malaria or examined intermediate disease phenotypes
such as parasite density.

Groups working in Burkina Faso have demonstrated linkage of high par-
asite densities to chromosome 5q31-q33 (Rihet et al., 1999). This region does
contain several promising candidate genes for the control of blood stage par-
asitaemia, including IL-4, IL-12, IL-3, and granulocyte-macrophage colony
stimulating factor and their receptors (CSF1, CSF2, and CSF1R). Further-
more the syntenic regions in the mouse do influence immunity to parasites
(Riopel et al., 2001).

Other studies have measured parasite density in pedigrees in Cameroon.
A segregation analysis of blood levels of parasites in 42 families was con-
sistent with the effect of a common recessive gene, rendering about 20% of
the population susceptible to high levels of infection (Abel et al., 1992). How-
ever, the gene(s) responsible for susceptibility to malaria in this population
have not been identified.

In other polygenic diseases, where there is strong clustering of disease
within families, a genomewide scan of anonymous markers in affected sib-
lings has identified several candidate loci for disease susceptibility. A recent
twin study of more than 200 pairs of dizygous Gambian twins monitored
the incidence of mild malaria and showed that where both twins developed
mild malaria, sharing two MHC haplotypes was more common than would
be expected by chance alone (Jepson et al., 1997). No other susceptibility loci
were identified in this study. The power of similar studies would be increased
if siblings who had suffered from severe disease could be recruited. Recruit-
ment of several hundred affected sibling pairs would require linked medical
and family records from several hundred thousand people. This is beyond
the scope of present epidemiological surveys.

An alternative approach would be to use a series of association studies
in well matched case control studies to determine the role of some of the
1,000,000 polymorphisms now identified in the 30,000 genes of the human
genome (Todd, 1999). Beyond the technical and organisational problems of
such a major exercise, the outstanding statistical problems are considerable.
It would be a great advantage if results could be combined from different
studies. However, a formal meta-analysis of genetic epidemiology studies
may be difficult in the light of the heterogeneous clinical epidemiology and
thus one assumes heterogeneous underlying pathophysiology in different ge-
ographical areas and under different transmission conditions. Nevertheless,
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such large-scale association studies are the most likely way forward in the
next 10 years.

4. PROTECTIVE TRAITS

The life cycle of malaria parasites in their human host involves many tis-
sues, specific host–parasite interactions, and several effector mechanisms for
removal of the parasite by the immune system (Figs. 6.1 and 6.2). The num-
ber of genetic traits that could conceivably modulate the outcome of malaria
infection is correspondingly large. While the role of many such candidate
genes expressed in the immune system or influencing specific receptor lig-
and interactions have been explored the most compelling epidemiological
evidence for protection from malaria is for the haemoglobinopathies and
deficiency of glucose-6-phosphate dehydrogenase (G6PDH).

4.1 Haemoglobinopathies

It was first suggested over half a century ago that the haemoglobin-
opathies, abnormalities of haemoglobin structure or synthesis, might protect
against Plasmodium falciparum malaria. First Beet and later Allison suggested
that the peculiar distribution of sickle cell trait in African populations might
result from a selective advantage against malaria (Beet, 1946; Allison, 1954).
However, the ‘malaria hypothesis’ is generally ascribed to Haldane (1949)
who, reflecting on the evolving descriptions of the global distribution of β-
thalassaemia (Cooley’s anaemia), wrote these landmark words:

Neel and Valentine believe that the heterozygote is less fit than
normal, and think that the mutation rate is above 4 × 10−4 rather
than below it. I believe that the possibility that the heterozygote is
fitter than normal must be seriously considered. Such increased
fitness is found in the case of several lethal and sublethal genes in
Drosophila and Zea. A possible mechanism is as follows. The cor-
puscles of the anaemic heterozygotes are smaller than normal,
and more resistant to hypotonic solutions. It is at least conceiv-
able that they are also more resistant to attacks by the sporo-
zoa which cause malaria, a disease prevalent in Italy, Sicily and
Greece, where the gene is frequent.

Since Haldane’s first statement of his ‘malaria hypothesis’, in such clear
terms, evidence that many genes provide protection from P. falciparum
malaria has accumulated relentlessly.
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Figure 6.2. The genetics of thalassaemia. Normal individuals have four α-globin genes,

two per haploid genome (αα/αα). These genes, the α1 and the highly homologous α2

genes, are arranged in pairs within the α-globin gene cluster on chromosome 16.

β-Globin, on the other hand, is encoded by single copy genes on chromosome 11. The

genetic defects underlying the thalassaemias are extremely diverse and are reviewed in

Higgs et al. (1984) and Weatherall and Clegg (2002). The α -thalassaemias can be generally

classified into two main groups: the α+-thalassaemias, which affect only one of the paired

α-globin genes, and the α0-thalassaemias, which affect both genes. Thus, homozygotes

for α+-thalassaemia have only two functional α-globin genes (-α/-α), which in general

terms is clinically indistinguishable from heterozygous α0-thalassaemia (-/αα), both

resulting in a mild form of microcytic anaemia (Williams et al., 1996). Most forms of both

α+- and α0-thalassaemia originated from deletions of genetic material from within the

α-globin gene cluster and arose through unequal meiotic crossover events. In general,

individuals with two or more functional genes are clinically normal, whereas those with

only one functional gene (compound heterozygotes for α0- and α+-thalassaemia) have

haemoglobin H disease, which is usually associated with clinically significant anaemia.

Homozygous α0-thalassaemia (-/-) results in hydrops fetalis and is incompatible with

survival. The β-thalassaemias have arisen through mutations that affect β-globin

production through a variety of mechanisms causing either reduced (β+) or no (β0) globin

production. Unlike α-thalassaemia the abnormal gene sequences are point mutations

rather than gene deletions. They may affect the promoter or enhancer regions, the coding,

or intronic sequence, the latter of which affects mRNA splicing. Many different mutations

cause β-thalassaemia in any area but locally particular mutations predominate, for

example, β0 39 and β+ IVS 1-100 in the western and eastern Mediterranean, respectively.

Heterozygous β-thalassaemia is clinically silent, whereas homozygous β-thalassaemia is

generally associated with a chronic, transfusion-dependent anaemia and

premature death.
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4.1.1 Sickle Cell Trait

The most celebrated example of a malaria protective gene is that of sickle
haemoglobin. Haemoglobin S (HbS) is a variant form of haemoglobin com-
posed of two normal α-globin molecules in association with two abnormal
β-globin molecules (βs) (α2βs2). Production of abnormal βs globin results
from a point mutation of the β globin gene such that the codon determining
the amino acid at position β6 is changed from GAG (coding for glutamic acid)
to GTG (coding for valine). Homozygotes for the βs mutation suffer from
sickle cell disease, a debilitating form of anaemia and organ damage follow-
ing infarction associated with premature death in most developing countries.
Nevertheless, on the basis of surveys conducted during the 1940s and 1950s
it became increasingly obvious that the carrier state (sickle cell trait; HbAS)
was extremely common in much of sub-Saharan Africa. Allison provided
support for this hypothesis of a balanced polymorphism by showing that het-
erozygotes were less likely to have parasites in their blood and were less likely
to die from severe malaria than normals (Allison, 1954). Case-control stud-
ies have since confirmed that sickle cell trait is 90% protective against severe
and complicated malaria (cerebral malaria and severe anaemia) and 60% pro-
tective against clinical malaria leading to hospital admission (Willcox et al.,
1983; Hill et al., 1991; Marsh, 1992). A recent cohort study has showed sickle
trait confers 60% protection against mortality between 2 and 16 months of
age in an area of high transmission (Aidoo et al., 2002).

In spite of this dramatic protective effect, clinical epidemiology has
yielded few clues regarding the mechanisms involved. Allison’s early re-
port (1954) showed a reduced parasite prevalence in heterozygotes (HbAS)
(Allison, 1954). However, subsequent surveys have not produced consistent
evidence for protection against asymptomatic parasitaemia. Although there
is some evidence for protection against mild clinical malaria (Fleming et al.,
1979; Marsh et al., 1989; Jakobsen et al., 1991), this is generally manifest as
reduced parasite densities rather than protection against parasitaemia per se.

4.1.2 The Thalassaemia Syndromes

The thalassaemia syndromes are disorders of haemoglobin production.
They fall into two main groups, the α- and β-thalassaemias, characterised by
underproduction of α- and β-globin respectively (Fig. 6.2).

4.1.2.1 Population Genetics of the Thalassaemias

The initial evidence supporting malaria protection by both forms of tha-
lassaemia was derived from population genetic studies. Surveys conducted
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throughout the world have shown that, as a group, the thalassaemias are the
commonest single gene disorders so far described (summarised by Weather-
all and Clegg, 2002). Overall, gene frequencies of >0.1 are the norm in tropical
populations, whereas frequencies are somewhat lower in the subtropics and
rare in the temperate zones. In fact, the only tropical populations in which
the thalassaemias have not been found at polymorphic frequencies are in the
New World, where malaria has only been introduced during the past few hun-
dred years (Dunn, 1965). Moreover, isolated examples of extreme frequencies
have been described in particular ethnic groups, particularly in certain tribes
in India and Nepal (Brittenham et al., 1980; Kulozik et al., 1988; Labie et al.,
1989; Modiano et al., 1991). In one of these tribal groups, the Tharu people
of Nepal, the α-thalassaemia gene frequency reaches 0.78 and there is some
evidence to suggest that these people are also more resistant to malaria than
their non-Tharu neighbours (Terrenato et al., 1988).

Although the global distribution of the thalassaemias provides reason-
able evidence for malaria protection, it is the extreme diversity of the molec-
ular origins of these conditions that lends the most compelling support for
genetic selection as an explanation for their extraordinary distribution. The
thalassaemias have arisen throughout the world, through a wide variety of rare
independent genetic events. However, in some populations they have risen to
polymorphic frequencies while in others they remain rare, suggesting differ-
ential selection according to location. Although a number of diseases follow a
tropical distribution, the probability that malaria was responsible for this se-
lection was further supported by microepidemiological data from Italy and the
Pacific. In a series of classic studies conducted in the 1960s, Siniscalco and col-
leagues (1961) demonstrated a cline (or gradient) in the population frequen-
cies of β-thalassaemia in Sardinia that correlated with altitude (Siniscalco et
al., 1961). Although malaria was no longer endemic in Sardinia when these
studies were conducted, historically, the incidence of malaria was known to
have correlated closely with altitude. The authors’ favoured hypothesis was
that the cline therefore represented selection for the β-globin gene under
pressure from malaria. Support for this hypothesis has since come from the
Pacific, where Hill and colleagues found evidence for similar clines in the pop-
ulation frequencies of both α- and β-thalassaemia in the island populations of
Melanesia. Although the gene frequency for β-thalassaemia followed a simi-
lar correlation with altitude in Papua New Guinea (Hill et al., 1988), it was the
data for α-thalassaemia collected from communities throughout Melanesia
that was perhaps the more dramatic. These data resulted in four important
observations (Flint et al., 1986; Hill, 1986; Yenchitsomanus et al., 1986). First,
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the α-gene frequency was found to be consistently low in areas that are known
historically to have been nonmalarious. Second, α-thalassaemia was found
in all malaria-exposed populations and at gene frequencies that were propor-
tional to the incidence of malaria based on historical reports: a cline in the
α-thalassaemia haplotype frequency was seen both from north to south and
with increasing altitude, each of which are paralleled by a cline in the his-
torical incidence of malaria. Third, even within this relatively small area, the
genetic deletions responsible were numerous and regionally specific. Finally,
the population frequencies of other ‘neutral’ genetic markers, including the
γ -globin haplotypes -γ and -γ γ γ and the haptoglobin polymorphism Hp1,
for which there is no evidence of malaria protection, showed no such cor-
relation. These observations provided some of the strongest circumstantial
evidence for malaria protection by the thalassaemias.

4.1.2.2 Epidemiological Studies

Case-control studies have now confirmed that both α-thalassaemia (Allen
et al., 1997) and β-thalassaemia (Willcox et al., 1983) provide a high degree
of protection against clinical malaria presenting to hospital. However, of
particular further interest, Allen and colleagues also found evidence that
α-thalassaemia conferred a similar degree of protection against hospital ad-
mission with illnesses other than malaria. Genetic traits that directly protect
against severe malaria in children or nonimmunes may also provide protec-
tion to the newborn from the indirect morbidity of malaria associated with
pregnancy. However, few studies of the influence of haemoglobinopathies
on the outcome of pregnancy have been published. One study has described
an association between heterozygous α-thalassaemia and malarial anaemia
in pregnant women (Mockenhaupt et al., 1999). The influence of sickle cell
trait on the outcome of pregnancy is unclear.

Somewhat paradoxically, two studies that have examined the relation-
ship between mild clinical malaria and thalassaemia found evidence for
a raised rather than a reduced incidence in children with α-thalassaemia
(Oppenheimer et al., 1987; Williams et al., 1996). These epidemiological data
therefore provide a perplexing picture: on one hand, α-thalassaemia appears
to predispose children to mild clinical malaria, whereas on the other, it is
associated with high-grade protection against severe malaria and other ill-
nesses. It is possible to reconcile this paradox by arguing that α-thalassaemia
protects against severe malaria by a ‘vaccine’ effect: predisposing to mild
malaria in early life such that individuals develop sufficient immunity to pro-
duce protection against severe infections later in life (Williams et al., 1996).
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4.1.3 Other Haemoglobinopathies

Although the literature is rather less comprehensive, there is also evi-
dence for malaria protection by other haemoglobinopathies. Flatz and col-
leagues (1965) demonstrated a positive geographical correlation between
frequencies of HbE and high malaria endemicity in Thailand and this is
supported by recent experimental evidence of reduced invasion of HbAE
erythrocytes compared with normal controls containing HbAA (Flatz et al.,
1965). However, a protective effect has not been documented and quantified
in case-control studies of malaria.

In Mali, Burkina Faso, and northern Ghana the gene for haemoglobin C
(HbC) (beta6glu-lys) is common, reaching frequencies of up to 9% in Mali.
The high frequency of this gene in these malarious areas of West Africa
has strongly hinted that this haemoglobinopathy does protect from malaria.
Two case-control studies now support this hypothesis. A case-control study
of severe and mild malaria in Mali, HbC gave 80% protection against severe
malaria (odds ratio 0.22) (Agarwal et al., 2000). Furthermore, a large case-
control study performed in Burkina Faso of over 4000 people, showed HbC
was associated with a 29% reduction in risk of clinical malaria in HbAC
heterozygotes and of 93% in HbCC homozygotes (Modiano et al., 2001).
Those carrying the gene for HbAC and HbCC are largely asymptomatic and
it has been suggested that this allele would replace HbS, at least in central
West Africa, if malaria continued to cause appreciable mortality.

4.2 Red Cell Enzymes

Glucose-6-phosphate dehydrogenase deficiency is widespread in malarial
endemic areas and shows considerable molecular heterogeneity (for review
see Mehta et al., 2000). Its frequency is correlated with the historical distribu-
tion of malaria in Sardinia (Siniscalco et al., 1961). Taken together these data
strongly suggest that G6PDH deficiency protects against malaria. Clinical
studies evaluating the degree of protection conferred by this X-linked gene
have found apparently conflicting results. Earlier, case-control studies have
shown protection for both sexes against severe disease (Gilles et al., 1967),
protection of female heterozygotes against nonsevere malaria (Bienzle et al.,
1972), and no protection for females or males (Martin et al., 1979). Inter-
pretation of these results is complicated by the continuous distribution of
G6PDH activity in erythrocytes within a population of female heterozygotes
(due to variable X chromosome inactivation), the different criteria for severe
disease used in these studies, and the small size of the study by Martin and
his colleagues. However, a larger case-control study has now shown that both
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female heterozygotes and male hemizygotes enjoy about 50% reduction in
the risk of severe malaria (Ruwende et al., 1995). These data provide com-
pelling evidence for a protective role for G6PDH deficiency in malaria. A role
of red cell enzymes, involved in redox metabolism, other than G6PDH, in
conferring resistance to malaria has not been established.

4.3 Mechanisms of Protection in the Haemoglobinopathies
and G6PDH Deficiency

Despite the fact that its now more than 50 years since the protective
effects of the haemoglobinopathies and G6PDH were first suspected, there
is still no consensus regarding the mechanisms involved. Although it would
be tempting to believe that the various types of haemoglobinopathy all act
through a common mechanism it is still not possible to draw this conclusion
from the available evidence. A number of mechanisms have been proposed,
including decreased invasion or growth of malaria parasites in variant red
blood cells, decreased virulence through reduced rosetting or cytoadherence,
and increased removal through enhanced immunological recognition. The
evidence for each of these mechanisms is better for some traits than for others
and in all cases lack sufficient strength to draw firm conclusions. It is difficult
to summarise this literature succinctly; however, rather than presenting the
evidence for each condition separately, it might be more relevant to approach
the subject from the perspective of putative mechanism.

4.3.1 Reduced Invasion and Growth

As can be seen from Haldane’s first statement of the malaria hypothesis,
reduced invasion or growth of parasites in variant red blood cells was pro-
posed at the outset. Since it finally became possible to culture P. falciparum
in the 1970s (Trager and Jensen, 1976), a number of studies have been con-
ducted that have sought to investigate this hypothesis in vitro. Nevertheless,
this line of investigation has produced conflicting and at times confusing
results.

Convincing evidence supports reduced invasion or growth in the more
severe haemoglobinopathies such as homozygous HbE (Nagel et al., 1981;
Bunyaratvej et al., 1992), haemoglobin H disease (Ifediba et al., 1985;
Brockelman et al., 1987; Bunyaratvej et al., 1992), homozygous HbC (Fried-
man et al., 1979), or compound states of two different haemoglobinopathies
(Friedman et al., 1979; Brockelman et al., 1987; Yuthavong et al., 1987; Udom-
sangpetch et al., 1993). However, the cellular pathology of these conditions
varies substantially and, furthermore, it is not known whether individuals
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with many of these complex or severe haemoglobinopathies enjoy malaria
protection.

In contrast, the majority of studies have found that, in vitro, the invasion
of red cells from individuals with clinically silent haemoglobinopathies, such
as the heterozygous forms of α- or β-thalassaemia, HbS, HbE, or HbC, the
phenotypes that are presumed to be protective in vivo, is normal (Nagel et al.,
1981; Ifediba et al., 1985; Kaminsky et al., 1986; Yuthavong et al., 1988; Luzzi
et al., 1990; Bunyaratvej et al., 1992; Williams et al., 2002). However, sev-
eral groups have reported significantly reduced invasion of red cells from
individuals with some of these minor forms of thalassaemia (Brockelman
et al., 1987; Udomsangpetch et al., 1993). Moreover, two studies have found
evidence for reduced growth or reinvasion when parasites are cultured in
variant cells for prolonged periods (Kaminsky et al., 1986; Senok et al., 1997).

A number of investigators have found that when P. falciparum is cul-
tured in HbAS red cells in vitro, growth is dramatically reduced under condi-
tions of low oxygen tension (Friedman, 1978; Pasvol et al., 1978; Roth et al.,
1978). Such cells also appear to be prone to sickle and this phenomenon has
been attributed to haemoglobin polymerisation (Luzzatto et al., 1970) or to
biochemical changes, including potassium loss or the toxic effects of haem
(Orjih et al., 1985; Ginsburg et al., 1986).

A series of in vitro studies have suggested several possible mechanisms
of protection of G6PDH-deficient red cells. G6PDH-deficient red cells do not
support parasite growth in aerobic conditions in vitro (Roth et al., 1983; Roth
et al., 1983; Usanga and Luzzatto, 1985) or under oxidative stress (Friedman
et al., 1979; Golenser et al., 1983). These experimental results are in agree-
ment. However, these in vitro studies cannot reproduce the conditions pre-
vailing in vivo and there remains the possibility that the survival and/or ability
of G6PDH-deficient erythrocytes to support parasite growth is artefactually
reduced.

Overall, the consensus is that heterozygous forms of thalassaemia have
little or no effect on growth of falciparum parasites in vitro, whereas the
growth of these parasites in HbAS erythrocytes is reduced at low oxygen
tension and the growth of parasites in G6PDH-deficient cells is reduced at
high oxygen tension. The relevance of such findings for protection in vivo
remains to be determined as behaviour and viability of all erythrocytes and
particularly variant erythrocytes is quite different in vitro and in vivo.

4.3.2 Cytoadherence of P. falciparum-Infected Variant Red Blood Cells

The pathological effects of P. falciparum malaria are mediated by a range
of mechanisms that probably include adhesion of infected cells to vascular
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endothelium, to other uninfected red cells (rosetting), and to other infected
red cells (clumping) (see Fig. 6.1 and for recent review see Ho and White,
1999, and Craig and Scherf, 2001). Adhesion of infected cells to specific host
ligands is mediated at least in part by a family of parasite-encoded antigens
expressed at the surface of infected erythrocytes (for recent review, see Kyes
et al., 1997). As a consequence, a number of studies have examined the
biological properties of variant red blood cells infected with malaria parasites,
focussing on the structural and functional characteristics expressed at the
surface of infected erythrocytes.

Two groups have presented data suggesting that rosette formation, a
phenomenon that is correlated with an adverse outcome in malaria infection
(Carlson, 1993; Rowe et al., 1995), may be reduced in variant red blood cells.
Udomsangpetch and colleagues found that, in vitro, both infected heterozy-
gous α- and β-thalassaemic red cells were 60% less likely to be involved in
rosettes than normal cells (Udomsangpetch et al., 1993). Although Carlson
found a somewhat smaller effect (a 10–50% reduction), they also reported that
in experiments using red blood cells from individuals with heterozygous α

thalassaemia rosettes were smaller (as defined by the number of uninfected
cells binding to each parasitised red blood cell) and more easily disrupted
than controls (Carlson et al., 1994). The adhesive characteristics of malaria-
infected HbAS erythrocytes has received little attention and here a single
study has shown that rosetting is not changed in malaria-infected cells from
individuals with sickle cell trait (Udomsangpetch et al., 1993).

Three reports have addressed the cytoadherence phenotype of infected
α-thalassaemic red cells. Luzzi and Pasvol (1990) found no reduction in cy-
toadherence to C32 amelanotic melanoma cells of heterozygous thalassaemic
red cells infected with ITO strain P. falciparum parasites, whereas Udom-
sangpetch and colleagues found that cytoadherence to human umbilical-vein
endothelial cells (HUVEC) by heterozygous α- and β-thalassaemic red cells
infected with TM267R strain parasites was reduced by about 60% (Udom-
sangpetch et al., 1993). Surprisingly, the latter study also reported reduced
binding of the human monoclonal antibody MAb 33G2, which reacts with a
number of P. falciparum antigens, including Pf155, antigen 332, and Pf11.1
not widely thought to be expressed on the surface of malaria-infected erythro-
cytes. A more recent study has found no difference in the adhesive phenotype
of heterozygous thalassaemic erythrocytes infected with malaria compared
with control-infected erythrocytes (Williams et al., 2002).

These cytoadherence studies are difficult to interpret not only because
the results are variable but also because the causal role of specific adhesive
phenotypes in severe disease has not been precisely delineated. However,
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variant erythrocytes infected with malaria parasites do not have striking dif-
ferences in their adhesive phenotypes compared with infected erythrocytes
from normal individuals.

4.3.3 Phagocytosis

Rapid clearance of infected erythrocytes by host phagocytes is an impor-
tant component of host defences. There is mounting evidence that variant
erythrocytes infected with malaria parasites are indeed cleared more rapidly
than normal erythrocytes.

One group have reported an increased susceptibility of P. falciparum-
infected thalassaemic red blood cells to phagocytosis (Bunyaratvej et al.,
1986; Yuthavong et al., 1988). These observations held for infected red cells
from both heterozygous and homozygous HbE (Bunyaratvej et al., 1986) and
various forms of α-thalassaemia with or without HbCS (Yuthavong et al.,
1988). In these studies, uninfected variant red cells were also more suscep-
tible to phagocytosis, consistent with the observations of others in human
thalassaemia and a murine model of the disease (Knyszynski et al., 1979;
Rachmilewitz et al., 1980).

However, it is less clear how phagocytes may recognise malaria-infected
variant cells. Luzzi and colleagues (1991) found that infected α- and β-
thalassaemic red cells bound respectively 1.69 and 1.23 times as much anti-
body per unit area from immune serum as control cells (Luzzi et al., 1991).
Udomsangpetch and colleagues (1993), on the other hand, found no sig-
nificant difference in binding to either variant cell type (Udomsangpetch
et al., 1993). These disparate results may be explained by methodological
differences: although the former group used a radiometric method to as-
sess binding to live cells the latter used a flow cytometric method to quantify
binding to gluteraldehyde-fixed cells. A further study has shown that malaria-
infected thalassaemic cells have increased binding of immunoglobulins from
immune sera compared to controls using live cells and flow cytometry. This
increased binding of immunoglobulins is not associated with increased ex-
pression and/or recognition of the variant antigen Pf-EMP-1 (Williams et al.,
2002).

There is also indirect evidence from an animal model for enhanced clear-
ance of infected cells from individuals with sickle cell trait. Mice expressing
high levels of a HbS but not HbA transgene were protected from the rodent
malaria P. chabaudi adami. However, the protective effect was abrogated by
splenectomy of the HbS transgenic mice (Shear et al., 1993). These data
suggest that expression of HbS may result in enhanced splenic clearance of
parasitised red cells.
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Finally, there is good evidence that malaria infected erythrocytes from
G6PDH-deficient individuals are more likely to be phagocytosed by macro-
phages than malaria-infected erythrocytes from those with normal enzymes
levels. Moreover, the relative enhancement of phagocytosis of G6PDH-
deficient-infected erythrocytes is much greater for early ring stage parasites
than the more mature trophozoites (Cappadoro et al., 1998). Here during
the early (ring) stage of malaria infection the G6PDH-deficient erythrocytes
bind increased autologous IgG and complement C3 fragments compared to
normal erythrocytes.

4.3.4 Immune-Mediated Mechanisms

There are a series of intriguing and unexplained observations that sug-
gest the protection of people with sickle cell trait may be mediated, at least
in part, by enhancing the acquired immune response to malaria. Such an
explicit immune-mediated mechanism(s) would explain the observations of
Gugenmoos–Holzmann and colleagues who showed that the effect of AS
on parasite density was strongly age-dependent beginning after only 2 years
(Guggenmoos-Holzmann et al., 1981). Later Bayoumi formally proposed that
the immune response to malaria parasites is enhanced in those with sickle
cell trait (Bayoumi, 1987, 1997).

Some data support the hypothesis of an enhanced immunological re-
sponse in HbAS. Two studies (Edozien et al., 1960; Cornille-Brogger et al.,
1979) have found significantly raised gamma globulin levels in young AS chil-
dren. More specifically, children with the HbAS phenotype had higher levels
of antisporozoite antibodies and agglutinating antibodies to variant surface
antigens (Marsh et al., 1989) and significantly increased lymphoproliferative
responses to malaria antigens (Abu-Zeid et al., 1992). The clinical significance
of these changes in the antibody and cellular responses to malaria antigens
is uncertain. Nevertheless this data is at least consistent with the hypothesis
of an enhanced acquired immune response in sickle cell trait. It is possible
that an interaction between sickle cell trait and the acquisition of an effective
immune response to malaria is less evident at higher levels of transmission
(Aidoo et al., 2002).

There is no similar data for the other haemoglobinopathies, indeed a
small study in Gambian children with thalassaemia trait showed no differ-
ences in their immune responses to malaria compared to controls (Allen
et al., 1993).

The mechanism of an enhanced immunological response has not been
established either in vitro or by ex vivo clinical studies. Infected variant erythro-
cytes may be able to stimulate immune responses in some way. Alternatively,
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Figure 6.3. Immune responses to falciparum malaria. Immune responses against the

plasmodium parasites are distinct for liver-stage and blood-stage parasites. Cytotoxic

lymphocytes can recognise and destroy intrahepatic parasites and secretion of IFN-γ by

both CD4+ and CD8+ T cells is associated with protective immune responses. Specific

immunity against blood-stage antigens includes antibodies directed against parasite

molecules required for invasion of erythrocytes and antibodies recognising the adhesive

and variant proteins (PfEMP-1) expressed on the surface of erythrocytes. Other antibodies

are able to stimulate antibody-dependent cytotoxicity and splenic macrophages

phagocytose infected erythrocytes. Other effector mechanisms are poorly defined.

Immune responses may be subverted during the blood stage of infection. Adhesion of

(cont.)
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early clearance of infected erythrocytes at the ring-stage of development may
enhance or prevent the inhibition of development of the acquired immune
response against malaria parasites. First, removal of ring-stage parasites
would reduce production of malaria pigment formed by the digestion of
haemoglobin in the host erythrocytes and subsequent dysregulation of mono-
cyte function (Schwarzer et al., 1993). Second, removal of ring-stage parasites
would reduce adhesion of infected erythrocytes to myeloid dendritic cell and
macrophages and so decrease down-regulation of innate and acquired im-
mune responses (Urban et al., 1999; McGilvray et al., 2000) (Fig. 6.3 and for
review see Urban and Roberts, 2002).

4.3.5 Conclusion

Therefore there is some agreement that enhanced phagocytosis of vari-
ant erythrocytes may occur in vitro and in animal models, although evidence
for the mechanisms for rapid phagocytosis is fragmentary. At present there is
no direct data from clinical studies to suggest that enhanced phagocytosis oc-
curs during malaria infection in those carrying sickle cell trait, thalassaemia
traits or G6PDH deficiency. On balance, however, the available data suggest
these traits permit enhanced immunological clearance of infected erythro-
cytes rather than grant simple resistance of the variant red cells to invasion or
parasite growth. Clearance of ring-stage parasites would alter the outcome of
infection by reducing sequestration of infected erythrocytes in peripheral tis-
sues and subsequent organ dysfunction. Blocking the development of mature
trophozoites may also alter the immune response to the parasite. A substan-
tial amount of experimental, clinical, and epidemiological evidence is still
required to support this scheme.

4.4 Membrane Proteins

4.4.1 Duffy Blood Group System

The most complete story that links a genetic trait affording protection
from malaria with well-defined cellular and molecular interaction between
host and parasite is the Duffy blood group and erythrocyte invasion. Early

Figure 6.3. (cont.) infected erythrocytes to dendritic cells via CD36 and CD51 (αv integrin

of the αvβ3 or αvβ5 heterodimer) may modulate DC function. These interactions reduce

the ability of myeloid DCs to stimulate primary and secondary CD4+ T-cell responses.

Adhesion of infected erythrocytes to macrophages may reduce secretion of inflammatory

cytokines, including TNF-α. (See color plate.)
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comparative studies showed the invasion of erythrocytes by merozoites was
dependent on specific determinants on the red cell membrane (Hadley and
Miller, 1988). The first merozoite receptor identified on human erythrocytes
was the Duffy blood group antigen. Red cells lacking these determinants
[Fy(a-)Fy(b-) phenotype and FyFy genotype] are resistant to invasion by Plas-
modium knowlesi in vitro (Miller et al., 1975), although P. falciparum mero-
zoites can invade FyFy cells (Miller et al., 1977). These studies suggested that
the Duffy blood group antigen could be a receptor for Plasmodium vivax. The
essential role of the Duffy blood group antigen for erythrocyte invasion was
obtained in epidemiological studies of P. vivax infection (Miller et al., 1976)
and more recently in Papua New Guinea (Zimmerman et al., 1999). It is
now known that the Duffy blood group antigen is a receptor for IL-8 and
melanoma growth stimulatory activity and invasion of P. knowlesi blood stage
merozoites into erythrocytes carrying the Duffy antigen can be inhibited by
MGSA and IL-8 (Horuk et al., 1993).

In Africa the Fy(a-)Fy(b-) phenotypes reach 100% in much of sub-Saharan
Africa. It seems that the selective advantage of the FyFy genotype has driven
this genotype nearly to fixation. This is certainly plausible but somewhat
puzzling in the light of the low virulence of P. vivax under present epidemio-
logical conditions and given appropriate medical treatment. We would have
to conclude that mortality from P. vivax was much higher in the past in the
absence of suitable drug treatment and possibly with a more virulent parasite.

These studies led to the detailed characterisation of the Duffy binding
proteins in P. vivax and the simian malaria P. knowlesi. Chetan Chitnis and
Lou Miller (1994) identified one protein from P. vivax and three proteins
from P. knowlesi that bound to the Duffy blood group antigen. The proteins
shared sequence homology and Miller and Chitnis identified a cysteine-rich
domain within P. vivax, Duffy binding ligand, mediating adhesion to Duffy
blood group-positive but not Duffy blood group-negative human erythrocytes.
The homologous domain of the proteins from the simian malaria parasite
P. knowlesi also bound erythrocytes but had different specificities (Chitnis
et al., 1994).

The erythrocyte binding domains in these proteins, namely the Duffy
binding domains, also showed sequence conservation with the domain
for erythrocyte binding in the P. falciparum protein, erythrocyte-binding
antigen-175, which bound sialic acid on human erythrocytes. The conser-
vation of this binding domain between distant malaria species strongly sug-
gested that these structures were functionally significant and potential vac-
cine candidates. These suggestions were confirmed by hypervariability of the
erythrocyte-binding domain in the P. vivax Duffy binding protein (Tsuboi
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et al., 1994). The binding domains within these erythrocyte-binding proteins
(PvDBPs) lie within a conserved N-terminal cysteine-rich region of 330 amino
acids (Ranjan and Chitnis, 1999). The major challenge in using this informa-
tion is to use correctly folded recombinant proteins that stimulate blocking
antibodies. A recombinant form of the P. vivax binding protein that is both
functionally active and capable of eliciting antibodies that block erythrocyte
invasion has now been achieved (Singh et al., 2001). These techniques also
used for the P. falciparum EBA-175 (Pandey et al., 2002). These proteins are
now leading candidate vaccine antigens for an invasion blocking the vaccine
(for a review see Chitnis, 2001).

4.4.2 Other Red Blood Cell Surface Antigens

Malaria parasites use several receptors on the surface of erythrocytes dur-
ing invasion and during the rosetting of unaffected erythrocytes by infected
erythrocytes. It has therefore seemed possible that some of the many poly-
morphic blood group systems may be linked to protection from malaria. How-
ever, somewhat surprisingly the epidemiological and laboratory evidence for
significant protection against falciparum malaria by blood group polymor-
phisms is limited and somewhat inconsistent.

The ABO(H) blood group system is most accessible for study and two
studies have suggested that group A is associated with severe malaria (Fischer
and Boone, 1998; Lell et al., 1999). These observations are consistent with low
frequency of blood group A in many malaria endemic areas. A possible mech-
anism for such a protective effect is the modulation of rosetting exhibited by
some P. falciparum strains by the ABO(H) group of erythrocytes ex vivo and
by ABO(H) blood group substances in vitro (Carlson and Wahlgren, 1992;
Barragan et al., 2000). Clinical evidence from Thailand and East Africa has
supported the role for the influence of rosetting by ABO blood group type. In
these studies the frequency of rosetting parasites was less frequently isolated
from group O patients than from patients with groups A and B (Rowe et al.,
1995) or A and AB (Udomsangpetch et al., 1993; Chotivanich et al., 1998).

The role of blood group antigens in modulating the invasion of malaria
parasites is somewhat incomplete. The capacity of malaria parasites to in-
vade cells with modified O-linked saccharides is reduced. Removal of sialic
acid (N-acetyl neuraminic acid) reduced invasion by malaria parasites (Miller
et al., 1977; Perkins, 1981; Breuer et al., 1983; Friedman et al., 1984).
Tn+ erythrocytes (constitutively deficient in sialic acid and galactose in O-
linked oligosaccharides) and Cad+ erythrocytes (with an extra N-acetyl galac-
tosamine residue next to sialic acid residues) are resistant to invasion (Pasvol
et al., 1982; Cartron et al., 1983). However, there is no evidence that the
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blood groups Tn+, Cad+, or En- (sialic acid deficient) or other variants of
glycophorin A reach polymorphic frequencies in those living in endemic ar-
eas for malaria (Mourant et al., 1976; Brindle et al., 1995). This is somewhat
puzzling as a ligand for glycophorin A has been identified, namely EBA-175.
Furthermore, the coding sequences of the gene encoding this protein appear
to have undergone immune selection. One would have to conclude that the
parasite could use alternate invasion pathways, so minimising any selective
advantage of mutation in glycophorin A.

The story surrounding glycophorin B is also tantalisingly incomplete.
There is some experimental evidence that S-s-U- cells deficient in glycophorin
B are relatively resistant to invasion. The use of glycophorin B may, however,
be specific to parasite strains as these findings have not, however, been con-
firmed by others (Hadley et al., 1988). Nevertheless, the blood group S-s-U- is
found in 2–5% of Africans, suggesting malaria may have provided a selective
force for this polymorphism (Mourant, 1968). However, a parasite ligand for
glycophorin B has not been identified.

On the other hand, a parasite receptor has now been identified for the
polymorphic glycophorin C that determines the Gerbich (Ge) blood group
system. Deletion of exon 3 in the glycophorin C gene reaches a high fre-
quency (46.5%) in coastal areas of Papua New Guinea, where malaria is hy-
perendemic. The receptor for P. falciparum erythrocyte-binding antigen 140
(EBA140, also known as BAEBL) is glycophorin C and that this interaction
mediates a principal P. falciparum invasion pathway into human erythrocytes
(Maier et al., 2002). These findings strongly suggest that Ge negativity has
arisen in Melanesian populations through natural selection by severe malaria,
although the published studies have not shown that glycophorin C deficiency
is associated with differences in either P. falciparum or P vivax infection (Patel
et al., 2001). Further case-control studies are awaited with interest.

4.5 Red Blood Cell Cytoskeletal Proteins

Polymorphisms of the genes encoding the red cell cytoskeletal proteins
are far less common than globin variants or G6PDH deficiency (for review
see McMullin, 1999, and Bennett and Baines, 2001).

4.5.1 Southeast Asian Ovalocytosis

In Southeast Asian ovalocytosis (SAO), an autosomal dominant trait
reaches a frequency over 10% in some areas of Papua New Guinea (Amato
and Booth, 1977). The genetic defect lies in band 3, the erythrocyte anion
transporter, where two linked mutations (lys56 – glu and deletion of residues
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400–408) have been identified in all the cases of SAO examined so far (Liu
et al., 1990; Jarolim et al., 1991; Schofield et al., 1992). The cells from affected
individuals show reduced anion transport suggesting the abnormal protein
has little or no transport activity (Schofield et al., 1992).

The distribution of SAO within PNG is restricted to malaria-endemic
regions. Although parasite rates are similar in ovalocytics and nonovalocytics
(Serjeantson et al., 1977), two case-control studies have recently confirmed
that it is highly protective against severe malaria (Genton et al., 1995; Allen
et al., 1999). Somewhat suprisingly, this protection appears to be highly spe-
cific to cerebral malaria (Allen et al., 1999).

The mechanism of protection is unclear. Initially, it was thought that
protection was due to resistance to invasion of such cells by malaria para-
sites (Kidson et al., 1981) and a number of hypotheses have been proposed
to explain the mechanism of a protective effect. These include reduced de-
formability of the red cell membrane (Mohandas and Evans, 1984); depres-
sion of the blood group antigens U, Wr(b), and En(a) implicated in invasion
(Booth et al., 1977); high intracellular sodium concentrations (Honig et al.,
1971); and finally reduced anion transport (Schofield et al., 1992). The rel-
ative importance of these factors has not been determined. Moreover, the
hypothesis that protection in SAO is mediated by induced invasion is some-
what at odds with the observation that parasitaemia is not reduced in this
population.

4.5.2 Other Red Cell Cytoskeletal Proteins

Other forms of elliptocytosis have more restricted distribution. Defects
may involve the α- and less commonly β-chain of spectrin, protein 4.1, or
absence of glycophorin C (and Gerbich blood group antigens) (reviewed
by Palek and Lambert, 1990). The α-spectrin variants α1/65 and α1/46 in
West African populations (named after the pattern of peptides produced af-
ter tryptic digestion) reached polymorphic frequencies in two West African
populations (Morle et al., 1989). In addition, red cells from those with the
α-spectrin variants α1/74 and the α1/65 were resistant to invasion by P. fal-
ciparum merozoites (Facer, 1989, 1995). In these studies the reduction in
invasion correlated with the percentage of spectrin dimers present within
the membrane of variant cells. Invasion and growth of P. falciparum is also
reduced in elliptocytic red blood cells with a combined deficiency of protein
4.1, glycophorin C, and p55 (Chishti et al., 1996). In summary, this evidence
is consistent with the role for protection from malaria by spectrin variants
but falls short of detailed descriptions obtained for other red cell defects.
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4.6 Immune Response Genes

The control of the growth of malaria parasites is stage-specific and var-
ious effector pathways of the innate and acquired immune system control
parasite growth (Fig. 6.3) (for recent review see Plebanski and Hill, 2000, and
Malaguarnera and Musumeci, 2002). Both CD8+ and CD4+ lymphocytes
are able to kill the developing parasites within hepatocytes. The growth of
blood stage parasites may be inhibited by antibodies that reduce the inva-
sion of red blood cells, that activate antibody dependent cytotoxicity, or that
recognise and clear the parasite-determined neoantigens on the surface of
infected red blood cells. The production of high-affinity antibodies requires
help from CD4+ T cells. Crucially, infected red blood cells are cleared from
the circulation by macrophages, whereas the role of NK cells and neutrophils
is less well defined. This range of protective immune responses suggested
that many genes expressed in the cells of the immune system influence the
outcome of severe malaria. The central role of HLA class I and II molecules
in the initiation of specific acquired immune responses made the respective
genes with the MHC locus an obvious starting point to identify protective
alleles influencing the immune response to malaria.

4.6.1 HLA Class I and Class II

In a landmark case-control study the class I allele HLA-Bw53 was associ-
ated with resistance to cerebral malaria and to severe malarial anaemia and
the class II haplotype HLA-DRB1∗1302-DQB1∗0501 with resistance to severe
malarial anaemia (Hill et al., 1991). This study suggested that in Gambia the
protection afforded by these two alleles was comparable to that provided by
sickle cell trait. The study was of widespread interest for two reasons. First,
the data supported the widely held and attractive hypothesis that the aston-
ishing diversity of HLA class I and class II alleles was driven by the selective
forces exerted by infectious diseases. Second, the association suggested a di-
rect route from which to identify epitopes in liver stage malarial antigens that
could be used as candidate antigens for vaccine development.

Some evidence is available that specific peptides on liver stage antigen 1
(LSA-1) may be presented preferentially in HLA B53-positive individuals (Hill
et al., 1992). As a result of these observations, it is now generally considered
important that vaccine preparations that include antigens expressed at liver
stage should include epitopes that are recognised by a wide range of class I
molecules (Hoffman et al., 1997).

The associations of the MHC class I allele HLA-Bw53 and the class II
haplotype HLA-DRB1∗1302-DQB1∗0501 with protection from malaria have
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not been replicated elsewhere in Africa. A possible explanation for these
results must include frequency-dependent selection where the selective ad-
vantage of different alleles varies over time and place. Thus as the association
of the respective class I and II alleles with protection would vary with the fre-
quency of parasite genotype, so would the corresponding class I and/or class
II restricting elements wax and wane. It is also possible that these results
represent, at least in part, a true association to linked alleles within the MHC
locus.

Further analysis of the association of HLA class I alleles with parasite
strains defined by polymorphisms of the putative T-cell epitopes presented by
the respective class I molecules provided evidence for antagonism of T-cell
responses by different parasite strains. In Gambia there was a nonrandom
association of parasite types in those carrying the HLA-B∗35 allele (Gilbert
et al., 1998). The parasite strains defined by a HLA class I-restricted epitope in
the major coat protein of the sporozoites were found more commonly in those
carrying certain HLA class I alleles. Experimental evidence suggests that the
mutually restricted strains can antagonise CD8 T-cell responses (Plebanski
et al., 1999). Although these association have not to date been found elsewhere
they do suggest how future study of immune response genes and parasite
genotypes in the same sample set may yield important insights into the
ecology of parasite infections.

4.6.2 Tumour Necrosis Factor and Other Cytokines

Cytokines have powerful pleiomorphic effects on protective and harmful
immune responses. The genes encoding the cytokines known to be raised in
severe malaria: TNF-α, IL-6, IL-1, and IFN-γ and their respective receptors
have therefore attracted attention as candidate genes for susceptibility traits
for malaria.

Tumour necrosis factor-α was the first cytokine shown to be elevated
in severe disease and polymorphisms of the noncoding region of this gene
have been extensively investigated. Gambian children who are homozygous
for the TNF-308A allele (or TNF2) allele have an increased susceptibility to
cerebral malaria (McGuire et al., 1994). The TNF2 allele has subsequently
been associated with severe disease in Sri Lanka (Wattavidanage et al., 1999)
but not in Thailand (Hananantachai et al., 2001). This allele is also associated
with severe malaria, leishmaniasis, scarring trachoma, and lepromatous lep-
rosy (reviewed by Knight and Kwiatkowski, 1999). Furthermore, a study in
western Kenya has shown that homozygotes for this allele are predisposed to
high-density P. falciparum parasitemia (Aidoo et al., 2001). These data strongly
suggest that the TNF-308A allele may be functionally significant and reporter
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gene assays have demonstrated up to a fivefold differences in transcription
between TNF1 and TNF2 allelic constructs when the TNF 3′UTR is present
(Wilson et al., 1997). Thus, the majority of the data support a direct role for
the TNF2 allele in the elevated TNF levels observed in TNF2 homozygotes
and so in the predisposition to cerebral malaria (reviewed by Abraham and
Kroeger, 1999, and Knight et al., 1999).

A second allele, TNF-376A, has been associated with susceptibility to
cerebral malaria in both East and West Africans. This association is inde-
pendent of the association of TNF-308A and linked HLA alleles with severe
malaria. The polymorphism causes the helix-turn-helix transcription factor
OCT-1 to bind to the promoter and so alters gene expression in human mono-
cytes. The OCT-1-binding genotype, found in approximately 5% of Africans,
is associated with fourfold increased susceptibility to cerebral malaria (Knight
et al., 1999).

Finally, a third polymorphism, the TNF-238A allele, has been associated
with severe malarial anaemia in Gambia, but not in Kenya (McGuire et al.,
1999). It has been suggested that this allele may facilitate chronic low-level
transcription of TNF-α and thus predispose to malarial anaemia through in-
hibition of erythropoiesis and/or increased erythropoiesis. If this is true it
remains puzzling why some, but not all, polymorphisms at this locus, appar-
ently enhancing TNF-α production are associated with cerebral malaria but
not with malarial anaemia. A more detailed understanding of the pathogen-
esis of severe malarial anaemia may illuminate these relationships.

Interferon-γ (IFN-γ ) plays an important role in the immune response
to malaria. Koch and Kwaitowski and colleagues examined the relationship
between polymorphisms in the promoter region of the gene encoding IFN-γ
receptor 1 (IFNGR1) and susceptibility to malaria in African children. They
identified four polymorphisms and six haplotypes after sequencing the re-
gion between −1400 and +100 nt of the translational start site and analysis
of nuclear families. In a large case-control study of 562 Gambian children
with severe malaria they showed that in Mandinka, the major Gambian eth-
nic group, heterozygotes for the IFNGR1-56 polymorphism were protected
against cerebral malaria (odds ratio 0.54) and against death resulting from
cerebral malaria (odds ratio 0.22) (Koch et al., 2002).

Few other association studies of cytokines have been published, although
the influence of IL-10 and IL-12 polymorphisms are of critical importance
in the control of the immune response. Intriguingly, recent studies do show
associations of IL-12 promoter and 3′UTR polymorphisms with malaria in
Tanzania but not in Kenya (Morahan et al., 2002) and further genetic studies
of functional polymorphisms of these genes are awaited with interest.
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4.6.3 Nitric Oxide Synthase

The role of nitric oxide in malaria is controversial and this messenger has
been proposed both as a mediator of coma in children with malaria and as a
mediator of parasite destruction. In these circumstances, the genetic epidemi-
ology and appropriate functional studies may help resolve this debate and so
further understanding of the role of these effector molecules in malaria.

Several studies have examined the association of the NOS2-G954C poly-
morphism in promoter region of the inducible nitric oxide synthase gene
(iNOS) with malaria. Heterozygotes for this iNOS point mutation were
strongly protected from severe malaria in Gabon (Kun et al., 2001).

A second NOS2 promoter polymorphism, a CCTTT microsatellite repeat,
was associated with fatal cerebral malaria in Gambia (Burgner et al., 1998).
Genotypes with longer forms of the CCTTT repeat (alleles of ≥15 repeats)
were significantly associated with severe malaria (odds ratio 2.1) in Thailand
(Ohashi et al., 2002).

However, a study from Tanzania suggested that these associations might
not define casual relationships among the respective polymorphism, NO
production, and the outcome of infection. Here, there was no significant
correlation of either the NOS2-G954C or the CCTTT repeat with disease
severity or with measures of NO production and NOS2 expression (Levesque
et al., 1999).

Finally, a new NOS2 promoter polymorphism NOS2-C1173T associated
with increased nitric oxide production and strongly associated with protection
from severe malarial anaemia (RR 0.25) (Hobbs et al., 2002). This polymor-
phism may be functional, as this association was independent of the previ-
ously recognised NOS2-G954C polymorphism. Furthermore, the (CCTTT)
repeat polymorphism was not associated with severe malaria in this study.

Taken together these studies encapsulate the promise and the problems
of using genetic epidemiology to understand the immune response to
malaria. Different genetic studies in different areas have given widely
contrasting results. The most simple explanation for these apparently incon-
sistent results (other than the trivial explanation that some of the positive
associations were due to chance) is that the associations between a genetic
polymorphism and direct or indirect measurements of gene expression
do not represent causal relationships. Thus, the respective polymorphisms
may be linked to other, as-yet-unidentified or partly characterised functional
polymorphisms. Further genetic studies analysing the extended haplotypes
at this locus with the outcome of malaria infection and a molecular analysis of
relations between polymorphisms and gene expression are clearly required
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for further progress. These considerations illustrate how difficult it is to in-
terpret the results of single studies of association of genetic polymorphisms
with susceptibility or resistance to malaria with additional functional or
genetic data

4.6.4 Other Immune Response Genes

In the Plasmodium berghei anka model of murine malaria, CD40–CD40L
interaction leads to the breakdown of the blood–brain barrier, macrophage se-
questration, and platelet consumption (Piguet et al., 2001). In a case-control
study of severe malaria, males hemizygous for the CD40L-726C polymor-
phism have a reduced risk of severe malaria (Sabeti et al., 2002) and are
consistent for the role of CD40–CD40L interaction in human disease.

There is additional evidence for recent selection at the CD40L locus by
analysing the long-range haplotypes. The age of each core haplotype can be
measured by the decay of its association to alleles at various distances from the
locus, as measured by extended haplotype homozygosity (EHH). Haplotypes
with high levels of surrounding homozygosity (and so a high EHH) and a
high population frequency suggest the recent selection of a mutation. This
approach was validated for G6PDH locus and the same techniques also show
significant evidence of selection at the locus for CD40 ligand (Sabeti et al.,
2002). This method may represent a useful, and much needed, method of
scanning the entire genome for evidence of recent positive selection.

The role of the Fc-γ receptors has not been defined in malaria infection
although it seems likely that they are crucial for several effector mechanisms.
The inhibition of P. falciparum blood-stage parasite growth by antibody-
dependent cellular inhibition in vitro is mediated by IgG1 and IgG3, but
not IgG2, malaria-specific antibodies and monocytes via the Fc-γ receptor
II (Fc-γ RII). It has been suggested that the Fc-γ RIIa-Arg/Arg131 genotype,
which does not bind to IgG2, may confer protection from malaria. A sin-
gle study from Kenya has shown that the Fc-γ RIIa-Arg/Arg131 genotype is
associated with a lower risk for high-density falciparum infection (Shi et al.,
2001). Further evaluation of the role of this polymorphism at this locus would
be interesting.

4.7 Host Receptors for Infected Erythrocytes on Endothelium
and Uninfected Erythrocytes

Sequestration of infected erythrocytes has been implicated in the patho-
genesis of severe malaria in a series of histopathological studies. The
host receptors for the clonally variant antigen or Pf-EMP-1 (P. falciparum
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membrane protein-1) encoded by the var gene expressed at the surface of the
infected erythrocyte have been well characterised and include ICAM-1, CD36,
and CD31. Furthermore, some falciparum strains demonstrate rosetting of
uninfected erythrocytes by infected erythrocytes, and this interaction involves
the variant antigen and complement receptor 1 (CR1) or CD35 on the surface
of infected erythrocytes (Fig. 6.1 and for review see Ho et al., 1999, and Craig
et al., 2001). Association studies using large case-control studies have exam-
ined the association of polymorphisms of all those genes with severe malaria.

A high-frequency conservative amino-acid substitution in the first do-
main of ICAM-1 (ICAM-1Kilifi) has been associated with severe malaria in
Kilifi, Kenya (Fernandez-Reyes et al., 1997) but not in Gambia (Bellamy et al.,
1998). In Gabon this mutation was associated with protection from malaria
(Kun et al., 1999). A soluble construct of ICAM-1Kilifi has a number of differ-
ent binding affinities from the wild-type protein; ICAM-1Kilifi has reduced
avidity for LFA-1, does not bind fibrinogen, and has reduced binding to ICAM-
1-binding parasite strains (Craig et al., 2000). The clinical significance of these
functional differences is unclear and once again we would expect additional
genetic and functional studies might elucidate the association.

Most parasite strains adhere to CD36 and one may have expected selective
forces to select for mutations or deletions of the CD36 gene. Two studies of the
relationship between a common stop codon in CD36 and severe malaria have
been published. The first study showed a significant association between the
CD36 stop codon and susceptibility to malaria (Aitman et al., 2000). A second
study of 700 patients and controls showed an association of the mutation with
protection from severe malarial anaemia, hypoglycaemia, and respiratory
distress, but no protection from cerebral malaria (Pain et al., 2001). These
two studies are not necessarily contradictory. An association of this mutation
with susceptibility or no protection from cerebral malaria may reflect the
complex role of interactions involving CD36 in malaria. CD36 is expressed on
endothelium and platelets and thus high levels of CD36 expression would be
expected to increase sequestration and clumping of infected erythrocytes with
platelets. On the other hand, adhesion of infected erythrocytes to CD36 may
down-regulate inflammatory and immune responses (Fig. 6.3) (see Urban
et al., 2001, and review by Urban and Roberts, 2002). These two important
roles for CD36 in malaria, one augmenting and one ameliorating disease
pathology, suggest it is quite conceivable that polymorphisms at this locus
have different effects in the different syndromes of severe disease. Such
speculation can be answered only with further studies.

Two studies have failed to show an association of a functional polymor-
phism in CD31 codon 125 leu-val with severe disease (Casals-Pascual et al.,
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2001). However, a study from Thailand shows an association of this poly-
morphic allele with susceptibility to severe malaria (Kikuchi et al., 2001).
Additional studies of the extended haplotype at this locus would clearly be
informative.

Rosetting of uninfected erythrocytes by infected erythrocytes is mediated
at least in part by complement receptor 1 (CD35) (Rowe et al., 1997). The locus
encoding this protein is highly polymorphic in African populations and the
variation in the expression level and number of repeated domains and a series
of single amino acid polymorphisms coexist. An earlier study failed to show
an association of a polymorphism known to influence expression level of
CR1 in Caucasians with malaria in Gambian children (Bellamy et al., 1998).
However, this polymorphism is not linked to changes in expression level of
this protein in an African population (Rowe et al., 2002). The relationships
between the CR1 allotypes and genotypes in the African population have
recently been established (Moulds et al., 2001) but further studies of the
role of this CR1 phenotype with disease must await a full description of the
relationship between the expression level phenotype and genotype or a ‘back
to basics’ study of red cell phenotype and disease.

Surveying these studies it is somewhat surprising that no well-defined,
consistent associations have been established for polymorphisms of the host
receptors for infected erythrocytes. Although we can only reemphasise the
need for further studies, it is possible here those functional polymorphisms
of these receptors have opposing or differential effects in the various syn-
dromes of severe malaria. Case mix and transmission (and its geographical
location) may be capable of unexplained confounding factors when compar-
ing different studies.

5. NEGATIVE ASSOCIATION STUDIES

We must conclude this section with a mention of those studies where no
significant association between functional gene polymorphisms and malaria
have been established. These include the mannose binding protein and in-
terleukin 1 receptor antagonist (IL-IRA) (Bellamy et al., 1998a, 1998b). What
can we conclude here? Strictly speaking absence of an association does not
prove there is no effect, but simply defines confidence intervals for the rela-
tive risk or odds ratio of the association. Furthermore, false-negative studies
may be obtained by chance or by different relationships between phenotype
and genotype in different populations.

Given these provisos, such negative studies, like the ‘dog that didn’t bark
in the night’ in the Sherlock Holmes short story may be useful evidence
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when trying to understand the role of particular host parasite interactions
in severe malaria. They may also lead further lines of enquiry to understand
the selective forces driving high-frequency expression of mutant alleles in
apparently strategic immune response genes. Finally, if negative association
studies do not enter the public domain there is a consistent publication bias
to positive association studies. It is obviously important that negative studies
are published.

6. CONCLUSION

The search for genetic traits that protect from malaria began to prove
Haldane and Beet’s hypothesis that the major haemoglobinopathies with a
global distribution arose from the selective forces imposed by the malaria
parasite. More recently, genetic association studies have extended these gen-
eral findings and are consistent with the notion that the diversity at the HLA
class I and class II loci arise through natural selection for survival against
infectious pathogens, including malaria. These association studies have now
been extended to examine numerous other immune responses and other
host molecules that may be involved in the pathogenesis of severe malaria.
As the catalogue of these traits has extended the focus has shifted to try to
understand in some detail how these traits confer protection. With a few ex-
ceptions, notably the identification of the Duffy binding proteins of P. vivax
and other malarias, this search has proved both difficult and been poorly
rewarded. It may be worth considering exactly why this should be so.

The biology of the malaria parasite provides the answers. The blood stage
life cycle involves multiple rounds of growth, before symptoms appear. It is
also clear that the parasite uses alternative parallel pathways for invasion of
new red cells and adhesion of infected red blood cells to host endothelium.
The difficulty faced by experimental biologists is therefore twofold. First, rel-
atively small changes in any one parameter may have a significant effect over
multiple growth cycles. In the laboratory it is difficult to measure differences
in growth or adhesion of the order of 10%. However, such differences may
provide significant biological effects over several rounds of growth. Second,
the use of multiple receptors for a single function may mask significant
host–parasite interactions in an experiment designed only to look at a single
pathway. Examining the effect of host polymorphisms coding for immune
response genes faces additional difficulties. Frequently, multiple cell types
may express a cytokine or surface molecule and the multiplicity of functions
may make the prediction of the outcome of infection difficult from single
assays.
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We must ask ourselves whether we actually understand more about the
pathogenesis of malaria through malaria resistance traits? It is tempting to
answer that malaria has taught us more about genetics than genetics has
about malaria. The hurdles for a more useful application of genetic epidemi-
ology to understanding pathogenesis have been discussed and include the
uncertainty of the significance of protective genetic traits identified in single
studies. There is also considerable ignorance regarding the cellular mecha-
nisms of pathology.

In the future, it seems the most constructive approach would be, on one
hand, a more sophisticated approach to the study of the genetic epidemiology,
including the use of halpotype analysis and comparison of polymorphisms
in multiple case-control studies and, on the other hand, close integration of
genetic epidemiology and laboratory and clinical studies. With these ideals
we may well achieve a truly useful application of genetics to malaria.
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Human immunogenetic studies beginning in 1996 have produced clear evi-
dence that initial acquisition of HIV-1 infection can be effectively blocked by
homozygosity for a 32-bp deletion (�32) in the open reading frame of the beta
(C-C motif) chemokine receptor 5 (CCR5) and further inhibited by the �32
heterozygous genotype or by �32 in combination with another mutation that
also introduces a premature stop codon in CCR5. Conversely, homozygosity
for the CCR2-CCR5 HHE haplotype defined by several single-nucleotide poly-
morphisms (SNPs) appears to enhance HIV-1 acquisition. The two closely
related CCR2-CCR5 haplotypes HHE and HHG∗2 (=CCR5-�32) and prob-
ably others [e.g., HHF∗2 (=CCR2-64I)] are also associated with varying rates
of HIV-1 disease progression against certain ethnic backgrounds. Additional
but less consistent associations with both HIV-1 infection and disease pro-
gression have been documented for SDF-1, RANTES (SCYA5), CX3CR1,
and MIP-1α polymorphisms within the chemokine receptor and ligand sys-
tem. Both chance association and population heterogeneity probably account
for some of the inconsistencies. More recent recognition of CCR2-CCR5
haplotype-mediated effects on HIV-1 RNA concentration implies that CCR
polymorphisms are important early determinants of the virus–host equilib-
rium. Evolving usage of chemokine receptors by HIV-1 may cloud the inter-
pretation of newly acquired data and impede translation of this research into
improvements in clinical care. The functional complexity of the chemokine
system and its interactions with other host and viral factors calls for a com-
prehensive analytic approach to the elucidation of immunogenetic influences
on HIV/AIDS and vigilance for effects of viral adaptation.
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Abbreviations: BLR1, Burkitt lymphoma receptor-1
BRAK, chemokine from breast and kidney cells DARC, Duffy antigen receptor of chemokines
ELC, EBI1-ligand chemokine ENA, epithelial cell-derived neutrophil attractant
GCP-2, granulocyte chemotactic protein 2 GRO, growth-related oncogen
HCC, hemofiltrate CC chemokine IL-8, interleukin 8
ILC (CTACK), IL11RA-locus chemokine IP, interferon γ-inducible protein (cytokine) 
LARC, liver and activation-regulated chemokine MCP, monocyte chemotactic protein
MDC, monocyte-derived chemokine Mig, monokine induced by interferon
MIP, macrophage inflammatory protein NAP, neutrophil-activation protein
PARC, pulmonary and activation-regulated chemokine RANTES, regulated on activation, normal T-cell 
SDF-1, stromal cell-derived factor 1   expressed and secreted
SLC, secondary lymphoid tissue chemokine TECK, thymus-expressed chemokine
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1. CLASSIFICATION, EVOLUTION, AND FUNCTION OF
CHEMOKINE RECEPTORS AND THEIR LIGANDS

G-protein-coupled, seven-transmembrane-domain chemokine receptors
(GPCRs) and their small polypeptide ligands (chemokines) are key regulators
of leukocyte trafficking and T-cell differentiation during inflammatory and
immune responses (Baggiolini, 1998; Luther and Cyster, 2001; Thelen, 2001).
Two major and two minor classes of chemokines can be defined according
to the C-X-C (α), C-C (β), C (γ ), and C-X3-C (δ) motifs of their conserved
cysteine residues near the N-terminus (Fig. 7.1). The 50 or so structurally and
functionally related chemokine ligands (CLs) pair with about 20 chemokine
receptors (CRs) either on a strict one-to-one basis or with varying degrees of
promiscuity (Fig. 7.1).

Most of the human C-X-C and C-C chemokine genes and several pseu-
dogenes are tandemly arranged at chromosomes 4q12-q21 and 17q11, most
likely as a result of multiple gene duplication (Rollins et al., 1991; Naruse
et al., 1996; Modi and Chen, 1998; Maho et al., 1999b; Nomiyama et al.,
1999; Erdel et al., 2001; Nomiyama et al., 2001) and gene fusion (Tasaki
et al., 1999). Likewise, chromosomes 2q34-q35 and 3p21 harbor many of
the receptor genes (Ahuja et al., 1992; Combadiere et al., 1995; Raport et al.,
1996; Samson et al., 1996; Daugherty and Springer, 1997; Maho et al., 1999a).
As the search for novel and orphan chemokine receptor and ligand genes
on other chromosomes continues, more members are being identified and
mapped (Yoshie et al., 1997; Choe et al., 1998; Fan et al., 1998; Loetscher
et al., 1998a; Nomiyama et al., 1998; Guo et al., 1999; Unutmaz et al., 2000;
Nelson et al., 2001). Silent (decoy) receptors such as the Duffy antigen and
receptor for chemokines (DARC) add to the multiplicity of interactive path-
ways underlying the receptor–ligand function (Mantovani et al., 2001). More-
over, chemokine- and chemokine receptor-like genes encoded in human

Figure 7.1. Classification of human chemokine receptors (CRs) and their corresponding

chemokine ligands (CLs) based on the structure of conserved cysteine (encircled C)

motifs. Chemokines CXCL (SCYB) 15, CCL (SCYA) 6, 10, and 12 have been described in

the mouse. Population studies have revealed genetic variations at several loci (underlined)

often under their common names (in parentheses) instead of systematic names (Zlotnik

and Yoshie, 2000). Complex formation between a number of ligands and alternative

receptors (indicated by arrows on dotted lines), including CXCR3, CCR2, CCR5, and the

decoy receptor DARC, is associated with antagonist effects characterized by the lack of

signal transduction (Fig. 8.2). CCR9 (D6) with promiscuous ligand binding in humans is

probably another decoy receptor (Nibbs et al., 1997), as is clearly shown in mice

(Mantovani et al., 2001).
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poxviruses and herpesviruses can further serve as agonists and antagonists
(Gompels et al., 1995; Arvanitakis et al., 1997; Endres et al., 1999; Shan et al.,
2000; Zhou et al., 2000). The International Union of Pharmacology is leading
the effort to catalogue chemokine receptor and ligand genes (Murphy et al.,
2000), but the simultaneous use of systematic and common names prevails
in current literature (Fig. 7.1).

Phylogenetic analyses indicate that C-X-C (small inducible cytokine B
family or SCYB) and C-C chemokine (SCYA) groups and their respective re-
ceptors diverged from each other before the emergence of placental mammals
(Hughes and Yeager, 1999). The receptors for the MIP (macrophage inflam-
matory protein) and MCP (monocyte chemotactic protein) C-C chemokine
subfamilies, on the other hand, can be either clustered together or scattered
on different branches, suggesting limited receptor and ligand coevolution
within the C-C subfamilies (Hughes and Yeager, 1999). The extracellular
domains EC3 and EC4 in the C-C chemokine receptors (CCR) may have con-
verged independently to produce the promiscuous receptor–ligand pairing
of MCP with both CCR2 and CCR3 (Alkhatib et al., 1997).

The expression of CRs and CLs is often characterised by cell-specific reg-
ulation, alternative splicing, and posttranslational modification (Mummidi
et al., 1997; Youn et al., 1998; Baird et al., 1999; Khoja et al., 2000; Mum-
midi et al., 2000; Nelson et al., 2001). For example, CCR5 and CCR3 are
mainly expressed in Th1 and Th2 cell lineages, respectively (Sallusto et al.,
1997; Bonecchi et al., 1998a, 1998b; Loetscher et al., 1998b; Sallusto et al.,
1998), whereas CXCR4 is produced by Th2 as well as Th1 cells (Romagnani
et al., 2000). As in the regulation of Th1 and Th2 cytokines, histone acety-
lation and chromatin remodeling often precede the activation of chemokine
receptors and their ligand genes (Finzer et al., 2000; Scotet et al., 2001). In
addition, many cytokines are involved in the regulation of CRs and CLs. A
short list would include interleukin-2 (IL-2) (Wang et al., 1999), IL-4 (Bonec-
chi et al., 1998b; Zoeteweij et al., 1998), IL-10 (Houle et al., 1999; Mantovani
et al., 2001), interferons (Bonecchi et al., 1998b; Penton-Rol et al., 1998; Zella
et al., 1998; Zoeteweij et al., 1998; Lee et al., 1999), and TNFα (Hornung et
al., 2000). However, these actions also depend heavily on cell populations and
cell lineages involved, probably implying the agonist and antagonist cytokine
effects frequently associated with the Th1 and Th2 paradigm.

Posttranslational modification of chemokines is mediated by the cell sur-
face dipeptidyl peptidase (DPP) IV (=CD26) and its homologues like DPP8
and FAP. These enzymes hydrolyse N-terminal Ala-Pro, Arg-Pro, and Gly-
Pro residues commonly seen in mature chemokines (Abbott et al., 2000).
Compared with the full-length LD78β (MIP-1α or CCL3-L1) and RANTES
(regulated on activation, normal T-cell expressed and secreted), LD78β
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Receptor + Ligand

Antagonist effect

No
Signal transduction Internalization

Recycling
Adhesion
Migration

Degradation

 Gene expression
(e.g., Th1 and Th2 polarization)

1

3 Signal transduction

Dimerization

2

Figure 7.2. Major interactive pathways involving chemokine receptors and their ligands.

Dimerisation of receptor–ligand complex has been described for CCR2, CCR5, and

CXCR4. Signal transduction leading to the agonist (paths 1 and 2) effects is likely

mediated by G proteins as well as Janus kinases (JAK) (Mellado et al., 2001a, 2001b). The

antagonist (path 3) effect is driven by the pairing of several functional and decoy receptors

with their respective ligands (Fig. 7.1). (See color plate.)

without the NH2-terminal Ala-Pro dipeptide has a 10-fold higher efficiency
in binding chemokine receptors CCR5 and CCR1 (Struyf et al., 2001). In con-
trast, DPP IV-mediated removal of the NH2-terminal dipeptide from RANTES
reduces its chemotactic potency for monocytes and eosinophils (Struyf et al.,
1998; Proost et al., 2000). Introduction of NH2-terminal pyroglutamic acid
(pGlu) protects against degradation by DPP IV, as shown for pGlu-modified
MCP-2, which retains its chemotactic activity (Van Coillie et al., 1998).

Depending on the gradient of ligand concentration, receptor–ligand com-
plex formation may lead to hetero- and homodimerisation (Rodriguez-Frade
et al., 1999, 2001; Mellado et al., 2001a, 2001b) and internal signal transduc-
tion mediated by both G proteins and Janus kinases (Fig. 7.2). The major
outcomes include (1) cell adhesion, (2) cell migration into sites of inflam-
mation, (3) internalisation of receptors for recycling and/or degradation, and
(4) gene expression in downstream pathways often accompanied by polari-
sation of helper T-lymphotypes (Th) into the Th1 and Th2 lineages. These
outcomes are effectively blocked when antagonist ligands (Blanpain et al.,
1999; Loetscher and Clark-Lewis, 2001; Ogilvie et al., 2001) or decoy recep-
tors (Mantovani et al., 2001) are involved in the complex formation (Fig. 7.2).
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2. CHEMOKINE SYSTEM AND HIV-1 INFECTION

Recognition of chemokine receptors CCR5 and CXCR4 as the major
HIV-1 coreceptors on CD4+ cells (Alkhatib et al., 1996; Feng et al., 1996) has
propelled intense research on the interactions between viral products and host
molecules in the chemokine system (Deng et al., 1996; Doranz et al., 1996; Liu
et al., 1996; Graziosi and Pantaleo, 1997; Scalatti et al., 1997; Zaitseva et al.,
1997; Ward et al., 1998). For initiation of infection, the formation of an
HIV-1 gp120 and receptor (CD4) coreceptor complex induces conformational
changes in gp41, triggering membrane fusion and viral entry into host cells
(Wu et al., 1996; Farber and Berger, 2002). Chemokine receptor usage de-
fines three major viral phenotypes, with R5, X4, and dual tropic R5X4 HIV-1
using CCR5, CXCR4, and both CCR5 and CXCR4, respectively (Berger et al.,
1998). Despite the availability of multiple coreceptors and especially CXCR4,
the dominant viruses derived from primary HIV-1 infection display the R5
phenotype. Active transfer of R5 and not X4 viruses by epithelial cells in the
upper gastrointestinal tract correlates with the preferential transmission of
R5 HIV-1 via the intestinal mucosa (Meng et al., 2002). Fusion-independent
HIV-1 receptors, including dendritic cell-specific ICAM-3-grabbing nonin-
tegrin 1 (DC-SIGN1) and DCSIGN2, may further contribute to the heavy
use of CCR5 when these molecules present and promote HIV-1 infection
(Geijtenbeek et al., 2000; Pohlmann et al., 2001).

The exact roles of chemokine receptors and their ligands in HIV-1 infec-
tion are complicated. High levels of intracellular MIP-1β, a ligand for CCR5,
have been linked to low CD4+ cell counts and high viral RNA concentration
(viral load) during HIV-1 infection (Tartakovsky et al., 1999), whereas high
levels of secreted chemokines may delay clinical AIDS (Garzino-Demo et al.,
1999). Patients with rapidly progressive infection typically carry viruses with
expanded usage of coreceptors like CCR5, CCR3, CCR2b, and CXCR4 (Con-
nor et al., 1997). Overall, differential distribution of HIV-1 coreceptors on
macrophages, activated T cells, and memory T cells correlates with the de-
pletion of specific cell populations mostly in the intestine (Veazey et al.,
1998, 2001) and lymphoid tissues (Glushakova et al., 1997, 1998; Grivel and
Margolis, 1999; Penn et al., 1999), but not in the lymph nodes or the periph-
eral blood as originally thought. Studies based on SIV models in macaques
have also revealed the gastrointestinal tract as a major site of CD4+ T-cell de-
pletion and viral replication (Veazey et al., 1998), although SIV clearly differs
from HIV in coreceptor usage (Chen et al., 1997; Edinger et al., 1997).

It is possible to saturate HIV-1 coreceptors with their natural ligands,
thereby blocking HIV-1 transmission. The CXCR4 ligand SDF-1 can prevent
CD4+ T cells from being infected by T-cell-line-adapted HIV-1 (Oberlin et al.,
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1996), whereas the CCR5 ligands RANTES, MIP-1α (macrophase inflamma-
tory protein 1-α), and MIP-1β can often block infection with the R5 viruses
(Margolis et al., 1998) and delay disease progression (Cocchi et al., 1995;
Grivel and Margolis, 1999). Several groups have proposed effective manipu-
lations for interfering with the normal function of HIV-1 coreceptors (Schols
et al., 1997; Bai et al., 1998; Goila and Banerjea, 1998; Gonzalez et al., 1998;
Howard et al., 1998a; Howard et al., 1998b; Bai et al., 2000; Basu et al., 2000;
De Clercq, 2000; Steinberger et al., 2000) as a new line of defense against HIV-
1 infection in a genotype/subtype-independent manner (Trkola et al., 1998).
Although any of these strategies may work well in vitro, several obstacles may
limit their in vivo applications. First and foremost, circulating HIV-1 quasis-
pecies clearly change coreceptor usage. Eliminating a single coreceptor may
simply force the virus to seek others. Indeed, in patients with reduced CCR5
expression, viruses seem capable of converting to usage of other coreceptors
and the more pathogenic syncytium-inducing (SI) phenotype (D’Aquila et al.,
1998). Second, no reliable model predicts how viruses respond to changes in
coreceptor availability and competition from ligand or antagonist molecules.
For the latter, natural or antagonist ligands bound to coreceptors can either
fail to block all sites showing affinity for HIV-1 (Atchison et al., 1996; Rucker
et al., 1996; Doranz et al., 1997; Efremov et al., 1998; Hill et al., 1998) or actu-
ally enhance HIV-1 infection, as is already seen with RANTES (Chang et al.,
2002). As an example, initial success in using a small molecule CCR5 antag-
onist known as SCH-C (SCH 351125 by Schering-Plough Research Institute)
to block HIV-1 entry is now threatened by a major setback with the emergence
of escape viruses (Strizki et al., 2001; Trkola et al., 2002). Third, prolonged
intervention may disturb the natural chemokine networks and compromise
the ability of the host to control other pathogens and autoimmune responses.
It is probably more realistic to block regions of HIV-1 gp120 responsible for
coreceptor binding (Rizzuto et al., 1998; Salzwedel et al., 2000). The new
category of anti-HIV-1 drugs represented by T-20 has already shown the vul-
nerability of HIV-1 gp41 and gp120 as readily accessible intervention targets
(Kilby et al., 1998; Derdeyn et al., 2000).

3. CHEMOKINE RECEPTOR AND LIGAND POLYMORPHISMS:
REGIONAL AND GLOBAL DISTRIBUTION AND DELINEATION
OF GENOTYPE–PHENOTYPE RELATIONSHIPS

Genotypic variations at the chemokine receptor DARC (Duffy antigen
and receptor for chemokines) locus clearly illustrate how promoter and coding
sequence variations determine phenotypes; how codominant alleles interact
to produce a phenotype; how linkage disequilibrium (LD) defines haplotypes;
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Figure 7.3. Delineation of CCR2-CCR5 haplotypes on chromosome 3. Eight

single-nucleotide polymorphisms (SNPs) and a 32-bp deletion (�32) define nine major

human haplotypes/haplogroups (HH) designated as HHA through HHG∗2 (top).

Sequences identical to these shown in HHA are indicated by dots. The five-digit numbers

(left) are based on GenBank sequence U95626, whereas three- or four-digit numbers

(right) refer to positions relative to the ATG translation start site in the transcribed CCR2

and CCR5 sequences. The CCR2 190G > A SNP has been commonly known as 64V/I,

corresponding to the predicted amino acid substitution. (See color plate.)

and, more importantly, how strong selection by an infectious disease can
enrich favorable alleles in certain populations. Research on DARC variants
has been largely driven by its importance in both malaria and transfusion
medicine (Daniel et al., 1998; Pogo and Chaudhuri, 2000).

The wide range of chemokine receptor and ligand production among
individuals reflects substantial genetic determination (Paxton et al., 1996,
1998, 2001). At the CCR2 and CCR5 loci on chromosome 3, combinations
of common single nucleotide polymorphisms (SNPs) and a 32-basepair dele-
tion (�32) form nine stable haplotypes (designated HHA through HHG∗2)
(Gonzalez et al., 1999) as a result of tight linkage disequilibrium (LD) (Fig.
7.3). Of these haplotypes, HHG∗2, defining the exclusively linked CCR5-
�32 mutation, is of most recent origin (Mummidi et al., 1998, 2000), having
been introduced into the Caucasian populations about 700–2000 years ago
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(Stephens et al., 1998). Other estimates also indicate that the CCR5-�32 mu-
tation originated from a single event in northern Europeans and expanded
quickly from north to south in less than 1000 years (Libert et al., 1998; Maayan
et al., 2000). The spread of �32 among Caucasians and certain Jewish popu-
lations cannot be solely explained by random genetic drift or migration and
therefore may have resulted from strong selection (Libert et al., 1998; Maayan
et al., 2000; Klitz et al., 2001). The distributions of other CCR2-CCR5 haplo-
types also differ by race and by geography (Gonzalez et al., 1999, 2001; Tang
et al., 2002a). In particular, haplotype HHD is almost exclusively restricted to
persons of African ancestry (Martin et al., 1998; Kostrikis et al., 1999; Tang
et al., 1999b; Martinson et al., 2000; Mummidi et al., 2000), whereas the
CCR5-�32-carrying HHG∗2 haplotype is rather rare outside of Caucasian
populations (Dean et al., 1996; Huang et al., 1996; Martinson et al., 1997;
Gonzalez et al., 1999, 2001; Tang et al., 2002a).

CCR5-�32 introduces a null allelic product that is not expressed on cell
surface and can further interfere with the function of the wild-type molecule
through the formation of defective heterodimers (Benkirane et al., 1997). As
a result, homozygosity with CCR5-�32 renders cells free of surface CCR5
(Liu et al., 1996), whereas CCR5-�32 heterozygosity may reduce CCR5 ex-
pression (Paxton et al., 1999). A common nonsynonymous SNP at the CCR2
locus leads to an amino acid substitution of 64Val to Ile (64V/I). The CCR2-
64I, equivalent to CCR2-CCR5 haplotype HHF∗2, is frequent in all major
human populations (Smith et al., 1997; Tang et al., 1999b; Martinson et al.,
2000; Gonzalez et al., 2001; Tang et al., 2002a). CCR2 carrying either 64V
or 64I may cause heterologous desensitisation of CCR5 and CXCR4 (Lee
et al., 1998), whereas only CCR-64I appears to facilitate heterodimer forma-
tion between CCR2 and CCR5 (Mellado et al., 1999). The noncoding sequence
variants in the CCR5 promoter/regulatory region are located beyond known
consensus motifs responsible for promoter activities (Guignard et al., 1998;
Liu et al., 1998), but a few of them have been associated with different pro-
moter activity (McDermott et al., 1998) and binding to nuclear transcription
factors (Bream et al., 1999; Mummidi et al., 2000). Therefore, promoter se-
quence polymorphisms may in part explain the existence of multiple CCR5
transcripts (Mummidi et al., 1997, 2000). Several less frequent variants in
CCR5 open reading frame (Ansari-Lari et al., 1997; Carrington et al., 1997)
have been shown or predicted to modify or abolish CCR5 expression and
function (Quillent et al., 1998; Howard et al., 1999; Blanpain et al., 2000).
The two known as del893C (Ansari-Lari et al., 1997) and m303 (303T to A
switch) (Quillent et al., 1998) also lead to truncated products, and the former
is relatively common (allele frequency = 0.04) in Asians.
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Common polymorphisms at other loci encoding chemokine receptor and
ligand molecules are being defined and characterised in parallel. A study of
Japanese and European Caucasians revealed three SNPs (T51C, G824A, and
T971C) in CCR3 (Fukunaga et al., 2001). The nonsynonymous CCR3 T51C
and G824A SNPs, along with T240C and T1052C, were detected in samples
derived from the United States (Zimmermann et al., 1998). Two tightly linked
CX3CR1 variants encoding 249Ile and 280Met appear to affect fractalkine
binding (Faure et al., 2000), whereas systematic screening of genetic variation
in the entire coding regions of CXCR1 (IL8RA), CXCR2 (IL8RB), and CXCR3
confirmed two previously reported polymorphisms in CXCR1 (827G > C) and
in CXCR2 (786C > T) and revealed seven additional SNPs (Kato et al., 2000).
Two common SNPs in CXCR1 and three in CXCR2 define three CXCR1 and
four CXCR2 alleles.

At the various chemokine ligand loci, two SNPs (−28C/G and −403G/A)
in the SCYA5 (RANTES) promoter (Liu et al., 1999b; McDermott et al., 2000a)
form three haplotypes, GC, AC, and AG, counting from the −403 site. The
most ancestral AC haplotype has a much lower prevalence in Caucasians
than in Africans and Asians (Liu et al., 1999a; Gonzalez et al., 2001). The
−28G allele, on the AG haplotype and relatively common in Asians, has been
associated with elevated SCYA5 transcription. SCYA3 (MIP-1α) genotypes
involving two SNPs (+113C/T and +459C/T) also show ethnic specificity,
with the 113C-459T haplotype being mostly confined to Africans (Gonzalez
et al., 2001). Four other SNPs within MIP-1α have been detected in Japanese:
one in exon 2, one in intron 2, and two in exon 3 (Xin et al., 2001). A G-to-A
nucleotide change at position 801 relative to the ATG translation start site
of SDF1 (SDF-1, CXCL4) defines the 3′ UTR variant commonly referred to
as SDF-1–3′A (Winkler et al., 1998), which is more common in Caucasians
than in Africans and has an increasing frequency from northeast to southeast
Asia (Su et al., 1999). The coding and promoter sequences of eotaxin-1 gene
(SCYA11) are also polymorphic: a G-to-A SNP at position 67 results in a
nonconservative amino acid change of Ala at position 23 to Thr (Ala23Thr)
within the signal peptide; two additional SNPs (−426C > T and −384A > G)
are found in the 5′-flanking regions (Miyamasu et al., 2001).

The functional significance of many of these genetic variations identified
in population studies remains to be established. Systematic pursuit of their
role in the pathogenesis of HIV infection and other conditions will require
especially meticulous attention to detail because, except for CCR2 and CCR5
variants (Carrington et al., 1999a; Mummidi et al., 2000), the nomenclature
of most polymorphisms cited above does not comply with the system now
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proposed for human sequence variations (den Dunnen and Antonarakis,
2000, 2001).

4. POLYMORPHISMS OF CHEMOKINE RECEPTOR AND LIGAND
GENES IN RELATION TO HIV-1 INFECTION, HOST–VIRUS
EQUILIBRATION, AND DISEASE PROGRESSION

CCR polymorphisms, namely CCR5-�32, CCR2-64I, and CCR5 pro-
moter variants, have been the subject of intense investigation in HIV-1 in-
fection and disease progression (Kaslow and McNicholl, 1999; O’Brien and
Moore, 2000; Ioannidis et al., 2001). Epidemiological findings since 1996 have
firmly established that �32 homozygosity protects against HIV-1 infection
(Dean et al., 1996; Huang et al., 1996; Zimmerman et al., 1997) with rare ex-
ceptions (Balotta et al., 1997; Biti et al., 1997; Michael et al., 1998). CCR5-�32
heterozygosity has also been shown to retard seroconversion among individu-
als highly exposed to HIV-1 (Mangano et al., 1998; Marmor et al., 2001; Tang
et al., 2002a). On the other hand, HIV-1 transmission has occurred more
readily in individuals homozygous for a CCR5 promoter variant (59356T)
exclusively found on the CCR2-CCR5 HHD haplotype (Kostrikis et al., 1999)
and in those with the CCR2-CCR5 HHE/HHE genotype (Mangano et al.,
2001; Tang et al., 2002a). CCR2-CCR5 haplotypes HHG∗2 (�32) and HHF∗2
(64I) both have dominant effects on HIV-1 disease progression, delaying the
onset of AIDS for about 2 years in individuals with known dates of serocon-
version (Smith et al., 1997; Ioannidis et al., 2001; Mangano et al., 2001; Tang
et al., 2002a). The haplotype pair HHE/HHE and perhaps HHC/HHE have
been associated with more rapid disease progression (Gonzalez et al., 1999;
Mangano et al., 2001; Tang et al., 2002a). In other studies, several CCR2-CCR5
haplotype variants have been reported to mediate HIV-1 pathogenesis inde-
pendent of HHF∗2 (CCR2-64I) and HHG∗2 (CCR5-�32), with CCR5P1/P1
(Martin et al., 1998) or CCR5P1 alone (An et al., 2000) causing a 1-year disease
acceleration and 59029G/G (McDermott et al., 1998) retarding clinical AIDS
by another 3.8 years. The genotypic effects of CCR5P1/P1 and 59029G/G
are largely reciprocal and highly predictable based on the structure of CCR5
promoter alleles (Tang et al., 1999b).

Data pooled from 38 studies (over 13,000 individuals) demonstrated that
the majority of HIV-1-infected individuals untreated with potent antiretro-
viral therapy develop AIDS within the first 2–12 years of acquiring infec-
tion, with a median time to AIDS of approximately 9 years (Collaborative
Group on AIDS Incubation and HIV Survival, including the CASCADE EU
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4. HHE/HHE, n=56, RH=1.47, p=0.069
[Age, RH=1.02, p=0.043]
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Wilcoxon p=0.002

1. HH(A or F*2)/G*2, n=20, RH=0.40, p=0.045
2. Others (Ref. group, n=208)
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Duration (years) of infection

Figure 7.4. Rates of progression to AIDS (CDC 1987) during 11.5 years of follow-up

among 470 (a) and 340 (b) HIV-1 seroconverted Caucasians not receiving antiretroviral

therapy. Data based on the Multicenter AIDS Cohort Study are derived from Tang et al.

(cont.)
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Concerted Action, 2000). Epidemiologic effects attributable to the common
CCR2 and CCR5 variants must be interpreted with this range in mind,
and with special attention to common genetic phenomena such as linkage
disequilibrium (LD), population- or race-specific distribution, and allelic/
haplotypic interactions. Systematic analyses of fully resolved haplotypes at
the neighboring CCR2 and CCR5 loci now suggest that several CCR2-CCR5
haplotypes/genotypes independently influence HIV-1 seroconversion and
early HIV-1 RNA levels (viral load) as well as variability in progression to
AIDS (Tang et al., 2002a). The effects of four CCR2-CCR5 variants (the �32-
linked G∗2 haplotype, the 64I-linked HHF∗2 haplotype, genotypic combina-
tion of HHF∗2 and HHG∗2, and the HHE/HHE genotype) on HIV-1 viral
load are readily discernible within the first 42 months after seroconversion
(Tang et al., 2002a). In the Multicenter AIDS Cohort Study, the strong influ-
ence of HHA/HHG∗2 and HHF∗2/HHG∗2 on both viral RNA level (Tang
et al., 2002a) and disease progression (Fig. 7.4) accounted for much of the ef-
fect commonly associated with the HHG∗2 and HHF∗2 haplotypes and their
combination (Buseyne et al., 1998; Rizzardi et al., 1998; Easterbrook et al.,
1999; Valdez et al., 1999; Barroga et al., 2000; Guerin et al., 2000; O’Brien
et al., 2000b; Ioannidis et al., 2001). Multivariable analysis in this large cohort
of HIV-1 seroconverters (n = 470) demonstrate that quantification of rela-
tive hazards (RH) of AIDS for individual haplotypes and genotypes can be
sensitive to the precision of estimated seroconversion window, the number
of variants being assessed, separation/aggregation of genetic variants, and
age at seroconversion (Fig. 7.4). When seroconverters are restricted to those
with observed intervals of ≤12 months (Fig. 7.4b), RH values for CCR2-CCR5
genotypes HHC/HHE and HHE/HHE differ from those in the analysis al-
lowing broader seroconversion intervals (Fig. 7.4a). The more uncertain the
duration of infection in study subjects, the more cautiously estimates of ge-
netic effects from such a study should be treated.

Associations with CCR variants can be both time-dependent and out-
come- (endpoint) specific. For example, although haplotype HHE and espe-
cially the genotype HHC/HHE had no apparent negative impact on the early
viral RNA levels (Tang et al., 2002a), they were associated with accelerated

Figure 7.4. (cont.) (2002a) with permission; subjects with ambiguous CCR2-CCR5

genotypes (paired haplotypes) have been retyped or excluded from this reanalysis. The

relative hazards (RH) of AIDS and P values in a multivariable model are further adjusted

for age at time of seroconversion. Time 0 is the midpoint between last seronegative and

first seropositive visits, either within 12 months apart (n = 340) or longer (130 additional

subjects). (See color plate.)
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disease progression in 474 Caucasian seroconverters (Fig. 7.4), as seen earlier
in Argentinean children (Mangano et al., 2001) and North American Cau-
casians (Gonzalez et al., 1999). In contrast, association of 59029G/G with
delayed onset of AIDS was not preceded by a substantial decrease in RNA
levels (Tang et al., 2002a). The independent and consistent associations of the
CCR2-CCR5 HHE/HHE genotype with several related outcomes (Mangano
et al., 2001; Tang et al., 2002a) may be more meaningful than the less consis-
tent findings, especially since the HHE/HHE genotype is relatively common
in all major ethnic groups (Gonzalez et al., 1999; Mummidi et al., 2000;
Mangano et al., 2001). Furthermore, unlike other variants, including CCR2-
64I, CCR5-�32 (Gonzalez et al., 1999; Tang et al., 1999b, 2002a) and SCYA5
alleles (Liu et al., 1999b; McDermott et al., 2000a), the HHE/HHE genotype
seems to exert a comparable effect in populations of both Caucasian and
African ancestry.

Influence of coreceptor polymorphisms on viral dynamics (Barroga
et al., 2000; Guerin et al., 2000; Kasten et al., 2000; O’Brien et al., 2000a; Tang
et al., 2002a) is of particular interest because plasma HIV-1 viral load closely
reflects host–virus equilibration (Mellors et al., 1996; Katzenstein et al., 1997;
Meyer et al., 1997; Easterbrook et al., 1999; Lockett et al., 1999; Cunningham
et al., 2000), which in turn is highly predictive of both subsequent disease
progression (O’Shea et al., 1991; Mellors et al., 1996; Shearer et al., 1997; Bratt
et al., 1998; Childs et al., 1999; Ioannidis et al., 1999) and HIV-1 transmissi-
bility from infected to uninfected individuals by any of several modes (Oper-
skalski et al., 1997; Garcia et al., 1999; Pedraza et al., 1999; Semba et al., 1999;
Quinn et al., 2000; Fideli et al., 2001). Moreover, association of host genetic
polymorphisms with early virus concentration can be readily tested in cohorts
with adequate virologic measurement in the absence of lengthy follow-up.
Assessment of both genetic determinants and viral RNA as simultaneous, in-
dependent predictors of long-term outcome will require models specifically
developed to account for those factors taken separately and jointly. Exploratory
work on such models has been undertaken (Taylor et al., 2000). More com-
prehensive models of host–virus relationships during the natural course of
HIV-1 infection may also need to consider currently circulating HIV-1 geno-
types and phenotypes (Dyer et al., 1997; Michael et al., 1997; Alexander et al.,
2000), along with other disease-modifying host genetic factors under evalua-
tion. Patients receiving highly effective antiretroviral therapy may be subject
to the same genetic influences as untreated individuals and offer oppor-
tunities to examine genetic contributions under different circumstances of
virologic and immunologic control. Better virologic response to therapy has
been reported for the CCR5 promoter 59029G/G genotype (O’Brien et al.,
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2000b). Although this genotype is in exclusive LD with 59353T/T (Fig. 7.3),
experimental separation of the linked sequences at 59029 and 59353 suggests
reduced promoter function in the 59029G/G construct independent of the
59353T/C SNP (McDermott et al., 1998).

5. APPLICATIONS OF IMMUNOGENETIC FINDINGS

Research on the immunogenetics of HIV/AIDS in general and CCR in
particular should yield rich benefits. It can guide functional studies aimed
at dissecting the intrinsic mechanisms in host–virus interactions. As exam-
ples, alternative classification of genetic variants according to individual sites
(McDermott et al., 1998), known function (Gao et al., 2001; MacDonald et al.,
2001), and shared motifs (Flores-Villanueva et al., 2001; Kaslow et al., 2001;
O’Brien et al., 2001) may reveal novel effects. In the realm of clinical decision
making, there are already early indications that CCR5 genotyping data might
be informative: both CCR5-�32 and CCR5 59029G/G have been associated
with better virologic and immunologic response to potent antiretroviral ther-
apy (Valdez et al., 1999; Barroga et al., 2000; Guerin et al., 2000; O’Brien et al.,
2000b). On the other hand, studies on human major histocompatibility com-
plex (MHC = HLA) (Saah et al., 1998; Carrington et al., 1999b; Hendel et al.,
1999; Keet et al., 1999; Magierowska et al., 1999; Tang et al., 1999a) SCYA5
(Liu et al., 1999b), IL-4 (Nakayama et al., 2000), IL-10 (Shin et al., 2000),
CX3CR1 (Faure et al., 2000; McDermott et al., 2000b), SDF-1 (Mummidi
et al., 1998; van Rij et al., 1998; Winkler et al., 1998), and MIP-1α (Gonzalez
et al., 2001) emphasize the polygenic origin of host influences on HIV/AIDS.
Thus, although CCR variants can be shown to modulate HIV-1 transmission,
viral RNA level, and disease progression at the population level, effective
translation of those population effects into prognostically useful information
at the individual level will depend on capturing the multiplicity of genetic
effects. CCR genotyping data will likely become part of a comprehensive
genetic algorithm that incorporates the effects of numerous determinants,
especially those in the cytokine networks and the HLA complex essential for
humoral and cell-mediated immunity.

Various algorithmic approaches have been suggested in several studies
(Kaslow et al., 1996; Keet et al., 1999; Magierowska et al., 1999; Carrington
et al., 2001) dealing with complex polymorphisms when the effect of any sin-
gle genetic factor could easily be obscured by the effects of others. The popula-
tion effects of the CCR2-CCR5 and the HLA systems are largely independent
(Keet et al., 1999), yet incorporation of CCR2 and CCR5 genotyping data
into the analysis of HLA effects improves prediction of late clinical outcomes
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(Carrington et al., 2001). Genetic contributions summarised by an algorithm
provides a robust assessment of host genetic effects in settings where strati-
fications and precision of hazard estimates are limited by sample size. Even
in large cohorts, conventional stratifications for different host variables are
not always feasible. Summary algorithms can also be individualised to dis-
tinguish between genetic effects operating early or later in the pathogenetic
process, as may be true of CCR markers, whose influence on early viral RNA
may not translate directly into significant impact on later disease outcomes
or vice versa (Tang et al., 2002a). Of course, any of these analyses should also
account for important nongenetic host factors including age, gender, and
history of antiretroviral therapy.

Finally, defining regional and global distribution of immunogenetic
markers may aid in modeling the dynamics of HIV-1 infection (Hsu Schmitz,
2000; Gonzalez et al., 2001) and the concomitant changes in population ge-
netics (Schliekelman et al., 2001) in association with HIV/AIDS. One recent
model shows that CCR5-�32 can serve as an important determinant of the
per-partnership HIV-1 transmission rates in rapid and slow progressors in
the San Francisco gay population (Hsu Schmitz, 2000). In a second model,
natural selection for 100 years in Africa was projected to produce an increase
in the favorable CCR2-CCR5 haplotypes by approximately 10% and a corre-
spondingly modest (1 year) delay in the average time to AIDS (Schliekelman
et al., 2001). These models may be limited by the necessity for proper as-
sessment of demographic characteristics, socioeconomic structures, and re-
productive behaviours that are rarely disclosed in immunogenetic analyses.
Overall, proper technical resolution and careful statistical analysis of major
genetic determinants along with comprehensive documentation of their re-
gional and global distribution will be essential for successful application of
host genetic research to the immense challenge of HIV/AIDS.

6. SUMMARY

Description of heritable SNP and other sequence variations in the
chemokine receptors and their ligand genes will undoubtedly continue.
Techniques for simultaneous analysis of high-resolution genotyping data
are essential for accurate assessment of their relative contributions to the
HIV/AIDS pandemic. Robust genetic scoring algorithms should be increas-
ingly useful in evaluating the joint effects of multiple markers coexisting
in a single individual, along with nongenetic disease-modifying factors. The
potential value of genetic data in predicting both disease progression and
response to antiretroviral therapy has been enhanced by the recognition that
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CCR2-CCR5 variants mediate host-HIV-1 equilibration, as reflected by viral
load measured during the early stage of infection when treatment is most
likely effective. Although involvement of the chemokine receptor and lig-
and polymorphisms in HIV-1 infection and disease progression may further
guide the development of novel therapeutics, precise clinical applications
may prove difficult because the individual effects attributable to CCR5, CCR2,
RANTES (SCYA5), and several other CR and CL loci appear to be modest,
quantitative, and often time dependent. Over time, changes in population
genetics profiles as a result of HIV/AIDS are virtually inevitable in areas
with a high prevalence of HIV-1 infection and without effective intervention.
Finally, elucidation of the functional signficance of polymorphisms in genes
for chemokine receptors and ligands as molecules with broad pathophysio-
logic relevance should extend benefit to research on infectious diseases other
than HIV/AIDS.
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1. INTRODUCTION

The role of genetic factors in predisposition to infectious diseases has
long been recognised in humans (reviewed by Cooke and Hill, 2001), and
some infections such as tuberculosis and leprosy were long believed to be in-
heritable diseases. One of the clearest examples of the effect of the host genetic
makeup on susceptibility to infection in humans is malaria (Kwiatkowski,
2000; Fortin et al., 2002), where the blood-borne parasite itself may have
exerted a positive selective pressure for the retention of otherwise disease-
associated alterations in certain erythrocyte proteins. Indeed, in sickle-cell
anemia, heterozygosity for mutant hemoglobin alleles confers survival ad-
vantage over homozygosity for either mutant or wild-type alleles (Pasvol et al.,
1978; Hill et al., 1991; Shear et al., 1993). On the other hand, functional poly-
morphisms affecting transcriptional control of key host response genes such
as tumour necrosis factor-α (TNF-α) have been shown to drastically affect
disease progression and outcome (McGuire et al., 1994). However, in most
serious infectious diseases, the molecular identification of the genetic com-
ponent of susceptibility has remained an extremely difficult task with few
successes. Indeed, reduced penetrance, variable expressivity, a wide disease
spectrum associated with variations in microbe-encoded virulence determi-
nants, together with poor diagnostic criteria make it very difficult to decipher
and map single gene effects, even if major, in human populations. Complex
genetic traits can, however, be dissected in genetically well-defined inbred,
recombinant inbred, and recombinant congenic strains of mice in which
single gene effects may have either naturally segregated or have been exper-
imentally isolated by breeding. These genes can then be localised in linkage
studies and, in certain cases, can be identified by transcription mapping and
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positional cloning (Vidal et al., 1993; Poltorak et al., 2000; Qureshi et al., 1999;
Lee et al., 2001; Brown et al., 2001). The mouse is the experimental model
of choice for this type of analysis for the following reasons: (1) The virulence
status of the infectious agent, as well as the dose and route of infection, can
be tightly controlled, thereby reducing microbial-induced variability; (2) large
numbers of wild-type isolates and mutant stocks of mice are available in an
inbred status; (3) informative segregating animals can be generated in large
numbers for linkage mapping and positional cloning; (4) the sequence of the
mouse genome is soon to be completed, providing a compendium of can-
didate genes for a particular region; (5) null alleles at candidate genes can
be readily obtained by gene targeting; and (6) mutant variants of the gene
can be reintroduced on a null background to analyse genotype/phenotype
correlations. Such candidates identified in the mouse can then be tested for
relevance in human populations in association or linkage studies either in
endemic areas of disease, or in the outbreak situation or in first contact epi-
demics, but ultimately by direct biochemical assays of the protein function.
Finally, knowledge of the cellular pathway in which the gene and protein play
a role may open opportunities for new prophylactic and therapeutic strate-
gies in the corresponding disease. Here, we will review one instance where
such an approach has led to the isolation and validation of a gene (NRAMP1)
that plays a role in determining susceptibility to infections in both mouse
and humans. In addition, functional studies of the Nramp proteins have
yielded valuable information on a normal mechanism of macrophage de-
fense against certain types of infection and may prove to be a valuable novel
target for pharmacological intervention in the corresponding diseases.

2. STUDIES IN MICE

2.1 Discovery of the Ity/Lsh/Bcg Locus

The concept of a genetic basis for innate susceptibility to mouse typhoid
was initially proposed by Webster in the early part of the twentieth century.
In a series of seminal papers (Webster, 1923, 1924, 1933), he documented
strain differences in susceptibility to infection and susbsequently derived by
inbreeding substrains of mice that were either resistant (BR) or susceptibile
(BS). Subsequent segregation analysis in F1, F2, and backcross mice indi-
cated that the genetic component was simple, in which resistance to Bacillus
enteritidis was autosomal and inherited in a dominant fashion. More recent
strain surveys by Robson and Vas (1972) and Plant and Glynn (1976), us-
ing Salmonella typhimurium as an infectious agent, confirmed that modern
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inbred strains fell into two nonoverlapping groups with respect to suscepti-
bility. Using liver bacterial load as a phenotypic marker, it was shown that
the interstrain difference was caused by a single, dominant, autosomal locus
which was named Ity (Plant and Glynn, 1976). Ity was initially linked to ln on
mouse chromosome 1 (Plant and Glynn, 1979) and subsequently mapped to
a 15cM interval in a five-point test cross (O’Brien et al., 1980). Independently,
Bradley and his colleagues, working with the intracellular parasite Leishma-
nia donovani, noted a striking difference in the early response and replication
rates of the parasite in the liver of 25 different inbred strains of mice (Bradley,
1974, 1977). Segregation analyses in informative F1 and backcross mice bred
between resistant and susceptible progenitors gave susceptibility ratios con-
sistent with a single dominant autosomal gene which was designated Lsh.
Using recombinant inbred mice as well as a standard three-point test cross,
Lsh was mapped on the proximal portion of chromosome 1 (Bradley et al.,
1979). Interestingly, a comparison of the strain distribution pattern of vari-
ous recombinant inbred mouse strains for susceptibility to S. typhimurium
(Ity) and L. donovani (Lsh) infections suggested that the two loci were either
tightly linked or were in fact the same gene (Plant et al., 1982; O’Brien et al.,
1980). In parallel, our group also noted differences in susceptibility of inbred
strains to infection with small doses of Mycobacterium bovis (BCG). Although
interstrain differences in susceptibility to infection with Mycobacteria (e.g.,
M. tuberculosis) had been previously documented (Pierce et al., 1947; Donovick
et al., 1949; Lynch et al., 1965), studies of BCG replication in the spleen after
intravenous infection first indicated that inbred strains fall into two nonover-
lapping groups, being either resistant (no replication) or susceptible (rapid
replication) in the early phase of infection (Forget et al., 1981). The interstrain
difference was determined by a single, dominant (resistance) and autosomal
gene, designated Bcg (Gros et al., 1981). Strikingly, studies in recombinant
inbred strains, as well as progeny testing in informative crosses indicated
that Bcg may be either tightly linked or most probably identical to Ity and
Lsh (Skamene et al., 1982). These results indicated that a single locus on
mouse chromosome 1 may control innate resistance and susceptibility to
antigenically and phylogenetically unrelated pathogens.

The fact that all three pathogens infect and replicate inside host macro-
phages suggested that the genetic difference controlled by this locus may be
phenotypically expressed by this cell type. Indeed, a number of studies in vivo
or in vitro indicated that the genetic difference between R and S alleles at the
Ity/Lsh/Bcg locus was detectable within a few hours after infection and was
expressed by a bone marrow-derived, radiation-resistant cell which could be
poisoned by silica (Gros et al., 1983). Furthermore, experiments in vitro with



P1: JMT

CB591-08 CB591-Bellamy-v2 August 2, 2003 18:3

224©

p.
g

ro
s

an
d

e.
sc

h
u

rr

explanted macrophages showed that Ity/Lsh/Bcg modulates the capacity of
these cells to control intracellular replication of L. donovani (Crocker et al.,
1984); S. typhimurium (Lissner et al., 1983); and several Mycobacteria, in-
cluding M. bovis (Stach et al., 1984), M. smegmatis (Denis et al., 1990), and
M. avium (Stokes et al., 1986; De Chastellier et al., 1993). The spectrum of
microbial agents for which replication may be influenced by Ity/Lsh/Bcg was
later studied in vivo in inbred mouse strains harboring S or R alleles at the
locus, in mouse strains congenic for the target portion of chromosome 1, in
syngeneic animals bearing a null mutation at this locus (see below), or in
explanted macrophage populations or in macrophage cell lines derived from
such animals. These studies have shown that Ity/Lsh/Bcg affects replication
not only of S. typhimurium, L. donovani, and several mycobacteria but also of
a variety of ovine (Gautier et al., 1998) and avian (Hu et al., 1995) strains of
Salmomella, as well as Brucella abortus (Barthel et al., 2001) and Pasteurella
pneumotropica (Chapes et al., 2001). Interestingly, Ity/Lsh/Bcg alleles also
seem to affect susceptibility to infection with Toxoplasma gondii (McLeod et al.,
1989; Blackwell et al., 1994) and Francisella tularensis (Kovarova et al., 2000,
2002), although in these cases, the susceptibility allele at Ity/Lsh/Bcg is asso-
ciated with increased resistance. Finally, in vivo or in vitro replication of other
pathogens such as Chlamydia, Legionella, Listeria, Pseudomonas, Bacillus sub-
tilis, and Staphylococcus aureus is not affected by Ity/Lsh/Bcg alleles (Yoshida
et al., 1991; De Chastellier et al., 1993; Gruenheid et al., 1999; Pal et al., 2000;
Chapes et al., 2001). The role of Ity/Lsh/Bcg in susceptibility to infection with
virulent strains of human Mycobacterium tuberculosis (MTB) has been debated
(North and Medina, 1998; Buschman and Skamene, 2001). Nonconcordance
of susceptibility to MTB (bacterial replication and survival) with Bcg alleles in
inbred strains have argued against a role for this locus (Medina and North,
1998); When studied, differential susceptibility in inbred strains has been
observed to be complex (Mitsos et al., 2000; Kramnik et al., 1998). Studies
in recombinant mice either congenic or mutated for Ity/Lsh/Bcg have also
argued against a role for this locus (North et al., 1999). On the other hand,
studies in humans (see below) have clearly established a role for this locus
in susceptibility to tuberculosis and leprosy. Thus, the pleiotropic effect of
Ity/Lsh/Bcg alleles on infections with different types of intracellular para-
sites suggests that the gene affects an important mechanism of macrophage
defenses against such infectious agents.

2.2 Positional Cloning of the Mouse Nramp1 Gene

The Ity/Lsh/Bcg locus was characterised by positional cloning, using an
experimental approach based on the production of high-resolution linkage
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maps of the region with a large number of informative meioses (Malo et al.,
1993a), the creation of a corresponding physical map (Malo et al., 1993b), the
identification of the transcription units in the interval by exon trapping, and
the characterisation of the tissue and cell-specific patterns of expression of the
candidate genes (Vidal et al., 1993). One of them was found to be expressed
in spleen and macrophages and was given the appellation Nramp1 (natural
resistance associated macrophage protein 1, OMIM No. 600266; also classi-
fied as solute carrier family 11 member 1, Slc11a1). The full-length cDNA
sequence predicts a 56-kDa protein which displays structural features charac-
teristic of membrane proteins, including 12 highly hydrophobic membrane
domains, one predicted glycosylated extracytoplasmic loop, and one sequence
signature found in many membrane transporters (Vidal et al., 1993; Cellier
et al., 1995). Studies with anti-Nramp1 antibodies indicate that the protein
is indeed expressed in macrophages as a mature 90- to 110-kDa to protein
extensively modified by glycosylation and phosphorylation (Vidal et al., 1996).
Sequence analysis of the Nramp1 gene in inbred strains reveal that the sus-
ceptibility allele of the Ity/Lsh/Bcg locus is linked to a single G169D sub-
stitution in predicted transmembrane domain 4 of the protein (Malo et al.,
1994). This mutation was shown to affect protein stability or targeting, which
results in the absence of a mature protein species in macrophages from sus-
ceptible Nramp1Asp169 mice (Vidal et al., 1996). On the other hand, creation
of a null allele at Nramp1 by homologous recombination confers suscepti-
bility to infection with Salmonella, Leishmania, and Mycobacterium spp. in
otherwise resistant 129Sv mice (Vidal et al., 1995). In these experiments,
animals bearing allelic combinations Nramp1 Asp169/Asp169, Nramp1null/Asp169,
or Nramp1null/null were found to be equally sensitive to infection, indicating
that the Asp169 allele of Nramp1 results in complete loss of function. Finally,
introduction of a genomic DNA fragment containing the Nramp1Gly169 allele
in transgenic animals of Nramp1Asp169 genetic background restores resistance
to infections (Govoni et al., 1996).

2.3 Expression of Nramp1 in Professional Phagocytes

In the mouse, Nramp1 mRNA is expressed primarily in the spleen and
liver and is abundant in primary macrophages and in macrophage cell lines
such as J774A and RAW264.7, but is also detected in cells of the granulocytic
lineage (Govoni et al., 1995, 1997). Expression studies in RAW macrophages
show that the gene can be strongly induced by exposure of these cells to
lipolysaccharide and interferon-γ , but also by inflammatory stimuli. This in-
ducible expression is concomitant to the presence of NF-IL6 and IFN response
elements in the proximal promotor (−500-bp) region of Nramp1 (Govoni
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et al., 1995, 1997). In humans, NRAMP1 mRNA is also expressed in spleen,
but is very abundant in lungs and is most abundant in peripheral blood leuko-
cytes, where it is primarily expressed in monocytes and polymorphonuclear
leukocytes (Cellier et al., 1994, 1997). Migration of immature macrophages
to tissues or maturation in vitro is associated with increased expression of
NRAMP1. Parallel studies in the promyelocytic leukemia cell line, HL-60,
experimentally induced to differentiate into either granulocytes or mono-
cytes demonstrate strong induction of NRAMP1 mRNA expression in both
lineages (Cellier et al., 1997). Studies on the cellular and subcellular local-
isation of the protein in macrophages have been carried out either (1) in
primary macrophages using polyclonal antisera directed against the amino
terminus of the protein or (2) in RAW macrophages stably transfected
and overexpressing a recombinant Nramp1 protein tagged with a c-Myc
antigenic epitope at its amino terminus (Govoni et al., 1999; Gruenheid
et al., 1997; Searle et al., 1998). Immunofluorescence experiments indicate
that Nramp1 is not expressed at the plasma membrane in macrophages,
but rather is present in a punctate subcellular compartment positive for the
lysosomal protein LAMP-1, suggesting that Nramp1 is expressed in the late
endosome/lysosome compartment of macrophages (Gruenheid et al., 1997;
Searle et al., 1998). Additional experiments by confocal microscopy of la-
tex beads phagocytosed by primary macrophages, as well as immunoblot-
ting with purified latex phagosomes, indicate that soon after phagocytosis,
Nramp1 is recruited to the membrane of maturing phagosomes with kinetics
similar to that of Rab5 but clearly distinct of Rab7 (Gruenheid et al., 1997).
Similar recruitment of Nramp1 protein to the phagosomal membrane was
demonstrated in macrophages which have ingested Salmonella typhimurium,
Leishmania, Mycobacterium avium, and Yersinia enterocolitica (Searle et al.,
1998; Govoni et al., 1999; Cuellar-Mata et al., 2002). These results demon-
strated that the Nramp1 protein is expressed at the phagosomal membrane,
and its transport activity may modulate the intraphagosomal milieu to affect
microbial replication at that site, either through a bacteriostatic or bacterioci-
dal mechanism. Thus, the nature of the substrate(s) transported by Nramp1
was of great interest.

2.4 Divalent Cation Transport by Nramp Proteins

Nramp1 is not unique but is a member of a very large gene family which
has been remarkably conserved throughout evolution (for reviews, see Cellier
et al., 1996; Forbes and Gros, 2001; Cellier et al., 2001). In mammals, a sec-
ond Nramp protein (Nramp2; OMIM No. 600523, now designated SLC11A2
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and also known as DCT1 and DMT1) has been identified and shares 65% se-
quence identity (74% overall similarity) with Nramp1 (Gruenheid et al., 1995;
Gunshin et al., 1997). As opposed to its macrophage-/monocyte-specific
Nramp1 counterpart, Nramp2 is ubiquitously expressed, and this protein
plays a pivotal role in iron acquisition and metabolism (see below). Sequenc-
ing projects in different model organisms, including insects, plants, yeast,
and bacteria have revealed structurally and functionally conserved Nramp
homologs (Belouchi et al., 1997; Agranoff et al., 1999; Rodrigues et. al., 1995,
Makui et al., 2000; Curie et al., 2000; Dorschner et al., 1999; Feng et al., 1996;
Girard-Santosuosso et al., 1997; Mathews et al., 1998). The functional char-
acterisation of these homologs, including complementation studies in het-
erologous hosts and model organisms, has provided important clues on the
mechanism of action of these proteins as transporters for divalent cations.
Structural features in the Nramp superfamily include 12 transmembrane
domains, several of which contain highly conserved, but thermodynami-
cally disfavored, charged residues, including a pair of invariant histidines
in TM6. A predicted loop delineated by TMs 7 and 8 is poorly conserved;
it contains predicted asparagine-linked glycosylation sites (N-X-S/T) and for
Nramp2 was recently shown to be extracellular (Picard et al., 2000). Finally,
the TM8-TM9 intracellular loop contains a transport motif previously recog-
nised on the cytoplasmic face of the membrane subunits of many bacterial
periplasmic permeases (Kerppola and Ames, 1992). Although the role of
this transport signature in Nramp proteins remains unknown, mutations at
certain of its conserved positions abrogate Nramp2 function (Pinner et al.,
1997).

Mutations in the Drosophila melanogaster homologue Malvolio (57%
identity, 65% similarity) cause a sensory neuron defect in taste discrimi-
nation (Rodrigues et al., 1995) which can corrected by addition of supple-
mentary divalent metals in the diet (Orgad et al., 1998) or by expression
of the human NRAMP1 gene in transgenic flies (D’Sousa et al., 1999). In
plants, Oryza sativa has three OsNramp homologues, whereas Arabidopsis
thaliana has six such AtNramp sequences that share between 47 and 61%
similarity with their human counterparts (Belouchi et al., 1997; Curie et al.,
2000; Thomine et al., 2000). In A. thaliana, AtNramp3 and AtNramp4 mRNAs
are induced by iron starvation, and AtNramp3 overexpression causes Cd2+

hypersensitivity and Fe2+ overaccumulation in the roots (Thomine et al.,
2000). The yeast Saccharomyces cerevisiae has three Nramp homologues,
SMF1, -2, and -3. Overexpression of the SMF1 gene permits growth on
medium containing the chelator EGTA, suggestive of divalent metal transport
(Supek et al., 1996). Studies in yeast and in Xenopus laevis oocytes suggest a
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pH-dependent, divalent metal transport mechanism with a broad substrate
specificity (Mn2+, Cd2+, Cu2+) for SMF1 and SMF2, whereas SMF3 seems
to be more specific for Fe2+ (Chen et al., 1999). Finally, expression of mam-
malian Nramp2 (but not Nramp1) in a smf1/smf2 mutant can complement
the defect and restore growth on chelators and on alkaline medium (Pinner
et al., 1997). Likewise, smf1 mutants can be complemented by expression of
plant AtNramp1, AtNramp3, or AtNramp4 genes (Curie et al., 2000; Thomine
et al., 2000). Together, these results indicate that structurally similar but evo-
lutionarily distant Nramp proteins share a common pH-dependent divalent
metals transport mechanism.

The mammalian Nramp2 protein has been the most studied and is the
best understood member of the Nramp family. Nramp2 produces two alter-
natively spliced transcripts generated by alternative use of two 3′ exons encod-
ing distinct C-termini of the protein as well as distinct 3′ untranslated regions
(Lee et al., 1998). One Nramp2 mRNA contains an iron responsive element
(IRE) in its 3′-UTR. IREs are RNA secondary structures present in the 5′- or
the 3′-UTR of mRNAs encoding proteins involved in iron metabolism and
that either enhance the stability or inhibit translation of the tagged RNAs in
response to different iron conditions (Thiel, 1998). The second Nramp2 splice
isoform (non-IRE) encodes a protein (isoform II) where the C-terminal 18
amino acids of the IRE form (isoform I) are replaced by a novel 25-amino-acid
segment and codes for a distinct 3′-UTR lacking the IRE. Nramp2 mRNA
and proteins (IRE) are expressed at the highest levels in the intestine and
in the kidney (Gruenheid et al., 1995; Gunshin et al., 1997), and iron de-
privation results in dramatic induction of the protein at the brush border
of the duodenum (Canonne-Hergaux et al., 1999, 2000). Likewise, Nramp2
(non-IRE) is expressed in erythropopietic precursors, and in reticulocytes and
phenylhydrazine- or erythropoietin-induced reticulocytosis results in strong
increased expression of Nramp2 in peripheral blood (Canonne-Hergaux
et al., 2001). Identical mutations (G185R) have been described in mouse (mk)
and rat (belgrade) models of microcytic anemia and are associated with severe
impairment of iron uptake at the intestinal brush border and in peripheral
tissues (Andrews, 2000). This mutation affects both the transport properties
of the protein but also the normal maturation and/or targeting of the pro-
tein in enterocytes, reticulocytes, and kidney proximal tubule epithelial cells
(Canonne-Hergaux et al., 1999, 2000, 2001). These data have established that
Nramp2/DMT1 functions as the major transferrin-independent iron acqui-
sition system in the intestine. The subcellular localisation of Nramp2/DMT1
to the early, tranferrin receptor positive recycling endosome compartment
(Gruenheid et al., 1999), together with studies in reticulocytes from mk/mk
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mice (Canonne-Hergaux et al., 2001) have also suggested that Nramp2 trans-
ports transferrin iron from acidified endosomes to the cytoplasm (please
see Andrews, 2000, for a comprehensive review). Finally, transport studies
in Xenopus oocytes (Gunshin et al., 1997; Tandy et al., 2000) and more re-
cently in cultured mammalian cells (Picard et al., 2000) have shown that
Nramp2/DMT1 can transport a broad range of divalent metals such as Fe2+,
Zn2+, Cd2+, Mn2+, Cu2+, and Co2+. Transport is saturable and pH depen-
dent and is accompanied by an inward proton movement (electrogenic),
suggesting a proton cotransport mechanism. These results have established
Nramp2/DMT1 as a key regulator of iron homeostasis in the body, but have
in turn suggested that Nramp1 could also function as a pH-dependent di-
valent cation transporter at the membrane of acified phagosomes to affect
microbial survival or replication.

2.5 Nramp1 Transport at the Phagosomal Membrane

The mechanism of transport and substrate of Nramp1 at the phagosomal
membrane has been studied by several groups and has remained a matter of
considerable debate. The effect of divalent cations on replication of mycobac-
teria in vivo or in vitro has been studied. In one study, dietary iron loading of
Bcgr mice was found to increase replication of M. avium in vivo (Gomes and
Appleberg, 1998), suggesting that excess iron may overwhelm the Nramp1
advantage of these mice. Conversely, Zwilling et al. (1999) reported that low
iron concentrations (0.005–0.05 µM) have either an inhibitory or a stimu-
latory effect on the growth of M. avium in Bcgr and Bcg s macrophages, re-
spectively. Iron concentrations above 0.05 µM stimulated bacterial growth in
both macrophages. Additional studies by the same group using either pri-
mary macrophages or RAW macrophages, transfected or not with a wild-type
Nramp1Gly169 gene, identified a stimulatory effect of Nramp1 on association
(binding/transport) of radioactive iron with phagosomes containing either la-
tex beads or M. avium (Khun et al., 1999, 2001). The authors proposed a model
in which Nramp1 would transport iron into the phagosome to increase hy-
droxyl radical formation by the Fenton/Haber-Weiss reaction and thus reduce
microbial viability in the phagosomal space. Although plausible and attrac-
tive, this model is difficult to reconcile with known structural and functional
characteristics of the Nramp family. Indeed, direction of transport would be
opposite to that demonstrated for Nramp2/DMT1, with respect to the topo-
logical orientation of the two proteins and with respect to the proton gradient
across the phagosomal membrane. Also, because iron has been shown essen-
tial to mycobacterial growth in vitro and promotes the development of active
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tuberculosis and the growth of other pathogens in humans (reviewed by
Ratledge and Dover, 2000), a mechanism based in increased supply of iron
to the bacterium seems somehow counterintuitive. Independently, our group
has used the fluorescent probe fura-FF6 to monitor in real time the flux of
divalent metals across the phagosomal membrane of wild-type and Nramp1-/-

macrophages (Jabado et al., 2000). Fura-FF6 fluorescence is a pH-resistant
and divalent cation-sensitive dye and it can be covalently attached to zymosan
particles for phagocytosis by macrophages. Using microfluorescence imag-
ing, it was observed that when exposed to Mn2+, phagosomes formed in
wild-type cells accumulated less Mn2+ than phagosomes formed in Nramp1-/-

macrophages. Likewise, wild-type macrophages could release quenching of
Mn2+-preincubated FF6-labeled zymosan more efficiently than Nramp1-/-

cells. The Nramp1 specific effect was pH dependent and could be abrogated
by inhibition of the vacuolar H+-ATPase, suggesting that Nramp1 functions
as a pH-dependent divalent cation efflux pump at the phagosomal mem-
brane in a manner very similar to that previously demonstrated for Nramp2
at the plasma membrane (Gunshin et al., 1997; Picard et al., 2000). Also,
Atkinson and Barton (1998, 1999) working with radioisotopic iron and with
a calcein quenching assay in Nramp1-transfected cells reported decreased
intracellular accumulation and increased efflux of iron in these cells. They
concluded a dual effect of Nramp1, whereby Nramp1 would efflux iron out
of the phagosome and into the cytoplasm, where it could be effluxed out of
the cells by other means, possibly including Nramp2. Finally, Goswami et al.
(2001) obtained evidence that in Xenopus oocytes Nramp1 functions as a diva-
lent cation antiporter that can flux divalent cations in either direction against
a proton gradient.

2.6 Consequences of Nramp1-Dependent Divalent Cation
Transport on Microbial Virulence

Intracellular parasites have evolved a number of strategies to successfully
evade the bacteriostatic and bactericidal defense mechanims of macrophages.
In many cases, these strategies involve modulating the fusogenic properties
of the phagosome in which they are enclosed, including maturation into the
phagolysosome (reviewed by Knodler et al., 2001). Different pathogens can
alter or arrest phagosome maturation in an individually distinct fashion, pos-
sibly creating intraphagosomal conditions most favorable for their respective
survival and replication. Although the precise molecular basis for this modu-
lation is poorly understood, recent studies have clearly indicated that synthe-
sis of pathogen-encoded soluble factors is required for this process (Knodler
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et al., 2001). In the case of Mycobacterium spp., the phagosome is blocked in
its maturation, but retains the ability to interact with the endosomal recycling
pathway. This phagosome is positive for Cathepsin D and for the transferrin
receptor, but remains negative for Rab7 and for the vacuolar H+-ATPase. As
a result the phagosome does not acidify fully and is less bactericidal possi-
bly due to the lack of activation of lysosomal proteases (reviewed by Russell,
2001). The effect of Nramp1 recruitment to the phagosomal membrane on
the ability of Mycobacterium spp. to inhibit phagosome maturation was stud-
ied for Mycobacterium bovis (Hackam et al., 1998) and for Mycobacterium
avium (De Chastellier et al., 1993; Frehel, Gros and De Chastellier, unpub-
lished observations). Microfluorescence ratio imaging of 129sv (wild type) and
Nramp-/- primary macrophages was used to measure pH of individual phago-
somes containing either live or dead M. bovis labeled with a combination of
two pH-sensitive fluorophores. The pH of phagosomes containing live M.
bovis was significantly more acidic in wild-type macrophages (pH 5.5 ± 0.06)
than in Nramp-/- cells (pH 6.6 ± 0.05; P < 0.005). The enhanced acidifica-
tion could not be accounted for by differences in proton consumption during
dismutation of superoxide, phagosomal buffering power, counterion conduc-
tance, or in the rate of proton “leak”. Rather, following ingestion of live M.
bovis, 129sv cells exhibited increased concanamycin-sensitive H+-pumping
across the phagosomal membrane, associated with enhanced recruitment of
V-ATPase-positive endosomes and/or lysosomes. The Nramp1 effect on pH
was only seen with live M. bovis and not in phagosomes containing dead M.
bovis or latex beads (Hackam et al., 1998). Independently, electron microscopy
was used to monitor the effect of Nramp1 on the maturation and character-
istics of M. avium-containing phagosomes (Frehel, Gros and De Chastellier,
unpublished observations). In these experiments, fusion of phagosomes to
endosomes and lysosomes was monitored by acquisition of specific markers
or after labeling with fluid-phase markers (BSA-Au). Increased bacteriostatic
activity of wild-type macrophages over Nramp1-/- cells was associated with
increased intraphagosomal damage of M. avium. This was concomitant to
increased fusion to lysosomes, and increased acidification, as opposed to
Nramp1-/- phagosomes which fused preferentially with early endosomal vesi-
cles. Together, these studies indicate that recruitment of Nramp1 affects
the fusogenic properties and degree of acidification of mycobacterial phago-
somes. This can be most easily interpreted as Nramp1 antagonising the ability
of Mycobacterium spp. to block phagosome maturation.

In the case of Salmonella, the bacterial phagosome formed in macro-
phages is distinct from that formed by Mycobacterium: it is positive for LAMP,
Rab7, and for vacuolar H+-ATPase but remains negative for the mannose
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6-phosphate receptor. As opposed to the mycobacterial phagosome, its
Salmonella counterpart can fully acidify but becomes inaccessible to early en-
dosomal markers (reviewed by Knodler et al., 2001). We investigated (Cuellar-
Mata et al., 2002) whether Nramp1 can also affect the maturation and acid-
ification of Salmonella-containing vacuoles (SCV). In these studies, RAW
macrophages (Nramp1D169, devoid of functional Nramp1 and susceptible to
Salmonella infection) were compared with isogenic clones stably expressing
a transfected Nramp1 RAW/Nramp1+, resistant to infection (Govoni et al.,
1999). Intravacuolar pH, measured in situ, was similar in Nramp1-expressing
and -deficient cells. SCV acquired LAMP1 and fused with preloaded fluid-
phase markers in both cell types, suggesting similar fusion to late endo-
somes/lysosomes. In contrast, whereas few vacuoles in RAW cells acquired
M6PR, many more contained M6PR in RAW/Nramp1+ cells. Shortly after
formation, SCV in RAW became inaccessible to extracellular markers, sug-
gesting inability to fuse with newly formed endosomes. Expression of Nramp1
markedly increased the access to extracellularly added markers (Cuellar-Mata
et al., 2002). These results suggest that Nramp1 counteracts the ability of
Salmonella to become secluded in a compartment that limits access of bacte-
ricidal agents, allowing the normal degradative pathway of the macrophage
to proceed.

2.7 Conclusions and Perspectives from Studies in Mice

Studies in the mouse model have not only allowed the positional cloning
of Nramp1 but also provided a genetic and biochemical framework to under-
stand the normal physiological role of Nramp1 and Nramp2 in transport of
key divalent cations such as Fe2+ and Mn2+ (Forbes and Gros, 2001). They
have identified these two proteins as playing a key role in the ability of
macrophages to resist infection with intracellular parasites and in the ac-
quisition of iron at the intestine and in peripheral tissues, respectively.

One of the central, yet unresolved issues is how does Nramp1-mediated
modulation of divalent cation content of the phagosome affect replication of
unrelated pathogens at that site. Several nonmutually exclusive hypotheses
can be put forward to account for the effect. In the near future, the experimen-
tal testing and/or validation of these models in vitro and in vivo will constitute
a major challenge but necessary step to the possible development of novel
therapeutic strategies based on the Nramp1 effect. One possibility is that di-
valent cations such as Fe2+, Mn2+, and Zn2+ are essential nutrients as cofac-
tors in many enzymatic reactions. Therefore, depletion of such ions from the
phagosomal space may simply reduce the availability of rate-limiting nutrient
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and thus may have a simple but pleitropic bacteriostatic effect. In another
model, one can envision that removal of divalent metals from the phagosomal
lumen may actively increase the bactericidal activity of macrophage enzymes
by inhibiting a competing and bacterially encoded detoxifying mechanism.
Indeed, Fe2+, Cu2+, Mn2+, and Zn2+ are essential cofactors for the activity
of superoxide dismutases produced by Mycobacterium spp., Salmonella, and
Leishmania (Dey and Datta, 1994; Tsolis et al., 1995; Zhang et al., 1991) which
detoxify superoxide ions and hydroxyl radicals produced by the macrophage
NADPH oxidase. Finally, and as discussed above, intracellular pathogens
such as Mycobacterium spp., Salmonella, and Leishmania can actively modu-
late the fusogenic properties of the phagosome in which they reside. In the
case of Mycobacterium where the block on maturation has been well charac-
terised, it requires the bacteria to be alive and metabolically active. Likewise,
successful intracellular survival of Salmonella in macrophages requires the
activation, synthesis, and secretion of specific protein mediators (reviewed by
Russell, 2001; Knodler et al., 2001). Thus, the expression, processing, and/or
targeting of these pathogenicity determinants may itself be dependent on
divalent cations, and an Nramp1-mediated removal would affect the ability
of each of these pathogens to modulate the maturation of the phagosome.
Results discussed above are in agreement with such a model and suggest that
Nramp1 action counteracts the specific strategy developed by Mycobacterium
and Salmonella to block phagosome maturation.

It is interesting to note that a large body of published data support a
key role of divalent cations for microbial virulence in vivo (Ratledge and
Dover, 2000), in particular in the case of intracellular parasites. For exam-
ple, Salmonella displays at least five high-affinity acquisition systems for iron
(Ratledge and Dover, 2000; Tsolis et al., 1996). These include siderophore-
dependent acquisition systems for Fe3+ (TonB-dependent), Fe2+ transport
systems such as feoAB, as well as other transporters of the ABC type such as
SitC encoded by a specific pathogenicity island. Interestingly, we and others
have recently described Nramp homologues in E. coli, Salmonella, and My-
cobacterium but also in many other bacterial species that function as trans-
porters for Fe2+ and Mn2+ and that import these cations in a pH-dependent
fashion (Cellier et al., 2001; Kehres et al., 2000; Agranoff et al., 1999; Makui
et al., 2000). Therefore, it is likely that all these transport systems play a role
in the scavenging of divalent metals in the limiting intracellular environment
of the phagosome. Thus, it is tempting to speculate that mammalian Nramp1
could compete with these bacterially encoded transporters for acquisition of
divalent metals from the phagosomal space, at the interface of host–parasite
interactions.
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Finally, one consequence of the work in mice reviewed above is that
it has provided a testable candidate for parallel studies in humans aimed
at evaluating the role of the human NRAMP1 homologues in livestock and
human diseases.

3. STUDIES IN SPECIES OTHER THAN MICE

3.1 Livestock Species

A major incentive for the cloning of Nramp1 was that orthologues of
Nramp1 may be important genetic modulators of resistance/susceptibility to
pathogenic intracellular parasites in livestock. Consequently, Nramp1 ortho-
logues have been cloned for a number of livestock species, including chicken
(Hu et al., 1996), sheep (Bussmann et al., 1998), horse (Horin and Matiasovic,
2000), pig (Zhang et al., 2000), cow, and bison (Feng et al., 1996). Gene expres-
sion across all mammalian homologues is similar with highest expression
levels in macrophages and neutrophils. In a notable difference from mam-
malian orthologues, chicken Nramp1 is also highly expressed in the thymus
(Hu et al., 1996). To date, only cow and chicken Nramp1 orthologues have
been employed for systematic genetic studies of susceptibility to infectious
disease. In cattle, a study of bovNRAMP1 expression levels in M. bovis-infected
animals showed highly increased expression of bovNRAMP1 in peripheral
blood leukocytes, in tissue immediately adjacent to caseous necrotic lesions,
and in lymph node granulomas (Estrada-Chavez et al., 2001). Employing
cattle from herds with naturally occurring tuberculosis, the association of
a polymorphism in the 3′-UTR of bovNRAMP1 was investigated in a small
case-control study involving 9 healthy control animals and 24 tuberculosis
affected cattle (Barthel et al., 2000). No evidence for association between a
3′-UTR bovNRAMP1 polymorphism and tuberculosis susceptibility was ob-
served (Barthel et al., 2000). This suggests that the genetic control of naturally
occurring M. bovis disease is not under exclusive control of the bovNRAMP1
gene. The result does not, however, rule out the contribution of bovNRAMP1
to tuberculosis risk as part of a multigenic genetic control system. Likewise, it
is possible that unknown bovNRAMP1 polymorphisms could have a major ef-
fect on tuberculosis susceptibility in cattle. Given the high costs and logistical
difficulties associated with performing genetic crosses between tuberculosis-
resistant and -susceptible cattle, it seems unlikely that more decisive conclu-
sions can be accomplished in the near future.

Nontyphoidal Salmonella species originating from contaminated poultry
products are a common cause of food-borne disease in humans. The ability of
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chickens to resist infection with Salmonella is known to be under genetic con-
trol (Bumstead and Barrow, 1988). Considering that resistance to infection
with Salmonella typhimurium is part of the Nramp1 phenotype, the chicken
orthologue appeared to be an excellent candidate for a chicken Salmonella sus-
ceptibility locus. By performing comparative gene sequence analysis, Hu et al.
(1997) identified a nonconservative R223G amino acid substitution between
Salmonella-resistant “W1” and Salmonella-susceptible ‘C’ inbred chicken. The
R223G substitution is located at the predicted extracellular border of Nramp1
TM5, a peptide segment that is highly conserved across species suggesting
that replacement of a bulky, basic amino acid residue by a single hydrogen
atom will impact on protein function. Cosegregation of the R223G polymor-
phism with susceptibility to Salmonella was assessed in a panel of 425 (W1 ×
C)F1 × C backcross animals segregating the phenotype. If susceptible C
chicken were infected with S. typhimurium a majority of infected birds died
during the initial 7 days. Birds surviving past this time showed a greatly re-
duced rate of mortality presumably due to the emergence of effective acquired
immune responses. Hence, overall mortality rates displayed a biphasic ap-
pearance, a rapid initial phase during which most of the chicken died, and a
second phase after 7 days during which the mortality rate was much slower.
By selecting the initial phase of rapid infection-induced death as the phe-
notype, the R223G Nramp1 allele was shown to be significantly linked to
death (Hu et al., 1997). By contrast, there was little evidence for an impact
of Nramp1 alleles on survival of birds after 7 days. In perfect analogy to the
mouse model, these results suggest that chicken Nramp1 alleles are involved
in early, innate immune responses while a different set of gene(s) is involved
in determining late phase resistance/susceptibility.

3.2 Human NRAMP1

Following the molecular isolation of mouse Nramp1, efforts were initi-
ated to obtain the human orthologue. Employing a mouse cDNA Nramp1
probe, a human spleen library was screened under conditions of high strin-
gency and a set of overlapping clones was obtained from which the full-length
human NRAMP1 cDNA could be assembled (Cellier et al., 1994). The pre-
dicted amino acid sequence of NRAMP1 showed that 88% of amino acid
residues were identical to those found in mouse Nramp1. Hence, the human
gene, in perfect homology to the mouse gene, encodes a predicted polytopic
membrane protein that carries a conserved sequence motif characteristic for
a class of ubiquitous transport proteins (Cellier et al., 1995). The regions of
sequence divergence were found mainly at the amino- and carboxy-terminal
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ends as well as in predicted extracellular loops in the amino-terminal half of
the polypeptides (Cellier et al., 1994). These sequence studies indicated that
essential functional activities of the Nramp1 proteins and their participation
in physiological processes should be conserved between mouse and human.

Human NRAMP1 has been localised by radiation hybrid analysis and
YAC mapping to chromosome region 2q35 in close proximity to the VIL
gene (Cellier et al., 1994; Liu et al., 1995). The exon/intron organisation of
the gene has been fully elucidated and a total of 15 exons have been identi-
fied that conform to the correlation between the organisation of exons and
functional protein domains (Cellier et al., 1994; Marquet et al., 2000). The
translation initiation site was mapped to exon 1, the trancription initiation
site was localised to 148 bp (Blackwell et al., 1995) and 176 bp (Kishi et al.,
1996) 5′ of the initiation codon, respectively, and a putative polyadenylation
site was localised in exon 15 (Marquet et al., 2000). Analysis of RNA expres-
sion indicated the presence of a transcript carrying a 74-bp insertion fragment
(Cellier et al., 1994) that was due to an alternative splicing event within intron
5 that inserted 74 bp of an alternatively spliced exon into the mRNA. The al-
ternatively spliced exon 4a is derived entirely from an Alu element that had
inserted into intron 5 of the gene. Alternative splicing is predicted to result in
the introduction of a premature translational stop site in exon 5 of NRAMP1.
As shown by RT–PCR analysis, both transcriptional forms of NRAMP1 are
expressed in human cell lines (Cellier et al., 1994). The functional conse-
quence of NRAMP1 truncation by the alternative splice event is unknown
but would be expected to produce a nonfunctional protein. It is presently
unknown if specific physiological trigger mechanisms exist that can shift the
balance of NRAMP1 transcript expression towards the alternatively spliced
form.

The NRAMP1 promoter region carries a number of regulatory sequence
motifs, including a binding motif for the PU.1 myeloid specific transcription
factor and several interferon-γ response elements (Blackwell et al., 1995;
Kishi et al., 1996; Cellier et al., 1997). The presence of a binding site for a
myeloid-specific transcription factor was confirmed by analysis of NRAMP1
expression in a panel of cell lines induced to differentiate along the myeloid
differentiation pathway (Cellier et al., 1997). In such cells, as well as in ma-
ture macrophages and PMN, a strong expression of NRAMP1 was detected,
whereas NRAMP1 expression was absent from erythroid or lymphoid type
cells. These results suggest that NRAMP1 expression is specific for myeloid
cells (Cellier et al., 1997).

The NRAMP1 gene is located in a chromosomal region that is unusually
enriched for repeat elements. Of approximately 20 kb of chromosomal DNA
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in the immediate vicinity of NRAMP, close to 60% of all nucleotides belong to
repeat elements (Marquet et al., 2000) and the vast majority of NRAMP1 in-
tronic sequence is made up of Alu repeat elements. During successive waves
of Alu transpositions, younger Alu family members evidently had integrated
into more ancestral Alu repeats, giving rise to extended genome stretches of
pure repeat element sequence. Specifically, the chromosomal region imme-
diately upstream of the NRAMP1 promoter is composed of several kilobases
of Alu and Mer sequences (Roger et al., 1998; Kishi et al., 1996). The possible
role of this repeat region as mutation generator and origin of chromoso-
mal instabilities has been investigated in a comparative sequence analysis
between humans and great apes (Roger et al., 1998). Despite extensive ge-
nomic sequence comparisons there was no evidence for increased genomic
instability or enrichment of sequence polymorphisms. Hence, the biological
function, if any, of the high density of Alu and other repeat elements in the
NRAMP1 chromosomal segment remains unknown.

3.3 Genetic Studies Employing NRAMP1 as Candidate Gene

The identification of NRAMP1 polymorphisms was a prerequisite to
conduct genetic studies employing NRAMP1 as candidate gene. Overall, the
NRAMP1 gene has limited sequence diversity suggesting that changes in the
primary amino acid sequence of the gene are evolutionarily not well toler-
ated. Only one amino acid polymorphism, an aspartate-to-asparagine change
at codon 543 in exon 15 of NRAMP1, has been described that is present in
allele frequencies above 1% (Liu et al., 1995). There are two known addi-
tional low frequency variants, an alanine-to-valine change at codon 318 in
exon 9 and a rare three-amino-acid insertion-deletion variant in exon 2 (Liu
et al., 1995; White et al., 1994). Not surprisingly, a homologue of the Nramp1
G169D variant has never been observed in human populations. In addition,
there are a number of silent nucleotide substitutions in exons as well as
intronic sequences (Liu et al., 1995). Finally, attention has been focused on
putative regulatory polymorphisms in the 5′ and 3′ untranslated NRAMP1 re-
gions. In the 3′-UTR, two 4-bp insertion-deletion polymorphisms have been
described with unknown functional relevance (Liu et al., 1995; Buu et al.,
1995). In the 5′-UTR, a single nucleotide polymorphism (SNP) was identi-
fied at position −236, and a promoter repeat polymorphism of the general
structure t(gt)5ac(gt)4ac(gt)nggcaga(g)6 (n = 9,10) was identified at approx-
imately 300 bp upstream of the transcriptional start site (Liu et al., 1995;
Blackwell et al., 1995). In most populations, allele n = 9 is found with ap-
proximately 75–80% frequency and allele n = 10 with approximately 20–25%
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frequency. In addition to these two predominant repeat alleles, additional
configurations exist that may give rise to PCR-amplified DNA fragments of
indistinguishable size (Graham et al., 2000). Employing transient transfec-
tions of luciferase promoter constructs into U937 cells, it was shown that the
n = 9 allele drives significantly higher levels of NRAMP1 expression than
the n = 10 allele (Searle and Blackwell, 1999). The same allelic imbalance
in luciferase expression was also found in transfected cells that had been
stimulated either with INFγ alone or a combination of INFγ and LPS. Inter-
estingly, addition of LPS enhanced activity of the n = 9 allele but decreased
n = 10 allele expression (Searle and Blackwell, 1999). To further address
the biological relevance of these findings it will be necessary to show that
allelic imbalances exist in NRAMP1 expressing tissues and to compare the
magnitude of allelic imbalance with interindividual differences in NRAMP1
expression levels. Nevertheless, these results are so far the only experimental
data connecting NRAMP1 sequence polymorphisms with a possible change
in functional activity of NRAMP1.

4. NRAMP1 AND TUBERCULOSIS

Tuberculosis and leprosy are the two major mycobacterial diseases that
have plagued humankind for centuries. Despite effective chemotherapeutic
treatments both diseases remain severe global health problems. In 2000, an
estimated 8.4 million new tuberculosis cases were recorded resulting in ap-
proximately 2 million deaths (WHO, 2001). In the same year, close to 700,000
new leprosy cases were reported worldwide (WHO, 2000). These staggering
numbers suggest that present control mechanisms fail to effectively intercept
the spread of the causative mycobacteria through exposed populations. A rea-
sonable hope is that a better understanding of the host–pathogen interplay
and the host genetic factors that govern susceptibility to these diseases will
be critical in devising more effective control strategies.

Results obtained in the mouse model of BCG infection imply that the
human NRAMP1 gene also impacts on tuberculosis and leprosy suscep-
tibility. Consequently, a number of studies have investigated the possible
contribution of NRAMP1 to mycobacterial disease susceptibility. Employ-
ing a population-based case-control design, a study in Gambia investigated
the contribution of NRAMP1 alleles to tuberculosis risk among 410 adult
pulmonary tuberculosis patients (Bellamy et al., 1998). These patients were
members of one of six well-defined ethnic groups. A control group of 417
individuals was matched by ethnicity to the patients, but contained a large
excess of males. Four polymorphisms within NRAMP1 were analysed for
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association with tuberculosis: the promoter (GT)n repeat, the NRAMP1 469 +
14 G/C SNP in intron 4, the D543N amino acid variant in exon 15, and the
4-bp insertion/deletion polymorphism NRAMP1 1729 + 55del4 immediately
3′ of the NRAMP1 stop codon (Bellamy et al., 1998). All four polymorphisms
were found associated with tuberculosis when patient stratification according
to ethnic group was taken into account. Quite consistently, an odds ratio (OR)
of 1.8–1.9 was found for the rare alleles, i.e., the rare alleles were found to
be significant risk factors for development of tuberculosis. Interestingly, the
two 5′ polymorphisms were associated with tuberculosis independently of the
two 3′ polymorphisms. Heterozygotes for the intron 4 SNP and the 3′ UTR
insertion/polymorphism were at significantly increased risk of tuberculosis
(OR = 4.07; 95%CI 1.86–9.12). These results provided evidence for a role of
NRAMP1 in tuberculosis susceptibility; however, the excess number of tuber-
culosis cases associated with the NRAMP1 polymorphisms are still modest.

The role of NRAMP1 alleles as risk factors for clinically defined tubercu-
losis was analysed in several additional studies in Japan, Korea, and Guinea-
Conakry. In the Japanese study, 267 smear-positive, HIV-negative pulmonary
tuberculosis patients and 202 healthy controls were enrolled (Gao et al., 2000).
This study detected independent association of the NRAMP1 D543N poly-
morphism and the promoter (GT)n repeat polymorphism with tuberculosis.
In agreement with the study in Gambia (Bellamy et al., 1998), the common
promoter repeat allele was found to be a significant independent protective
factor for tuberculosis (P = 0.039) (Gao et al., 2000). In a similar population-
based case control study involving 192 smear-positive tuberculosis cases and
192 healthy controls in Korea, the NRAMP1 1729 + 55del4 polymorphism
was found associated with tuberculosis (P = 0.02; Ryu et al., 2000). Finally, in
a small family-based control study the transmission of NRAMP1 alleles to af-
fected children was assessed in 44 families from Guinea-Conakry (Cervino et
al., 2000). Of the three polymorphisms analysed, promoter (GT)n, NRAMP1
469 + 14G/C, and NRAMP1 1729 + 55del4, only the 469 + 14G/C polymor-
phism in intron 4 showed significant evidence of association with tuberculo-
sis (P = 0.036). None of the case-control studies can exclude the possibility
that a polymorphism in an unknown gene in close linkage disequilibrium
with NRAMP1 is responsible for the observed association of NRAMP1 al-
leles with tuberculosis. However, since NRAMP1 alleles have been found
associated with tuberculosis in four distinct ethnic populations this would
require that linkage disequilibrium of NRAMP1 alleles with the unknown
gene would have to be preserved in all four populations. Hence, the associa-
tion of NRAMP1 with tuberculosis across ethnicities supports the suggestion
that it is indeed NRAMP1 itself that is modulating tuberculosis risk.
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Although close to two-thirds of the world’s population is infected with
Mycobacterium tuberculosis, only an estimated 10% of those infected develop
tuberculosis over the course of their lifetime. An interesting question is
whether NRAMP1 alleles are involved in susceptibility to infection with
M. tuberculosis or with progression from infection to clinically overt disease.
Bellamy et al. (1998) favoured an impact of NRAMP1 alleles on progression
due to the presumed high rate of infected individuals in the control group
(Bellamy et al., 1998). However, as pointed out by Borgdorff (1998) only an
estimated 60% of control individuals in Gambia are expected to be infected
with M. tuberculosis, making it formally possible that NRAMP1 alleles exert
their major effect on infection susceptibility. More recently, the view that
NRAMP1 alleles impact on progression from infection to clinical disease has
obtained additional support from the linkage analysis of NRAMP1 during an
outbreak of tuberculosis in Canada (see below; Greenwood et al., 2000).

The potential role of NRAMP1 in tuberculosis susceptibility was anal-
ysed in two linkage studies. In northern Brazil, 98 multiplex tuberculosis
families comprising over 700 individuals were enrolled in a genetic study.
Complex segregation analyses provided strong evidence for the presence of
major tuberculosis susceptibility gene(s) in this family panel, yet no signifi-
cant evidence to support linkage of NRAMP1 with tuberculosis was detected
(Shaw et al., 1997). Instead, a trend (P = 0.025) in favour of linkage of tu-
berculosis with D2S1471, a microsatellite repeat in close proximity to the
NRAMP1 gene, was found. The implications of this finding are difficult to
assess. Certainly, the data appear to argue against a major role of NRAMP1
alleles in susceptibility to tuberculosis and suggest the presence of other un-
known susceptibility genes in the studied family panel. Alternatively, it is
possible that major genetic effects can be missed if gene–environment inter-
actions are not taken into account. This was shown by the genetic analysis of
an outbreak of tuberculosis in an Aboriginal Canadian family (Greenwood et
al., 2000). In this familial outbreak situation, it was possible to establish that
nearly all family members had become infected with M. tuberculosis and that
genetic analysis, indeed, was focused on progression from infection to dis-
ease. By modeling the exposure histories of all family members, four liability
classes were defined that were associated with variable penetrance of a puta-
tive susceptibility locus. Assuming a relative risk of 10 for the susceptibility
allele, a major tuberculosis susceptibility locus was mapped to the immedi-
ate vicinity of NRAMP1 with high significance (P < 10−5). Interestingly, if
family members were not assigned to liability classes no significant evidence
for linkage was obtained (Greenwood et al., 2000). Although it is possible
that the Greenwood et al. study detected the genetic effect of a susceptibility



P1: JMT

CB591-08 CB591-Bellamy-v2 August 2, 2003 18:3

241©

resistan
ce

to
in

tracellu
lar

path
o

g
en

s

gene different from NRAMP1, this seems improbable. A scan of the draft
human genome sequence does not identify any obvious susceptibility gene
candidates, and the odds of having an unknown tuberculosis susceptibility
gene located in the NRAMP1 vicinity appear slim.

Why would a major effect be associated with NRAMP1 in the Greenwood
et al. (2000) study and not others? One possible explanation is given by the
need to model gene–environment interaction to detect the major gene effect
(see above). Alternatively, certain factors such as the specific population his-
tory of the studied family, the absence of environmental mycobacteria, and/or
the absence of evolutionary selection against major susceptibility genes due to
the lack of extensive historical exposure to M. tuberculosis influence the study
outcome (Abel and Casanova, 2000). Therefore, dependent on these factors,
tuberculosis susceptibility would manifest itself in a spectrum of genetic con-
trol ranging from the clearly defined Mendelian defects in hypersusceptible
families to polygenic control in endemic populations (Abel and Casanova,
2000). Finally, an aspect that has received little attention is the fact that an
outbreak of tuberculosis was studied by Greenwood et al. and that all cases
can be classified as primary tuberculosis patients (in contrast to reactivational
tuberculosis cases). It is possible that different mechanisms of genetic control
are acting on different forms of tuberculosis and that NRAMP1 acts as a ma-
jor susceptibility gene for primary tuberculosis disease but not reactivational
tuberculosis.

5. NRAMP1 AND LEPROSY

The role of NRAMP1 has also been analysed in the context of leprosy sus-
ceptibility. In a small sample of families from French Polynesia, no evidence
for linkage between NRAMP1 and leprosy was detected (Levee et al.,1994;
Roger et al., 1997). Likewise, in a population-based case control design, Roy
et al. (1999) failed to detect association between NRAMP1 alleles and clinical
subtypes of leprosy. By contrast, in a sample of 20 multiplex leprosy families
from Southern Vietnam, linkage of an NRAMP1 haplotype with leprosy per
se, i.e., leprosy irrespective of its specific clinical manifestations, was observed
(Abel et al., 1998). Evidence for linkage among 16 ethnic Vietnamese families
was strong (P < 0.005) but absent among the 4 ethnic Chinese families (P >

0.6). These results support a prior complex segregation analysis of leprosy
susceptibility that detected evidence for a major leprosy susceptibility gene
among ethnic Vietnamese but not among ethnic Chinese (Abel et al., 1995).
Finally, a significantly different distribution of the NRAMP1 1729 + 55del4
alleles was observed among 92 paucibacillary and 181 multibacillary leprosy
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cases from Mali (P = 0.012; Meisner et al., 2001). No effect of NRAMP1 alle-
les on leprosy per se susceptibility was noted in this association study. These
results suggest the presence of genetic heterogeneity in the control of leprosy
susceptibility, i.e., NRAMP1 alleles function as risk factors in some but not
other populations. Alternatively, it is possible that, for example, due to small
sample size the power in the negative studies was too low to detect the effect
of NRAMP1 alleles.

The “Mitsuda reaction” skin test measures the human immune response
to intradermally injected heat-killed M. leprae bacilli 4 weeks postinjection. In
a Brazilian population, complex segregation analysis suggested the presence
of major genetic effects in the control of Mitsuda reactivity (Feitosa et al.,
1996). In an unexpected twist, strong linkage of the NRAMP1 genome re-
gion was detected with the “Mitsuda reaction” (Alcais et al., 2000) in the
same Vietnamese families that showed linkage of leprosy per se susceptibility
with NRAMP1. Whether considering the extent of Mitsuda reactivity as a
quantitative trait, as a binary trait or by focusing only on children with ex-
treme values (<3 mm and >10 mm) very strong evidence for linkage with
NRAMP1 was obtained (P = 0.001; Alcais et al., 2000). Strikingly, the propor-
tion of alleles shared among sibs with Mitsuda reaction <3 mm and Mitsuda
reaction >10 mm was 65%. This finding suggested that, in contrast to the
Nramp1 mouse model, human NRAMP1 alleles have a strong impact on
the antimycobacterial immune response. A follow-up study in Brazil failed
to detect linkage between NRAMP1 polymorphisms and Mitsuda reactiv-
ity (Hatagima et al., 2001). However, the latter study suffered from a small
sample size and a lack of clearly defined differences of identity-by-state vs
identity-by-descent alleles; both factors potentially having a strong detrimen-
tal impact on the power of linkage detection. Further studies are needed to
establish possible genetic heterogeneity in the control of Mitsuda reactivity.

6. NRAMP1 AND INFECTIONS OTHER THAN TUBERCULOSIS
AND LEPROSY

A possible involvement of NRAMP1 in a variety of infectious diseases
has been tested. For example, two studies have investigated a possible role
of NRAMP1 in susceptibility to Mycobacterium avium-intracellulare complex
(MAC) disease in HIV-free individuals. In one small study, NRAMP1 alle-
les in eight sporadic cases of MAC were compared with allele frequencies
in 22 healthy controls (Huang et al., 1998). Not surprisingly, no significant
difference was noted. In a second study, the NRAMP1 mRNA was reverse
transcribed and sequenced in four cases of familial MAC belonging to two
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Japanese families (Tanaka et al., 2000). The only abnormality was one copy of
a nonconservative amino acid substitution, R419Q, in one patient, making it
unlikely to be the underlying cause of MAC in this family. The possible role of
NRAMP1 in cutaneous leishmaniasis was investigated in a small case-control
study from an endemic region of the Ethiopian highlands but no evidence
in favour of association was obtained (Maasho et al., 1998). Similarly, no ev-
idence for linkage of the NRAMP1 region with visceral leishmaniasis was
detected in Brazilian families (Blackwell et al., 1997). In a large case-control
study in Vietnam no evidence for association of NRAMP1 alleles with ty-
phoid fever was obtained (Dunstan et al., 2001). Likewise, no evidence for
association between NRAMP1 alleles and Chagas disease was found in a
small Peruvian case control study (Calzada et al., 2001). Finally, significant
association was observed between HIV infection and NRAMP1 alleles in a
case-control study of a Colombian population (Marquet et al., 1999). The bio-
logical significance of the latter finding is unknown but may be related to the
increased state of macrophage activation that can be mediated by increased
levels of NRAMP1 protein expression.

7. NRAMP1 AND AUTOIMMUNE DISORDERS

Why is it that NRAMP1 alleles predisposing to tuberculosis have not
been selected out of exposed populations? One possible answer is that other
common diseases, such as autoimmune disorders, provide a counterbalanc-
ing force for allele maintenance. In this view, NRAMP1 alleles that are risk
factors for tuberculosis would act as protective factors for autoimmune dis-
orders (Blackwell and Searle, 1999). These considerations have prompted
experiments aimed at detecting NRAMP1 allele distortions in patients with
a variety of autoimmune diseases. For example, in two association studies in
Korean rheumatoid arthritis (RA) patients, significant associations were ob-
served between the 3′ NRAMP1 D543N and 1729 + 55del4 polymorphisms
and RA (Yang et al., 2000; Singal et al., 2000). In a case-control study of 119
Latvian patients with juvenile rheumatoid arthritis (JRA) and 111 controls,
significant associations both on the allelic and genotypic level were observed
with the NRAMP1 (GT)n promoter polymorphism (Sanjeevi et al., 2000). Ho-
mozygosity of the common n = 9 allele (increased promoter activity) was
associated with significantly increased risk of JRA (OR = 2.32), whereas pro-
tection was associated with homozygosity in the less common n = 10 allele
(reduced promoter activity; OR = 0.33). These results have been interpreted as
support for the counterbalancing hypothesis and as evidence for a functional
role of the promoter polymorphism (Searle and Blackwell, 1999). Sarcoidosis
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is a hypersensitivity to unknown antigens. A population-based case-control
study of 157 sarcoidosis patients and 111 healthy controls detected a signifi-
cant depletion of the non-n = 9 alleles among patients (Maliarik et al., 2000).
In inflammatory bowel disease, a first report detected an association between
D2S434 and D2S1323 alleles and Crohn’s disease and concluded from these
findings an association of NRAMP1 with Crohn’s disease (Hofmeister et al.,
1997). However, a later study using two intragenic NRAMP1 polymorphisms,
silent substitutions 274 C/T in exon 3 and 823 C/T in exon 8, failed to detect
a significant association with inflammatory bowel disease (Stokkers et al.,
1999). The involvement of NRAMP1 alleles as risk factors for Crohn’s dis-
ease and related inflammatory bowel disorder needs additional study. The
two microsatellites reported to be associated with Crohn’s disease are at sig-
nificant distance from NRAMP1 (approximately 1 and 3 Mbp, respectively)
making it unlikely that NRAMP1 associations have been detected in the 1997
study. On the other hand, the two NRAMP1 polymorphisms used in the 1999
study are only in weak linkage disequilibrium with the 3′ NRAMP1 polymor-
phisms making it possible that an association of the D543N and 1729 +
55del4 polymorphisms with inflammatory bowel disease may have gone un-
noticed. Finally, stimulated by the suggestion that NRAMP1 may be involved
in iron transport, NRAMP1 promoter alleles have been studied as risk fac-
tors for multiple sclerosis and a significant enrichment of the common n =
9 allele was found in 104 patients from South Africa (Kotze et al., 2001).
Taken together, the studies in autoimmune disorders suggest that NRAMP1
functions as a general immunoregulatory molecule affecting both infectious
and noninfectious immune disorders.

8. CONCLUSIONS FROM STUDIES IN HUMAN POPULATIONS

A possible contribution of NRAMP1 to disease susceptibility has been
tested in many human diseases. In several of the studies that detected linkage
or association with a disease phenotype the contribution of NRAMP1 alleles
to disease risk was of modest scale. Conversely, some studies that failed
to detect an NRAMP1 effect frequently were of modest sample size. Taken
together, this makes it likely that present studies detected both false-positive
and false-negative results. Probably the best control for false-positive results
is replication of significant association and linkage results in independent
studies. Such replication has been achieved most extensively in the case of
tuberculosis and it has been firmly established that NRAMP1 alleles are
risk factors for clinical tuberculosis. To follow-up on this very encouraging
finding two avenues of research need to be pursued. First, it is necessary
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to develop assays of NRAMP1 function that allow correlative studies of bi-
ological activity with NRAMP1 alleles to provide more direct support for a
causal role of NRAMP1 in disease susceptibility. Second, it is necessary to
refine the analysed disease phenotypes. Pulmonary tuberculosis is a complex
mix of clinical pictures and underlying mechanisms of pathogenesis. To
enhance the penetrance of genetic factors and the strength of genetic effects
it is of pivotal importance to employ refined clinical definitions and/or to
focus on specific pathways of pathogenesis by employing quantitative trait
genetics to human populations. This will eventually allow us to pinpoint
the genetic lesion caused by NRAMP1 alleles and open the way for possible
pharmacological repair of the defect.
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CHAPTER 9

The interleukin-12/interferon-γ loop
is required for protective immunity to
experimental and natural infections
by Mycobacterium

Marion Bonnet, Claire Soudais, and Jean-Laurent Casanova
Laboratory of Human Genetics of Infectious Diseases, Université René Descartes,
Necker Medical School, Paris

Mendelian susceptibility to poorly pathogenic mycobacteria, such as bacillus
Calmette-Guérin (BCG) and environmental nontuberculous mycobacteria
(EM), is a rare human syndrome. Some patients present with mutations in the
genes encoding IL-12p40 or IL12Rβ1, associated with impaired production
of IFNγ . Others carry mutations in the genes encoding IFNγ R1, IFNγ R2, or
STAT1, associated with impaired response to IFNγ . Knockout mice for IL-12,
IFNγ , or their receptors are also vulnerable to experimental infection with
nonvirulent mycobacteria. Studies with knockout mice also implicate other
molecules involved in the induction of, or response to, IFNγ , such as IL-18,
IL-1, TNFα, IRF-1, and NOS2, in the control of mycobacterial infection. It
is now clear that the IL-12-IFNγ loop is crucial for protective immunity to
experimental and natural mycobacterial infection in both mice and men.

1. INTRODUCTION

Bacillus Calmette-Guérin (BCG) vaccines and environmental mycobacte-
ria (EM) are poorly pathogenic in humans. However, they cause disseminated
disease in severely immunodeficient individuals, but such patients are also
susceptible to a broad range of pathogens (Reichenbach et al., 2001; Casanova
and Abel, 2002). BCG and EM may also lead to severe disease in other-
wise healthy individuals without any overt immunodeficiency. These patients
present a selective vulnerability to mycobacterial infections (Casanova et al.,
1995; 1996; Levin et al., 1995; Frucht and Holland, 1996), without any other
associated infections, apart from salmonellosis, which affects less than half of
the cases (reviewed in Dorman and Holland, 2000, and Casanova and Abel,
2002). Parental consanguinity and familial forms are frequently observed,
suggesting a Mendelian disorder. Consequently the condition has been called
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Figure 9.1. Cytokine interactions between macrophage/dendritic cells and NK/T

lymphocytes. (See color plate.)

Mendelian susceptibility to mycobacterial infection (MIM 209950) (McKusick,
1998). In most cases inheritance is autosomal and recessive, but autosomal
dominant inheritance has been reported in some families (Jouanguy et al.,
1999) and X-linked recessive inheritance in another (Frucht and Holland,
1996). The clinical outcome correlates with the type of granulomatous lesions
(Emile et al., 1997), i.e., patients with lepromatous-like granulomas (poorly
delimited, multibacillary, with no epithelioid or giant cells) die from over-
whelming infection, whereas tuberculoid granulomas (well-delimited, pau-
cibacillary, with epithelioid and giant cells) are associated with a favourable
outcome.

Patients with Mendelian susceptibility to mycobacteria have abnormal
production of, or response to interferon-γ (IFNγ ). IFNγ is a pleiotropic cy-
tokine secreted by natural killer (NK) and T cells (Fig. 9.1). The condition
is clinically heterogeneous because of its genetic heterogeneity. Mutations
of five different genes have been identified as being causative, defining 10
disorders involving impairment of IFNγ -mediated immunity. The genes in-
volved are IFNGR1 and IFNGR2, encoding the two chains of the IFNγ recep-
tor; STAT1 encoding the transcription factor signal transducer and activator
of transcription 1 (STAT1) activated in response to IFNγ ; IL12B, encoding
the p40 subunit of interleukin-12 (IL-12), a potent IFNγ -inducing cytokine
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secreted by macrophages and dendritic cells; and IL12RB1 encoding the β1-
chain of the IL-12 receptor, expressed on NK and T cells. There is also al-
lelic heterogeneity: dominant and recessive mutations have been found in
IFNGR1 and null or hypomorphic mutations in IFNGR1 and IFNGR2. In
this chapter, we will review the molecular genetic basis of vulnerability to
mycobacterial disease in natural conditions of infection – a hallmark of the
human disease (Casanova and Abel, 2002). We will then review the vulnera-
bility to experimental mycobacterial infection in mice with targeted genetic
defects in the IL12-IFNγ loop.

2. MOLECULAR BASIS OF THE HUMAN SYNDROME OF
MENDELIAN SUSCEPTIBILITY TO MYCOBACTERIAL INFECTION

2.1 IFNGR1 Mutations

2.1.1 Complete IFNγ R1 Deficiency

Complete recessive IFNγ receptor ligand-binding chain (IFNγ R1) de-
ficiency was the first causative genetic defect identified. It was found to be
associated with vulnerability to BCG vaccination in two kindreds (Jouanguy
et al., 1996; Newport et al., 1996). More kindreds (23 patients) have since
been identified (Pierre-Audigire et al., 1997; Altare et al., 1998; Holland et al.,
1998; Roesler et al., 1999; Jouanguy et al., 2000; Cunningham et al., 2000;
Allende et al., 2001). The patients are of various ethnic origins. There are two
forms of complete IFNγ R1 deficiency. Null mutations are the most common.
They preclude cell surface expression of the receptor due to a premature stop
codon upstream from the segment encoding the transmembrane segment. In
three other families, children have complete IFNγ R1 deficiency despite nor-
mal amounts of IFNγ R1 on the cell surface (Jouanguy et al., 2000). In these
cases, mutations in the segment encoding the extracellular ligand-binding
domain prevent the surface receptors binding to their natural ligand, IFNγ .
All these mutations are associated with a complete lack of cellular response
to exogenous recombinant IFNγ . Clinically, complete IFNγ R1 deficiency re-
sults in a selective susceptibility to mycobacterial infection such that it is
early onset and severe. Pathogens associated with the disease are either slow-
growing mycobacteria, including Mycobacterium avium and Mycobacterium
kansasii or Mycobacterium szulgai, or fast-growing mycobacteria, including
Mycobacterium fortuitum, Mycobacterium chelonae, Mycobacterium smegmatis,
and Mycobacterium peregrinum. The last two are among the least virulent
mycobacteria and had never previously been reported to cause disseminated
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disease in humans. The clinical phenotype is characterised by lepromatous-
like lesions, and tuberculoid granulomas almost certainly rule out complete
IFNγ R1 deficiency. These patients also have high levels of IFNγ in serum,
allowing rapid diagnosis of IFNγ R deficiency (Fieschi et al., 2001). Most
patients die before they are 12 years old (Table 9.1).

2.1.2 Partial IFNγ R1 Deficiency

Partial IFNγ R1 deficiency may be caused by recessive or dominant mu-
tated IFNGR1 alleles. Cells from patients with partial, as opposed to complete,
IFNγ R1 deficiency have impaired but not abolished response to IFNγ in vitro.
These patients are also vulnerable to both slow growing mycobacteria, includ-
ing M. avium and M. kansasii. Susceptibility to the fast-growing mycobacteria
M. chelonae is, surprisingly, shown in only one patient. The clinical pheno-
type of children with partial IFNγ R1 deficiency is milder than that of children
with complete IFNγ R1 deficiency: they suffer well-circumscribed and differ-
entiated tuberculoid granulomas (Lamhamedi et al., 1998). Two siblings with
recessive IFNγ R1 deficiency have been reported (Jouanguy et al., 1997). They
carry a homozygous recessive missense mutation resulting in an amino-acid
substitution in the extracellular domain of the receptor. The receptor is pro-
duced normally and translocated to the cell surface but has an abnormally
low affinity for its ligand, IFNγ , although IFNγ binding is not totally abol-
ished. A dominant form of partial IFNγ R1 deficiency has been identified in
49 patients from 29 unrelated kindreds (Jouanguy et al., 1999; Villella et al.,
2001; Dorman and Holland, 2000; Aksu et al., 2001; Arend et al., 2001). These
patients have a small heterozygous frameshift deletion in IFNGR1 exon 6,
downstream from the segment encoding the transmembrane domain. The
mutant alleles encode a truncated receptor with only five intracellular amino
acids; however, it is present at the cell surface and binds IFNγ correctly.
These truncated receptors dimerise normally and form tetramers with two
IFNγ R2 molecules. Nevertheless, this receptor fails to transduce the IFNγ -
triggered signal, due to the lack of intracellular binding domains for the
signalling cascade molecules JAK-1 and STAT-1. The receptors accumulate
on the cell surface of cells from these patients due to the absence of an in-
tracellular recycling site. The combination of normal IFNγ binding, absence
of signalling, and accumulation at the cell surface is responsible for their
dominant-negative effect. Even though most IFNγ R1 dimers are not func-
tional in heterozygous cells, the few wild-type IFNγ R1 dimers account for a
partial rather than a complete defect. Interestingly, this disorder led to the first
identification of a small deletion hotspot in the human genome, at position
818 of IFNGR1 (Jouanguy et al., 1999). Overlapping small deletions (818del4
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Table 9.1. Susceptibility to mycobacterial species among humans and
mice with IL12-IFNγ gene defects

IL-12-IFNg loop
Mycobacterium
strains Human Mouse

BCG S S

M. tuberculosis S S

Slow-growing strains

M. avium S S

M. kansassi S

M. szulgai S

M. genavensae S (IFNG-KO)

M. asiaticum S

M. gordonae S

M. leprae MS (IFNG-KO)

M. celatum S

M. branderi S

M. xenopi S

M. malmoense S

M. bohemicum S

M. conspicuum S

M. interiectum S

M. intermedium S

clinical isolate 223/96 S

M. heildelbergense MS

M. lentiflavum R

clinical isolate 11867/96 R

Fast-growing strains

M. fortuitum S

M. chelonae S S∗

M. smegmatis S MS (TNF-KO)

M. peregrinum S

M. abscessus S S∗

M. confluentis R

Abbreviations: R, resistent; S, susceptible; MS, moderately susceptible;

TNFKO, TNFgene disrupted mouse; IFNGKO, INFγ gene disrupted

mouse.
∗ Unpublished data.
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in 11 kindreds and 818delT in one) were found to have occurred indepen-
dently in 12 unrelated families. A model of slipped mispairing events and
subsequent repair during replication was proposed, based on the presence
of two direct repeats and small deletion consensus motifs in the vicinity of
nucleotide 818. Another small deletion hotspot has been recently identified
in IFNGR1, in exon 5 at position 561 (561del4). This deletion has been found
in three unrelated heterozygous carriers and two patients (Rosenzweig et al.,
2002).

2.2 IFNGR2 Mutations

2.2.1 Complete IFNγ R2 Deficiency

Two patients with complete IFNγ R2 deficiency have been reported
(Dorman and Holland, 1998, 2000). They carry a homozygous recessive
frameshift deletion in the coding region of IFNGR2, resulting in a prema-
ture stop codon upstream from the segment encoding the transmembrane
domain. The clinical phenotype is analogous to that of patients with complete
IFNγ R1 deficiency, with early-onset and severe mycobacterial infections, no
mature granulomas and high levels of IFNγ in serum (Fieschi et al., 2001).
Deficient patients are also vulnerable to fast growing mycobacteria such as
M. abscessus and M. fortuitum.

2.2.2 Partial IFNγ R2 Deficiency

A 20-year-old patient with a history of BCG and M. abscessus infection
was found to have a partial IFNγ R2 deficiency. It was due to a homozygous
missense mutation in the extracellular domain, resulting in single amino-
acid substitution (Doffinger et al., 2000). The encoded receptor was normally
localised at the cell surface, but was associated with an abnormally low cellular
response to IFNγ . Clinically, the patient’s phenotype was similar to that of
partial IFNγ R1 deficiency.

2.3 STAT1 Mutations

STAT1 is an essential element of IFN-induced signal transduction, ei-
ther as a STAT1 homodimer, also designated the gamma-activated factor
(GAF), or as a heterotrimeric transcription complex, the interferon stimu-
lated gene factor 3 (ISGF3), which also includes STAT2 and IRF9 (previously
known as p48). Two unrelated patients presented an identical heterozygous
missense mutation leading to partial dominant STAT-1 deficiency (Dupuis
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et al., 2001). This mutation is null for both activation of GAF and ISGF3,
but in heterozygous patients’ cells; the mutation is dominant for GAF acti-
vation and recessive for ISGF3. Despite having received BCG vaccinations,
patients were vulnerable to M. avium. No severe viral infection was detected
in these patients, suggesting that IFN type I-mediated viral immunity is not
impaired. The clinical and cellular phenotypes of these patients, with respect
to mycobacterial infection and GAF activation, were similar to those of pa-
tients with partial recessive IFNγ R deficiency. This observation also implies
that IFNγ mediated antimycobacterial immunity is strictly STAT-1 depen-
dent. New STAT-1 mutations have been identified in patients with BCG and
HSV infection. These mutations cause a complete defect in STAT-1. Patients’
cells are vulnerable to viral infection in vitro, and this implicates IFN type
I-mediated immunity (Dupuis et al., 2003).

2.4 IL-12B Mutations

IL-12 is a heterodimeric cytokine, consisting of the subunits p40 and
p35. It is produced mainly by macrophages and dendritic cells. A kindred
with a loss-of-function recessive mutation in the IL12B gene, encoding the
p40 subunit, has been identified (Altare et al., 1998). The patient presents a
homozygous frameshift deletion of 4.4 kb encompassing two coding exons.
Subsequently, five other kindreds (12 patients) with IL-12p40 deficiency have
been reported (Picard et al., 2002; Elloumi-Zghal et al., 2002). The patients
suffered BCG infection associated (in only one case) with M. chelonae and in
the other cases with M. avium. One patient was also infected by Salmonella
enterica. No IL-12 secretion could be detected in these patients, and their
lymphocytes produced less IFNγ than those from normal individuals. This
defect can be complemented by treatment with exogenous recombinant IL-12.
Thus, IFNγ deficiency appears as a consequence of inherited IL-12 deficiency.
The clinical phenotype of IL12-deficient patients is, however, milder than
that of complete IFNγ R patients, probably due to residual IL-12-independent
IFNγ production.

2.5 IL-12RB1 Mutations

Recessive mutations in the IL12RB1 gene, encoding the β1 subunit of
IL-12 receptor have been reported in 9 kindreds (Altare et al., 1998; de Jong
et al., 1998; Verhagen et al., 2000; Aksu et al., 2001; Altare et al., 2001; Sakai
et al., 2001; Elloumi-Zghal et al., 2002). Patients were found to be infected
mostly with M. avium, and one child was infected with M. chelonae. Half of
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the patients had Salmonella enterica infections, but no other infections were
reported. All patients were homozygous for the mutations, which preclude
expression of IL-12Rβ1 at the cell surface. The loss of IL-12 signalling through
its receptor leads to impairment of IFNγ production in vitro by otherwise func-
tional NK or T cells. Another patient was found to respond poorly to IL-12
despite normal IL-12Rβ1 (Gollob et al., 2000). The clinical phenotype of IL-
12Rβ1 patients is similar to that of IL-12 p40 children. Thus, IL-12-mediated
mycobacterial immunity occurs mainly through IL-12Rβ1. Deficiencies in
the IL-12 signalling pathway seem to lead to a greater phenotypic hetero-
geneity than deficiencies of IFNγ R, for which there is a strict correlation
between genotype and phenotype (Dupuis et al., 2000). Interestingly, three
patients with IL-12p40 or IL-12Rβ1 deficiency were resistant to BCG (Picard
et al., 2002; Aksu et al., 2001; Altare et al., 2001). One of them was vaccinated
three times with live BCG without any adverse effect, whereas his brother had
disseminated BCG-osis (Altare et al., 2001). Two of these patients did not even
develop atypical mycobacteriosis. Alternative pathways may compensate for
the loss of IL-12 signalling, and in such individuals IL-12-independent IFNγ

production may be sufficient to control mycobacterial infection. The effi-
ciency of any such compensatory pathways may differ between individuals,
leading to different cellular phenotypes in the patients. Our recent identifi-
cation of 37 patients from 26 kindreds indicates that IL12Rβ1 deficiency is
associated with a broad resistance, low penetrance, and favourable outcome
(Fieschi et al., 2003).

3. SUSCEPTIBILITY TO EXPERIMENTAL MYCOBACTERIAL
INFECTION IN MICE WITH IMPAIRED IL-12/IFNγ LOOP

3.1 IFNγ o/o Mice and IFNγ R o/o Mice

IFNγ o/o (GKO) mice are highly susceptible to BCG infection. GKO
have 10 to 100 times more CFU than controls in lung, liver, and spleen
after injection with BCG intravenously (Dalton et al., 1993; Murray et al.,
1998). IFNγ R o/o (GRKO) infected with BCG die between 7 to 9 weeks after
inoculation and suffer massive granulomatous pulmonary lesions (Fig. 9.2)
(Kamijo et al., 1993). GKO, like GRKO, animals are unable to control M.
tuberculosis infection and there is substantial dissemination of intralesional
acid-fast bacteria throughout spleen, liver, lungs and kidneys (Figs. 9.3 and
9.4) (Cooper et al., 1993; Flynn et al., 1993; Erb et al., 1998). GKO mice are also
more susceptible than wild type to poorly virulent mycobacteria, including
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Figure 9.2. Survival following inoculation with BCG among mice with IL12-IFNγ , TNFα,

IRF-1 and NOS gene defects. WT = wild-type.

M. avium. However, this phenomenon is apparent only at later stages of the
infection (Doherty and Sher, 1997). GKO infected with M. genavense also
show a chronic inflammatory response with diffuse granulomatous lesions
in liver (Ehlers and Richter, 2001). Some newly identified nontuberculous
mycobacteria (most are slow growing but one is fast growing) have also been
tested on GKO mice. The mice were susceptible to most of the strains tested
(Ehlers and Richter, 2001). It thus appears that IFNγ is a major determinant
of the outcome of infection with several mycobacterial species.

3.2 IL12p40 o/o, IL12p35 o/o, and IL12p35 o/o p40 o/o Mice

Bioactive heterodimeric IL-12p70 (p40 + p35) is a key factor for induction
of IFNγ during mycobacterial infection: IL-12 neutralisation experiments
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Figure 9.4. Survival following intravenous M. tuberculosis injection among mice with

IL12-IFNγ , TNFα, IRF-1 and NOS gene defects.

demonstrate the importance of IL-12p70 in the host defense against my-
cobacteria. Infection of IL-12 p40 o/o mice with M. tuberculosis results in
uncontrolled growth of the bacteria in all target organs. Mice deficient for the
p40 subunit are more susceptible than the p35 o/o mice to bacterial growth
(Figs. 9.3 and 9.4) (Cooper et al., 2002). Increased susceptibility of IL-12 p40
o/o animals correlates with very low, but not abolished, IFNγ mRNA abun-
dance. This results in a marked decrease in the formation of granulomas
containing large numbers of bacteria. The expression of TNFα, another pro-
tective cytokine is also delayed in IL-12 p40 o/o mice. IL-12Rβ2 expression
is not up-regulated in IL-12 p40 o/o animals but it is in wild-type animals
during infection (Cooper et al., 1997). A similar phenotype is observed after
pulmonary infection of IL-12 p40 o/o mice with BCG (Wakeham et al., 1998).
Thus, IL-12 appears to be an essential initiator of the development of the gran-
ulomatous response and subsequent inhibition of mycobacterial growth and
spread. Infection with M. tuberculosis by inhalation leads to mortality in IL-
12p35 o/o p40 o/o mice and in IL-12p35 o/o mice (Fig. 9.3). Double knockout
mice survive BCG infection but are chronically infected (Fig. 9.2) (Holscher
et al., 2001). The chronic disease after BCG infection contrasts with the phe-
notype of IFNγ o/o mice, which show a high mortality rate. However, it agrees
with the milder phenotype of IL-12p40- or IL12Rβ1-deficient patients than
IFNγ R-deficient patients do. However, only mutations of the p40 subunit
have been described in humans (Casanova and Abel, 2002). Another possi-
ble resistance mechanism of IL-12p35 o/o mice to mycobacterial infection
may involve the newly described heterodimeric IL-23, composed of IL-12p40
and a p19 subunit, that has an activity similar to, but distinct from IL-12.
The p19 subunit mRNA is similarly induced by M. tuberculosis infection in
WT, p35 o/o, and p40 o/o mice, such that IL-23 is available in IL-12 p35 o/o
animals.
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3.3 IL-18 and IL-1α/β and IL-1R1 o/o Mice: Parallel IFNγ

Inducing Pathways

IL-18 was first described as IFNγ -inducing factor (IGIF) (Okamura et
al., 1995). It has similarities with IL-1β in terms of structure, secretion, and
signalling. IL-18, in synergy with IL-12, promotes IFNγ production (Micallef
et al., 1996; Ahn et al., 1997). IL-18 o/o mice are slightly more susceptible
than WT mice to M. tuberculosis but not to BCG (Figs. 9.2–9.4). Splenic IFNγ

production, but not that of IL-12 or TNFα, is slightly low, implicating IL-
18 in IFNγ production. Thus, reduced IFNγ production is not secondary to
reduced IL-12 production. These animals also show very low IL-1β production
(Sugawara et al., 1999). IL-1 is a proinflammatory cytokine mainly secreted by
macrophages and dendritic cells and which synergizes with IL-12 to induce
IFNγ production (for review see Dinarello, 1996). IL-1 α/β o/o mice survive
and develop larger granulomatous lesions after infection with M. tuberculosis
and are able to control the infection (Fig. 9.3). Neither defect in IFNγ nor IL-12
production has been detected in these animals, but they display an abnormally
high production of TNFα, which may compensate for loss of expression of IL-
1. Injection of IL-1α/β o/o mice with IL1α/β failed to cure the granulomatous
lesions completely (Yamada et al., 2000). IL-1R1 o/o mice, infected with the
less virulent H37Rv strain of M. tuberculosis survived with discrete developing
granulomas (Fig. 9.3) (Juffermans et al., 2000; Sugawara et al., 2001). When
the more virulent Kurono strain was used, mice succumbed after between
6 and 7 weeks and showed a much higher density than WT mice of bacilli
in their lung. IL-1R1 o/o mice produce less IFNγ than WT associated with a
less mRNA for IL-1 and iNOS (Sugawara et al., 2001).

3.4 TNFα, TNFR1 o/o Mice: IFNγ -Inducible Genes

Tumour necrosis factor-α (TNFα) is an IFNγ -inducible proinflamma-
tory cytokine that synergizes with IFNγ to activate the bactericidal activity
of macrophages (Rook et al., 1987; Flynn et al., 1995). TNFα o/o mice ex-
hibit a slightly increased susceptibility to administration of BCG: in terms
of mortality and the number of bacilli in lungs and spleen which are higher
than in WT, but there is no granulomas formation (Fig. 9.2) (Kaneko et al.,
1999). TNFα o/o mice also have more bacilli in lung and spleen follow-
ing infection with M. tuberculosis and are killed by disseminated infection
(Figs. 9.3 and 9.4) (Bean et al., 1999; Kaneko et al., 1999). Infected animals
show poorly formed and multibacillary granulomas containing few differen-
tiated epithelioid cells, which is consistent with the report that TNF is central
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to granuloma formation (Kindler et al., 1989). IL-12 and IFNγ production is
impaired from TNFα o/o mice splenocytes after BCG stimulation, whereas
IL-1β secretion is higher than WT and this may compensate for the absence
of TNFα. NO production by peritoneal macrophages is not affected by stimu-
lation with BCG, but is impaired by stimulation with M. tuberculosis (Kaneko
et al., 1999). Clearance of bacteria, using M. smegmatis as the model infectious
agent, is delayed in TNF o/o mice. This could be due to the delay in cell recruit-
ment and in chemokine secretion (Roach et al., 2002). Thus, TNFα appears to
have a protective role against M. tuberculosis infection due to its involvement
in the generation of structurally effective granulomas. Olleros et al. (2002)
showed that transgenic mice, constitutively expressing the transmembrane
form of TNF, are protected against BCG and M. tuberculosis infection.

As observed for TNF o/o, TNFR1 o/o mice infected with BCG display few
and small granulomas (Senaldi et al., 1996). TNFR1 o/o mice, infected with
M. tuberculosis, die quickly (Fig. 9.4). TNFα expression is not affected by the
absence of its receptor but macrophages from TNFR1 o/o mice produce only
very small amounts of reactive nitrogen intermediates (Flynn et al., 1995). In
contrast, bacterial loads in lung and spleen of WT and TNFR1 o/o mice are
almost identical following infection with M. avium, but the TNFR1 o/o mice
die following such infection with a hyperinflammatory response. Granuloma
formation is delayed in TNFR1 o/o mice and cellular integrity is severely im-
paired (Ehlers et al., 1999; Benini et al., 1999). One week before death, TNFR1
o/o mice show increased levels of IFNγ and IL12p40, at both the mRNA and
at the protein levels, and higher plasma levels of TNFα. iNOS expression and
activity are unchanged. This hyperinflammatory response is associated with
increased numbers of cells of both CD4+ and CD8+ T subsets. Depletion
of the T-cell subset reverses the lethal phenotype of infection in TNFR1 o/o
mice, allowing normal granuloma formation and epithelioid cell differentia-
tion. Neither TNFα nor IFNγ neutralisation reverse the lethal inflammation
in TNFR1 o/o mice, whereas neutralisation of IL-12p40 allows survival of the
animals and normal granuloma formation with few infiltrating T cells. Thus,
TNFR1-mediated signalling seems to be involved in a feedback loop, which
controls T-cell recruitment and activation at the site of infection, and their
positive effect on macrophage activation, which maintains the inflammatory
process.

4. IRF-1 AND NOS2: OTHER IFNγ-INDUCIBLE GENES

IRF-1 is a transcription factor strongly induced by IFNs α/β, IFNγ ,
TNFα, and IL-1β (Fujita et al., 1989). IRF-1 is thought to be responsible for
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induction of mycobactericidal effectors by IFNγ . IRF-1 o/o mice appear mori-
bund after infection with BCG. Many acid-fast bacteria are found in abundant
granulomatous lesions in liver, lungs, and spleen (Kamijo et al., 1994). All
IRF-1 o/o mice die of uncontrolled bacterial expansion after M. tuberculosis
infection (Fig. 9.3) (Cooper et al., 2000). Thus IRF-1 is important in IFNγ -
induced antimycobaterial immunity.

NOS-2 is an IFNγ -induced enzyme, involved in production of nitro-
gen reactive species (NO). NOs are believed to play an important role in
macrophage mycobactericidal activity (Chan et al., 1992; Fang et al., 1997).
NOS2 o/o mice, infected with BCG, are unable to control bacterial growth:
the mice died with large granulomas with extensive lesions in spleen (Fig.
9.2). The serum IFNγ concentration is lower than in WT (Garcia et al., 2000).
NOS2 o/o mice are highly susceptible to intravenous but not to aerosol M.
tuberculosis infection (Figs. 9.3 and 9.4) (MacMicking et al., 1997; Cooper
et al., 2000): the control of infection by the liver is mostly dependent on nitric
oxide, whereas in the lung, control is mainly dependent on IFNγ and TNFα.
NOS2 o/o mice are a remarkably permissive environment for M. tuberculosis
growth (MacMicking et al., 1997). Several new clinical strains of M. tuber-
culosis have been tested on NOS2 o/o mice. The observations demonstrate
the crucial role of NOS2 in the control of infection regardless of the route of
infection (Scanga et al., 2001). The granulomas induced in NOS2 o/o mice
by M. avium are larger than those in WT, but contain similar numbers of bac-
teria (Ehlers et al., 1999; Gomes et al., 1999). Even with various strains of M.
avium, NOS2 o/o mice are not abnormally susceptible to infection. Moreover
NOS2 o/o mice appear to clear mycobacteria more efficiently at later than
earlier time points. The increased clearance is associated with higher levels
of IFNγ in the serum (Gomes et al., 1999).

5. CONCLUSIONS

Although many proteins have been implicated in granuloma formation
and elimination of mycobacteria, IL-12 and IFN-γ seem to be the key partners.
The identification of patients deficient in the IL-12-IFNγ loop underlines the
critical role of these cytokines in immunity to mycobacteria in natural condi-
tions of infection – a hallmark of the human model. These patients are from
diverse ethnic groups and were infected by various species of environmental
mycobacteria. Inbred mice genetically deficient for genes in the IL12-IFNγ

loop are similarly vulnerable to experimental infection with mycobacteria.
Animal and human studies converge to highlight the central role of the IL-
12-IFNγ loop in antimycobacterial immunity. However, many BCG and EM
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infections in humans remain unexplained both genetically and immunologi-
cally. Further susceptibility genes will undoubtedly be identified and available
knockout mice are likely to indicate new candidates genes. Cytokines, such
as IL-1β or IL-18, which cooperate, with IL-12 to induce IFNγ production,
appear to be responsible for Mendelian susceptibility to mycobacteria. Never-
theless, in other patients, susceptibility may be due to downstream effectors
(for example TNFα, IRF-1, or NOS2) of IFNγ which promote granuloma
formation and mycobactericidal activity.
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1. INNATE IMMUNITY

The innate immune system is a set of cellular and humoral components
which recognise the general features of microbes in order to clear these po-
tentially damaging agents from the body. In contrast to the acquired immune
system this does not require prior exposure to the infectious agent. The de-
velopment of the innate immune system as a range of pattern recognition
receptors (PRRs) designed to recognise pathogen-associated molecular pat-
terns (PAMPs) is a response to the host’s inability to store unique recognition
molecules for every possible pathogen within the genome.

Mannose-binding lectin (MBL) is a part of the humoral innate immune
system. It is a pattern-recognition molecule able to detect a wide range of mi-
crobial and altered self-targets and recruit a number of host immune effector
systems to clear those targets (Turner, 1996). However, genetic deficiency
of MBL is surprisingly common in most human populations (Turner and
Hamvas, 2000).

The protein was first discovered through biochemical purification and
the gene independently described after functional cloning by two research
teams. The effects of human MBL deficiency were documented separately by
these research efforts and led in due course to the discovery of the genetic
polymorphisms that give rise to this deficiency. More recently, the details
of disease susceptibilities and the mechanisms of these effects have been
elucidated. This review will concentrate on the role of MBL in determining
susceptibility to infectious disease, starting with the initial perturbations in
immune function caused by MBL deficiency before considering some specific
cases where MBL status apparently determines susceptibility to infectious
disease.
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2. THE COMMON OPSONIC DEFECT

The story of the discovery and characterisation of the common opsonic
defect and eventually MBL deficiency is often traced back to 1968 when an
article by Miller et al. described the case of a female patient, who had suffered
from recurrent upper respiratory tract infections and diarrhoea in the first 2
years of life. The patient did not appear to have a deficiency of immunoglob-
ulin but, in the presence of the patient’s serum, neutrophils from human
donors were unable to phagocytose Saccharomyces cerevisiae (Baker’s yeast) ef-
ficiently. The patient’s neutrophils were able to phagocytose efficiently when
the serum of other donors was used in the same assay. There was a familial
association of the opsonic defect, although the other family members were
healthy. The patient was treated with plasma infusions, which ameliorated
the condition. It was curious, therefore, that despite the deleterious condi-
tion described in this little girl, this opsonic defect could be found in a high
proportion (5–8%) of apparently healthy populations (Soothill and Harvey
1976). The frequency of this defect was higher in children with recurrent
unexplained infections, but the defect was also present in healthy adults with
no history of persistent infection.

The complement system is one of the effector arms of the immune
system. In the early 1980s, it was known to be activated by two or more im-
munoglobulin G molecules or one IgM molecule bound to a target surface
(classical pathway) or by the binding of hydrolysed C3 to a permissive surface
such as a bacterium (alternative pathway). Activation in this manner would
lead to opsonisation of the target by the amplified deposition of multiple
opsonic C3 fragments or the direct lysis of Gram-negative bacteria by the
formation of a macromolecular complex, the membrane attack complex (for
a review see Walport, 2001a, 2001b). Since a gross immunoglobulin defect
did not appear to be the cause of the opsonic defect and in any case would be
unlikely in such a large proportion of the population, a study of complement
deposition was begun. Biochemical assays using the D-mannose polymer zy-
mosan confirmed that the absence of a serum factor led to the poor deposition
of C3b and iC3b on the yeast surface (Turner et al., 1981, 1986) without defi-
ciency of any known component of either the alternative or classical pathways
of complement activation (Turner et al., 1985).

3. MANNOSE-BINDING LECTIN

Lectins are sugar-binding proteins which are not immunoglobulins. In
the late 1970s, proteins binding to the yeast cell wall components, mannan
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Figure 10.1. Major structural features of tetrameric human mannose-binding lectin. In

each of the four subunits, three identical peptide chains of 32-kDa associate to give a

collagenous triple helix. In the C-terminal region the three chains are independently

folded to give C-type lectin domains. The MBL-associated serine protease (MASP) family

of proteins interact with the collagenous region and MASP-2 appears to be the most

important in promoting complement activation. The regions of the protein encoded by the

four exons of the human MBL gene are indicated. All three known structural gene

mutations are localised to the region encoded by exon 1.

or D-mannose, were found in the liver and serum of rabbits (Kawasaki
et al., 1978; Kozutsumi et al., 1980) and later in rats (Mizuno et al., 1981)
and humans (Kawasaki et al., 1983; Wild et al., 1983). This protein was var-
iously called mannose- or mannan-binding protein (MBP), but is now more
commonly described as mannose- or mannan-binding lectin or MBL. The
protein is synthesised in the liver in humans and is found mainly in serum.

MBL has a bouquet-like structure reminiscent of C1q with various
oligomeric structures (dimers, trimers, tetramers, hexamers) but it is still un-
clear which is the predominant circulating form (Lu et al., 1990). Full func-
tional activity, including both binding to microbial surfaces and the activation
of complement requires higher order structures such as tetramers (Yokota
et al., 1995).

All higher order structures of MBL are based on trimeric subunits com-
prising three identical peptide chains of 32 kDa. Each chain is characterised by
a carbohydrate recognition or lectin domain (CRD), a coiled-coil hydrophobic
neck region, a collagenous region, and finally a cysteine rich N-terminal re-
gion (Sastry et al., 1989; Taylor et al., 1989). Three such chains interact to give
a classical collagenous triple helix (Weis and Drickamer, 1994) (see Fig. 10.1).
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MBL is a calcium-dependent (or C-type) lectin which makes coordination
bonds with the 3- and 4-hydroxyl groups of various sugars, including man-
nose, N-acetyl-D-glucosamine, N-acetyl-mannosamine, fucose, and glucose. In
contrast, the sugar D-galactose does not bind significantly (Drickamer, 1992;
Weis et al., 1992). It is believed that the sugar group patterns decorating micro-
bial surfaces make particularly appropriate targets for binding since the three
sugar binding sites of one subunit array offer a flat platform with a constant
distance between the sites [45Å in human (Sheriff et al., 1994); 54 Å separa-
tion in rat (Weis and Drickamer, 1994)]. Simultaneous, multiple binding is re-
quired because the Kd of each separate MBL–sugar interaction is relatively low
(10−3M) (Iobst et al., 1994). These features facilitate interaction with micro-
bial surfaces but minimise the chances of disadvantageous self-recognition
and emphasise the role of the protein as a pattern recognition molecule.

In the circulation, MBL is found in association with four proteins struc-
turally related to each other. These are the MBL-associated serine proteases
1, 2, and 3 (MASP-1-3) (Dahl et al., 2001; Matsushita and Fujita, 1992; Thiel
et al., 1997) and a truncated version of MASP-2 called MAp 19 (Stover et al.,
1999; Takahashi et al., 1999). The stoichiometry of the MBL–MASP interac-
tion is unclear, but it appears that MASP-2 appears to be the most important
in complement activation (Thiel et al. 1997). The evidence available suggests
that MBL–MASP2 complexes become activated to cleave C4 and C2 in an
identical manner to C1 esterase when bound to appropriate sugar arrays on
microbial surfaces (Thiel et al., 2000). The C4b fragments generated bind
covalently either to the nearby microbial surface or possibly to the lectin it-
self and then act as a focus for C2 binding/activation. The resultant C4b2a
complex has C3 convertase activity and cleaves C3 molecules in a similar
manner to the C3 convertases of both the classical and alternative pathways
of complement activation (see Fig. 10.2). In addition, there is evidence that
MASP-1 is able to cleave C3 directly (Matsushita and Fujita, 1995), although
apparently at low efficiency.

MBL may also interact directly with cell surface receptors and thereby
promote opsonophagocytosis and other immune processes. This property
was first reported by Kuhlman et al. (1989) in a study of MBL coated Salm-
onella enterica serovar Montevideo organisms. Subsequently, a number of
putative MBL binding proteins/receptors have been proposed, including
cC1qR/calreticulin (Malhotra et al., 1994), C1qRp/CD93 (Steinberger et al.,
2002; Tenner et al., 1995), and CR1/CD35 (Ghiran et al., 2000). However,
it is unclear whether MBL is acting as a direct opsonin for microorganisms
(Kuhlman et al., 1989) or is enhancing other pathways such as complement- or
immunoglobulin-receptor-mediated phagocytosis (Tenner et al., 1995).
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Figure 10.2. Three pathways of complement activation. The MBL-MASP pathways

provide antibody and C1-independent mechanisms for generating C3 convertase

enzymes. The major MBL initiated pathway involves the activation of MASP-2 and the

sequential cleavage of C4 and C2. MASP-1 is believed to provide direct cleavage of C3 but

probably at low efficiency. P, properdin; B, Factor B.

Indeed, it is still unclear whether MBL receptors are distinct from receptors
for the structurally similar C1q molecule (Bajtay et al., 2000).

4. MBL DEFICIENCY AND GENETICS

MBL appeared to be an ideal candidate molecule for the serum factor
deficient in patients with the common opsonic defect. Indeed, it was demon-
strated these individuals were deficient in MBL and that the addition of pu-
rified MBL to the serum of such patients resulted in increased deposition of
C3b, Factor B, and C4 on zymosan (Super et al., 1989). The basis of low MBL
levels remained to be determined, but the familial associations that had been
noted previously suggested a genetic cause.

The gene for human MBL was cloned by two groups using strategies
similar to those used for the cloning of the two rat MBL genes (Drickamer



P1: JMT/JMT P2: FCH/FFX QC: FCH

CB591-10 CB591-Bellamy-v2 August 2, 2003 18:14

284©

d
.l

.j
ac

k
et

al
.

NT

NT X X X

NT

X

Figure 10.3. MBL B variant inheritance patterns in three families with an infant

presenting with frequent unexplained infections. Probands are shown by arrows.

Individuals wild type for the B variant (codon 54) allele are indicated by open symbols,

those heterozygous for the B variant allele are shown as half symbols and those

homozygous for the B variant are shown as filled symbols. It should be noted that this

genotyping predated the discovery of the C and D variants and promotor polymorphisms.

NT, not tested; X, individuals also affected by recurrent infections.

et al. 1986). In the rat, a deduced DNA sequence was made from the known
polypeptide sequence of the CRD. This was used to probe a rat liver cDNA
library and further probes based on the cDNA sequence were then used to
interrogate a genomic library to identify the coding sequence.

The same rat cDNA was used by Ezekowitz et al. (1988) to probe a human
liver plasmid cDNA library with the identification of the cDNA encoding hu-
man MBL, demonstrating that the rat MBL (MBL-C) carbohydrate recognition
domain was highly homologous to human MBL. Probes were constructed by
two groups using the cDNA of the CRD to identify genomic clones in a λphage
library (Sastry et al., 1989) and a cosmid library (Taylor et al., 1989). The sin-
gle human gene was localised to a region of chromosome 10 (10q11.2-q21)
(Sastry et al., 1989), a region which also contains genes for the closely related
molecules lung surfactant proteins- (SP) A and SP-D.

The human MBL gene consists of four exons (see Fig. 10.3). The first
exon encodes the signal peptide, the N-terminal cysteine-rich region, and the
first part of the collagenous domain (characterised by Gly-X-Y repeats). Exon
2 encodes the remainder of the collagenous domain and exon 3 encodes the
α-coiled-coil neck region. The entire C-type lectin domain is contained within
exon 4. Upstream, there are a number of regulatory elements. The TATAA
and CAAT boxes are found at −38 and −79 bp respectively with a heat-shock
consensus sequence at −592. There are glucocorticoid-responsive elements



P1: JMT/JMT P2: FCH/FFX QC: FCH

CB591-10 CB591-Bellamy-v2 August 2, 2003 18:14

285©

m
an

n
o

se-bin
d

in
g

lectin
d

eficien
cy

Signal peptide

Cysteine rich region

Collagenous domain

Neck region

Carbohydrate recognition domain

256 643 117 1200 69 800 3100
Gene

5’

3’

Polypeptide

mRNA 3’

21 3 4

N

Exons

5’

C

Figure 10.4. Structure of the human MBL gene, the corresponding mRNA and the

translated protein domains. The single expressed functional human MBL gene is located

at 10q11.2-q21 and consists of four exons interrupted by introns of 643, 1,200, and 800 bp

respectively (see top of figure). The mRNA (centre) encodes for the various protein

domains indicated at the bottom of the figure.

at −245, −656, and −736 bp and a region from −204 to −184 which has
90% homology to the gene for the acute-phase reactant, serum amyloid A.
These regulatory elements suggest that MBL may be regulated as an acute
phase reactant (Ezekowitz et al., 1988; Taylor et al., 1989). However, protein
level data suggests that MBL levels increase by only 2–3 times in acute phase
responses (Thiel et al., 1992).

To identify possible mutations in MBL deficient patients, the gene from
three families affected by the opsonic defect was sequenced, starting at exon
4 and working backwards (see Fig. 10.4). The rationale for such an approach
was that the CRD was thought to be the most likely mutated site. However,
the mutation in these families was actually located in exon 1.

To date, three structural mutations resulting in amino acid substitu-
tions (Lipscombe et al., 1992b; Madsen et al., 1994; Sumiya et al., 1991) have
been identified in the human MBL gene. Mutations at codons 54 and 57
(B and C mutations) result in the substitution of glycine for a large dicar-
boxylic acid residue (Lipscombe et al., 1992b; Sumiya et al., 1991). Recombi-
nant MBL molecules based on these mutations are thermodynamically less
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Figure 10.5. Polymorphic sites in the promoter region and exon 1 of the functional human

MBL gene. The D, B, and C variants in exon 1 correspond to single point mutations in

codons 52, 54, and 57. The H/L, X/Y, and P/Q polymorphic sites are in linkage

disequilibrium with the three exon 1 variants and give rise to the haplotypes HYPD,

LYPB, and LYQC respectively. The extended wild-type haplotype LXPA is also associated

with low expression of MBL and together with heterozygous B, C, and D variants can lead

to profoundly reduced levels of the protein. TATAA, CAAT, and GC represent the relevant

box sequences; HSE, heat shock element; GRE, glucocorticoid-responsive element.

stable (Super et al., 1992), do not form higher order oligomers (Wallis and
Cheng, 1999) and are more slowly secreted than the normal molecules (Heise
et al., 2000; Wallis and Cheng, 1999). Additionally, these recombinant mu-
tant forms of MBL are unable to interact with MASPs to activate complement
(Super et al., 1992; Wallis and Cheng, 1999). An additional mutation at codon
52 (D mutation) has also been described, but this differs from the others in
that a cysteine is inserted into the collagenous region (Madsen et al., 1994).
Cysteine normally takes part in the formation of disulphide bonding and the
insertion of an extra cysteine appears to result in the incorrect polymerisation
of the MBL subunit (Wallis and Cheng, 1999).

These structural mutations appear to be inherited in a codominant fash-
ion. Heterozygotes for MBL mutations have much reduced serum levels of
MBL compared to homozygous normal wild-type individuals. Homozygosity
for the structural gene mutations appears to be associated with almost ab-
sent serum MBL. Although MBL variant alleles are common throughout the
world, the B mutation is found in populations of European and Asian origin,
whereas the C mutation is found in sub-Saharan Africa. It appears likely that
these MBL mutations have arisen independently and that both alleles have
been positively selected in most populations (Turner and Hamvas, 2000).

In addition to the structural mutations, a number of polymorphisms
within the gene promoter have also been identified which have an effect on
protein levels (see Fig. 10.5) (Madsen et al., 1995, 1998).
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The H/L (G or C) polymorphism is at −550 bp, the X/Y (C or G) poly-
morphism is at −221 bp, and the P/Q polymorphisms are at −427 (A or C),
−349 (A or G), del (−329 to −324), −70 (C or T), and at +4 (C or T), respec-
tively. Four promoter haplotypes are commonly found: LXP, LYP, LYQ, and
HYP. The X/Y polymorphism is thought to have the most profound effect
on protein levels, with the HYP haplotype, followed by LYQ and then LYP
associated with the highest levels of MBL protein. The LXP haplotype is as-
sociated with the lowest levels. A homozygous HYP individual with normal
MBL structural genotype has a protein level some six times higher than a
homozygous LXP individual (Madsen et al., 1998).

5. MBL IN INFECTIOUS DISEASE

The significance of MBL in infectious disease was apparent from early
reports in the literature detailing the role of the protein in recognising certain
forms of Salmonella enterica serovar typhimurium. Mice are not normally sus-
ceptible to infection by Salmonella expressing Ra-chemotype lipopolysaccha-
ride (LPS) and an Ra-reactive factor (RaRF) was identified in immunologically
naı̈ve mice which could bind to this chemotype. Ra-chemotype LPS are trun-
cated forms which lack the O-antigen and are often termed ‘rough’ mutants
due to their effect on microorganism colony morphology. RaRF was able to
activate complement by the classical pathway in the absence of immunoglob-
ulin and could be inhibited by mannose and N-acetyl-D-glucosamine (Ihara
et al., 1982; Kawakami et al., 1982) and was subsequently shown to be identical
to mouse mannose-binding lectin (Matsushita et al., 1992).

More recently we have assayed the binding of MBL to a wide range of
aerobic and anaerobic bacteria, some fungi, and protozoa by flow cytometry
(Kelly et al., 2000; Neth et al., 2000; Townsend et al., 2001). As shown in Table
10.1, these studies and the work of others have shown that MBL binds to a
wide variety of infectious bacteria, viruses, fungi, protozoa, and helminths
(Emmerik et al., 1994; Hartshorn et al., 1993; Haurum et al., 1993; Klabunde
et al., 2000; Schelenz et al., 1995).

6. MBL DISEASE ASSOCIATIONS

In the decade following the identification of the first polymorphism in
the MBL gene, epidemiology has associated MBL deficiency with altered
susceptibility to many significant infections (see Table 10.2). It should be
noted that in a number of cases these associations have been controversial
with other studies presenting conflicting evidence for the role of MBL. The
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Table 10.1. The binding of MBL to intact microorganisms

Organisms Positive for MBL Binding

Bacteria Actinomyces israelii, Bacteroides sp., Bifidobacterium

bifidum, Burkholderia cepacia, Escherichia coli,

Eubacterium sp., Fusobacterium sp., Haemophilus

influenzae, Klebsiella sp., Listeria monocytogenes,

Mycobacterium avium, Neisseria cinerea, Neisseria

gonorrhoeae and Neisseria meningitidis serogroup B and

C (LOS non-sialylated), Neisseria meningitidis

serogroup A, Neisseria subflava, Proprionobacterium

acnes, Salmonella montevideo, Salmonella typhimurium

(Ra chemotype), Staphylococcus aureus, β-haemolytic

Streptococcus group A, Streptococcus pneumoniae,

Streptococcus suis, Veillonella sp.

Yeasts and fungi Aspergillus fumigatus, Candida albicans, Cryptococcus

neoformans (unencapsulated)

Viruses Influenza A, HIV-1

Other parasites Cryptosporidium parvum, Schistosoma mansoni

Organisms Negative or Low for MBL Binding

Bacteria Clostridium sp., Enterococcus, Neisseria meningitidis

serogroup B and C and Neisseria gonorrhoeae (LOS

sialylated), Neisseria mucosa, Pseudomonas aeruginosa,

Salmonella typhimurium (smooth chemotype),

Staphylococcus epidermidis, β-haemolytic Streptococcus

group B, Streptococcus agalactiae, Streptococcus sanguis

Fungi Cryptococcus neoformans (encapsulated)

Note: Data from Anders et al. (1994), Devyatyarova-Johnson et al. (2000),

Emmerik et al. (1994), Jack et al. (1998, 2001a), Kelly et al. (2000), Klabunde

et al. (2000), Polotsky et al. (1997), Saifuddin et al. (2000), Schelenz et al. (1995),

Townsend et al. (2001).

effect of MBL deficiency may also be more apparent in the presence of con-
comitant immunodeficiencies such as immunoglobulin subclass deficiency
(Aittoniemi et al., 1998).

In combination with in vitro data we now have an ever-refining view of
the role of this protein in infectious disease. We will consider three cases
where epidemiology is matched by experimental data on the role of MBL in
infectious disease.
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6.1 Meningococcal Disease

Neisseria meningitidis is the most common cause of bacterial meningi-
tis in countries offering vaccination against Haemophilus influenzae type B.
It is an exclusively human pathogen spread by close contact and is com-
monly present in the nasopharynx of up to 20% of the human population
(Cartwright, 1995). In susceptible individuals, meningococci migrate from
the nasopharynx to the vascular system, where they employ a number of
mechanisms to avoid destruction by the immune system. Organisms may
migrate to the central nervous system causing inflammation of the meninges
(meningitis) or to synovial joints. In the absence of a positive blood culture for
meningococcus, mortality is 2% in these focal infections. The major problem
with meningococcal disease is when the organism is readily cultured from
blood and the patient is affected by sepsis syndrome. In these cases, the av-
erage mortality rises to 12% or higher depending on the study population
and is highly dependent on the speed with which the subject is hospitalised
and receives antibiotics (Rosenstein et al., 1999). These patients present with
excessive activation of the inflammatory cascade, disseminated intravascu-
lar coagulation, and hypovolaemia due to injury to the vascular endothelium
(Deuren et al., 2000).

The main correlate of protection appears to be the bactericidal activity of
serum, thought to be initiated by the presence of bactericidal antibodies. In
contrast to many other organisms, N. meningitidis does not appear to be killed
effectively by blood phagocytes (Fothergill and Wright, 1933). The major bur-
den of meningococcal disease falls on children below the age of 1 year. This
appears to correlate with the low prevalence in this population of antibodies
able to activate the complement system following the decay of maternal an-
tibodies specific for the organism (Cartwright, 1995). Despite low antibody
protection and high population carriage, the incidence of meningococcal dis-
ease remains low (Rosenstein et al., 1999).

The importance of the complement system is underlined by the suscep-
tibility to meningococcal infection of individuals deficient in complement
components. Deficiencies in the terminal complement components (C6 to
C9) results in increased susceptibility to infection but reduced severity of in-
fection and is often suspected in individuals who have had multiple episodes
of meningococcal infection (Figueroa et al., 1993). Individuals who are defi-
cient in the alternative pathway protein properdin present later in life with
meningococcal disease and appear less likely to survive the disease although
some patients with recurrent disease have been reported (Fijen et al., 1999).

The rarity of complement deficiencies had suggested that they are un-
likely to contribute significantly to the total incidence of meningococcal
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disease. MBL is present in serum soon after birth and rapidly reaches adult
levels (Aittoniemi et al., 1996; Lau et al., 1995; Terai and Kobayashi, 1993; Thiel
et al., 1995) and is therefore normally present in the age group of individuals
with the highest incidence of meningococcal disease (Rosenstein et al., 1999).
This suggested that MBL deficiency, which occurs at high frequency, might
contribute significantly to the incidence of N. meningitidis disease.

A retrospective analysis of Norwegian army recruits and young adults
(Garred et al., 1993) investigated MBL levels in individuals who had received
an experimental vaccine against one serogroup of meningococcus, but had
gone on to develop the disease. Convalescent serum from 99 survivors was
compared to a control group of 40 healthy blood donor controls. There was
no significant difference between the levels of MBL in patients and controls.
There was also no increase in the frequency of individuals with very low
levels of MBL (<0.1 µg/ml and therefore likely to be homozygous for variant
alleles) and it was concluded that MBL was not associated with susceptibility
to meningococcal disease.

A second population study was conducted in the UK (Hibberd et al.,
1999). This study analysed MBL genotypes in a prospective hospital pop-
ulation of 194 patients and a retrospective population of 72 survivors of
meningococcal disease. These were compared to 272 patients with noninfec-
tious illnesses or 110 healthy controls. It was found that the overall frequency
of individuals homozygous for MBL variant alleles in these populations was
increased from 1.5 to 7.7% in the hospital study with an odds ratio of 6.5
(2.0–27.2, 95% confidence interval). In the community study the frequency
of homozygous variants was increased from 2.7 to 8.3% with an odds ratio
of 4.5 (0.9–29.1, 95% confidence interval). It was concluded that MBL vari-
ant alleles might be implicated in up to 32% of meningococcal cases. There
was apparently a trend towards less severe disease in homozygous carriers of
MBL mutant alleles, but this was not significant and remains to be confirmed
in a larger study. Some support for these observations comes from the study
of an extensive family pedigree in which MBL homozygosity was associated
with susceptibility to meningococcal infection (Bax et al., 1999). However
these observations are still controversial, since as pointed out by Tang and
Kwiatkowski (1999), the codon 52 and 54 mutation frequencies were rather
low in the noninfectious admission control group used by Hibberd et al.
(1999). Further epidemiological studies will be required to define the role of
MBL in meningococcal disease.

We have studied the molecular interactions of MBL and Neisseria menin-
gitidis to define the mechanisms behind the possible association of MBL de-
ficiency with meningococcal infection. We first addressed whether MBL was
able to bind to the organism and what structural surface features determined
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binding. Using flow cytometry to detect MBL binding, we have examined the
interplay between lipooligosaccharide (LOS) structure and capsule. The LOS
of Neisseria are relatively small and lack O antigens (Schneider et al., 1991),
but are often terminated in a single sialic acid residue which reduces the ac-
tivity of the alternative pathway of complement activation (Jarvis and Vedros,
1987) by masking the terminal parts of the LOS (Estabrook et al., 1997).

We found that the absence of sialic acid from the LOS of Neisseria
meningitidis serogroup B (Jack et al., 1998), serogroup C (Jack et al., 2001a),
and the closely related organism Neisseria gonorrhoeae (Devyatyarova-Johnson
et al., 2000) allowed MBL to bind to the bacterium. MBL appeared to bind very
poorly or not at all to organisms with sialylated LOS. Sialic acid and the next
carbohydrate exposed (galactose) are not MBL ligands (Weis et al., 1992).
Removal of sugars within the LOS to which MBL is able to bind resulted
in no change in binding to whole N. gonorrhoeae (Devyatyarova-Johnson
et al., 2000). Such observations suggest that other factors must be important
for MBL binding apart from simple composition and linear structure. This
would be consistent with the role of MBL as a pattern recognition molecule
rather than as a molecule simply recognising sugar composition.

We found that for N. meningitidis B1940, encapsulation appeared to have
only a minor effect in reducing MBL binding (Jack et al., 1998). However,
others have reported that encapsulation of two serogroup B meningococci
(H44/76 and 2996) had an important role in reducing MBL binding, although
the effect was less pronounced than with Haemophilus influenzae type b (Em-
merik et al., 1994). Such discrepancies may reflect a difference in sensitivity
between radioactive and flow cytometric protocols or may indicate a strain
(and species) dependency of the effect of the capsule. Certainly, encapsula-
tion of other organisms such as the yeast Cryptococcus neoformans does appear
to reduce MBL binding (Schelenz et al., 1995). Further investigations will be
required to identify whether encapsulation has a general or more specific
effect on binding.

We next considered the influence of MBL on complement activation
and killing. MBL is usually copurified in a complex with activated MASPs
(Thiel et al., 2000). By incubating organisms with first MBL and then purified
C4, we have detected activation of C4 on a number of different organisms,
including Neisseria meningitidis, Staphylococcus aureus, Burkholderia cepacia,
and Cryptosporidium parvum, suggesting that the lectin binding is functional
(Davies et al., 2000; Jack et al., 1998; Kelly et al., 2000; Neth et al., 2000).
More recently, we have assayed the effect of purified MBL on complement
activation on Neisseria meningitidis in MBL-deficient serum and found that the
protein increased the rate of activation, but not necessarily the total amount
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Figure 10.6. MBL-mediated modulation of TNF-α, IL1-β, and IL6 production by

monocytes. The production of TNF-α, IL6 and IL1-β by monocytes in whole blood was

assayed by flow cytometry and the effect of adding differing concentrations of purified

MBL to MBL-deficient blood in response to meningococcus has been calculated as a

percentage of the effect of no added MBL. Adapted from Jack et al. (2001b).

of complement activated. However, this did lead to significant increases in
killing, which were greater when the organisms lacked LOS sialylation (Jack
et al., 2001a).

Although neutrophils are not important in killing meningococci, these
and other phagocytic cells are important in the clearance of killed organisms
from the host and the activation of these cells is likely to be important in
the pathogenesis of sepsis syndrome. With its potential role as a direct op-
sonin for Gram-negative bacteria, we have looked at the effect that MBL may
have on the responses of phagocytic cells to meningococcus. We found that
purified MBL enhanced the phagocytosis of meningococci by neutrophils,
monocytes, and monocyte-derived macrophages (Jack et al., 2001b). In the
case of macrophages, this appears to occur through an increase in the inter-
nalisation, but not the binding, efficiency. We presume that other receptors
must be important in the initial attachment of these organisms to the phago-
cyte and that MBL is one of the signals involved in the internalisation.

The receptors involved in the internalisation of a particle are likely to
have consequences in terms of the intracellular fate of that particle and the
response of the cell. We have found that MBL down-regulates the normal
changes in adhesion molecule expression by neutrophils and the concentra-
tion at which this occurs in whole blood, 8 µg/ml, was also associated with a
reduction in the production by monocytes of the proinflammatory cytokines
TNFα, interleukin (IL)-1β, and IL6 (Jack et al., 2001b). However, as shown in
Fig. 10.6, lower concentrations of MBL in whole blood (<4 µg/ml) stimulate
the production of both IL1β and IL6, suggesting that in the absence of an
acute phase response, the lectin has a selective proinflammatory effect. In an
acute phase response, MBL may depress the production of proinflammatory



P1: JMT/JMT P2: FCH/FFX QC: FCH

CB591-10 CB591-Bellamy-v2 August 2, 2003 18:14

294©

d
.l

.j
ac

k
et

al
.

cytokines. It should be noted that other groups have not reported this change
in the induction of proinflammatory cytokines and have observed consistent
increases in TNFα with increasing levels of MBL in response to Leishmania
(Santos et al. 2001), possibly indicating that MBL has different effects on
different pathogens.

6.2 HIV Infection

There has been substantial interest in the role that MBL may play in
infection by the human immunodeficiency virus (HIV) arising from a report
early in the chronology of MBL publications (Ezekowitz et al., 1989), which
showed that purified MBL was able to bind to HIV-infected cell lines and di-
rectly inhibit HIV infection of lymphoblasts. MBL binds to and activates com-
plement on gp120 (Haurum et al., 1993) which is rich in mannose residues
and is critical for interactions of the virus with the cell-surface marker, CD4,
on the surface of the T cells targeted by the virus. MBL binds to both CCR5
and CXCR4 tropic primary isolates of whole virus (Saifuddin et al., 2000).

Despite this impressive in vitro data, epidemiological studies have been
less conclusive. The complex pathogenesis of HIV infection means that two
main questions have been addressed. First, does MBL deficiency lead to en-
hanced susceptibility to HIV infection; second, is there a correlation between
the course/severity of HIV infection and MBL status?

There is broad agreement that MBL deficiency, assayed by genotype or
phenotype, is associated with a greater susceptibility to HIV acquisition. MBL
deficiency increased the acquisition of HIV infection by between three- and
eightfold (Garred et al., 1997a, 1997b; Nielsen et al., 1995; Prohaszka et al.,
1997) and increased the risk of vertical transmission from infected mothers
to their offspring (Boniotto et al., 2000). However, a minority of studies have
failed to demonstrate a role for MBL in HIV infection (McBride et al., 1998;
Senaldi et al., 1995).

There is less clarity with regard to the role of MBL in HIV disease pro-
gression. Garred et al. (1997a) demonstrated that men with MBL variant
alleles had a shorter survival time following the onset of acquired immune
deficiency syndrome (AIDS) than did patients with wild-type MBL alleles.
However, in a well-characterised cohort of homosexual men, variant MBL
alleles had an insignificant effect on survival following the diagnosis of AIDS
(Maas et al., 1998). In this latter study there appeared to be a protective ef-
fect of MBL variant alleles with a delay in the development of AIDS from the
time of HIV seroconversion. Patients with MBL variant alleles had lower CD4
counts at the time of developing AIDS, indicating that MBL deficiency may
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influence the onset of AIDS for any given CD4 count. Furthermore, MBL
mutations appeared to protect against the development of Kaposi sarcoma, a
finding that was difficult to explain (Maas et al., 1998). Prohaszka et al. (1997)
found that MBL levels were lower in asymptomatic HIV-positive individuals
when compared with HIV-negative controls. However, the protective effect
of MBL was lost in patients with an AIDS diagnosis; patients with high MBL
levels had significantly lower numbers of CD4 cells. A possible explanation
is that enhanced proinflammatory cytokine production in advanced HIV dis-
ease acts to increase MBL synthesis (Arai et al., 1993), elevating levels in
patients with late-stage disease. In the light of studies indicating a role for
MBL in inflammatory modulation, it is tempting to suggest that under some
circumstances MBL may act to promote inflammatory cell activation, thereby
accelerating the rate of CD4+ T-cell depletion.

A possible cause of the more rapid progression to death in AIDS observed
in the study by Garred et al. (1997a) is a greater susceptibility to opportunistic
infections. In Africa, persistent gut infections, such as cryptosporidiosis, lead
to malnutrition and death (Blanshard et al. 1992). In a study of 72 Zambian
AIDS patients with diarrhoea, we found that individuals homozygous for
MBL structural gene mutations were at increased risk of developing cryp-
tosporidiosis (Kelly et al. 2000). Furthermore, MBL was present in small
intestinal fluids (presumably following transexudation) and could bind to
Cryptosporidium parvum sporozoites and activate complement (Kelly et al.
2000).

It would appear that MBL is implicated as a determinant of HIV acqui-
sition and progression but its involvement appears to be complex. All of the
studies published were performed before the use of highly active antiretrovi-
ral therapy. Further studies are required to understand fully the role of MBL
in HIV disease, particularly in the context of these new therapies.

6.3 Neutropenia

The importance of MBL in patients with other immunodeficiencies was
demonstrated in patients receiving treatment for malignancy and rendered
neutropenic by chemotherapy. In one study, MBL levels were measured in
54 adults treated with chemotherapy for a range of malignancies (Peterslund
et al., 2001). No differences were observed between the distribution of MBL
levels in this population and an apparently healthy population of local blood
donors. However, in 16 patients who developed bacteraemia, pneumonia, or
both within 3 weeks of starting chemotherapy, MBL levels were significantly
lower than in patients without serious infections. Further analysis revealed
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Figure 10.7. Plot of MBL serum levels against the total number of days of febrile

neutropenia experienced by children with malignancy and receiving chemotherapy

(modified from Neth et al., 2001). The shaded area at 0.5 µg/ml MBL and below

represents the range of MBL concentrations which Peterslund et al. (2001) associated with

a high risk of clinically significant infections.

that it was patients with an MBL concentration of 0.5 µg/ml or less that were
particularly at risk of serious infection.

In another study, MBL phenotype and genotype were determined for 100
children receiving chemotherapy for malignancy (Neth et al., 2001). Their
MBL status was then correlated with the causes, frequency, and duration
of febrile neutropenic episodes. Children with variant MBL alleles suffered
from twice as many days of febrile neutropenia compared to patients with a
wild-type genotype (Fig. 10.7). As with the adult study, there appeared to be
a level of MBL at diagnosis (0.5 µg/ml) which identified those patients most
at risk. Taken together these two studies showed that MBL can play a role in
protecting patients from infection in the context of neutropenia.

How MBL is operating in such patients is unclear. It had been assumed
that the antimicrobial properties of MBL would be severely attenuated in the
absence of neutrophils. A clue to its action may come from the analysis of
MBL levels in the paediatric study (Neth et al., 2001). MBL levels were higher
at diagnosis than those found in healthy adult Caucasians. Furthermore,
levels increased still further during a febrile episode. This is consistent with
the known acute phase properties of MBL and levels of the protein would
be expected to increase following any infectious stimulus (Thiel et al., 1992).
Patients with MBL deficiency did not show a significant rise in protein levels
during febrile episodes, presumably reflecting the basic defect in protein
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assembly (Neth et al., 2001). This inability to increase MBL levels as required
could be critical to the control of an infection during neutropenic episodes.

MBL can bind to a range of microorganisms, including those that partic-
ularly cause problem infections in chemotherapy patients (Neth et al., 2000).
Increased concentrations of MBL led to enhanced complement activation
which could result in improved complement-mediated immunity. Alterna-
tively, MBL could be acting as a direct opsonin (Kuhlman et al., 1989) or by
enhancing the effect of complement or other phagocytic receptors (Tenner
et al., 1995) or through some, as yet uncharacterised, mechanism of phago-
cyte function. It was interesting that MBL levels were reported to affect only
the likelihood or duration of infections but not the nature of the infecting
organisms in these two chemotherapy studies (Neth et al., 2001; Peterslund
et al., 2001).

These studies indicate that MBL deficiency is important in protecting
both neutropenic adults and children from infection. This raises the pos-
sibility that MBL replacement therapy as described by Valdimarrson et al.
(1998) could be a useful adjunct to cancer treatment in the future.

7. THE ROLE OF MBL DEFICIENCY

The high incidence of structural mutations in the MBL gene within most
populations (Garred et al., 1992; Lipscombe et al., 1992a; Madsen et al., 1994)
suggests that low levels of the protein may confer a selective advantage in cer-
tain situations (Turner and Hamvas, 2000). Two possible explanations, which
are not mutually exclusive, have been proposed for the high frequencies of
the codon 54 and 57 MBL mutations. Reduced MBL levels may reduce the
ability to activate complement and this may limit the possibility of host dam-
age through inflammation (Lipscombe et al., 1992b). This situation would
be analogous to the reduced morbidity of meningococcal disease observed in
patients deficient in terminal complement components.

Alternatively, a reduction in complement activation by MBL deficiency
may protect the host against those parasites such as Mycobacterium and Leish-
mania, which use C3b coating and uptake by C3 receptors to gain entrance to
cells (Garred et al., 1992). This is supported by higher median serum levels
of MBL in lepromatous patients and patients with tuberculosis in Ethiopia
compared to healthy individuals (Garred et al., 1994, 1997b). However, this
evidence is controversial (Selvaraj et al., 1999), which may reflect the difficulty
of analysing disease susceptibility in areas of high HIV prevalence. More re-
cently, it has been shown that Leishmania infections occur more commonly
in individuals with higher levels of MBL (Santos et al., 2001).
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MBL deficiency has been associated with recurrent infection in children
(Super et al., 1989) and profound deficiency may carry a lifelong risk of infec-
tions (Summerfield et al., 1995) especially when present with another mild
immune defect (Garred et al., 1995; Super et al., 1989). Again, this has led to
two not mutually exclusive theories of the action of MBL. First, it has been pos-
tulated that MBL may be important in early childhood after maternal antibody
levels have fallen significantly and before the neonate is capable of producing
its own immunoglobulins. This lack of antibody leaves a ‘window of vulnera-
bility’ between the ages of approximately 6 months and 2 years in which MBL
may provide important protection (Turner, 1996). Second, MBL could play
an essential protective role in the initial stages of any infection, before im-
munoglobulin responses have occurred and the term ante-antibody has been
coined to describe this activity (Ezekowitz, 1991). Certainly many of the stud-
ies of HIV infection susceptibility have been undertaken in adult populations.

8. CLINICAL PRESENTATION OF MBL DEFICIENCY

One of the cardinal features of severe immunodeficiencies is the associ-
ation of a defect in host defences with infection caused by specific microor-
ganisms. For example, patients with a profound deficiency of immunoglob-
ulins are at a greatly increased risk of infection by encapsulated organisms.
MBL deficiency does not have such a close relationship with specific sus-
ceptibility and is often present in the absence of any overt symptoms. Our
experience of testing for MBL deficiency at the Great Ormond Street Hos-
pital, London, over many years has helped to identify a cohort of patients
whose clinical problems are likely to be caused by a deficiency of this pro-
tein. A typical history is of an infant who suffers from repeated infections,
usually of the upper or lower respiratory tract. The onset of these infections
is predominantly between 3 and 6 months and they occur once or twice a
month until the acquisition of effective adaptive immune responses. Despite
the frequency of infections, most children continue to thrive and rarely need
intensive care but they will require multiple courses of antibiotics and fre-
quent attention by health care professionals. Although the aetiology of the
infections is often unknown, prophylactic antibiotics are usually beneficial,
implying a bacterial component in many of the infections. Reassuringly, this
pattern of frequent infections has usually declined or disappeared by the time
children start formal education. This typical presentation is compatible with
the predicted ‘window of vulnerability’ role of MBL and serves to highlight the
importance of the innate immune system in protecting children prior to the
maturation of more specific immune responses.
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9. CONCLUSIONS

The past decade has seen a growing awareness of the importance of in-
nate immune mechanisms regardless of the functional integrity of the adap-
tive immune system. In the case of mannose-binding lectin, extensive studies
have been made of the structure, function, genetics, and clinical relevance of
the protein. The recognition of the MBL–MASP pathways of complement ac-
tivation is of particular significance and explains why the protein is of such im-
portance in the immunological repertoire. Initially studies of MBL deficiency
states suggested a major role for the protein in reducing susceptibility to a
range of infectious diseases but there is, increasingly, a recognition that MBL
may also be involved in modulating inflammation and disease severity. Fu-
ture research will need to address the interplay between these two major roles.
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1. INTRODUCTION

The first observations on associations between blood groups and infec-
tious diseases were made in the 1950s, but the underlying mechanisms were
not elucidated for many years. This could have been due to limited explana-
tions for the epidemiological findings or to conflicting reports of associations
between different blood groups with the same disease. An example of the lat-
ter is the large numbers of papers on Helicobacter pylori and ABO or Lewis
blood groups/secretor status during the past few years which have reported
inconsistent or conflicting results. Because determination of blood groups is
a relatively simple and inexpensive procedure, many investigators have used
it for quick “simple” studies without consideration of possible confounding
factors. For all studies on blood groups and infection, the following points
(gained with the experience of hindsight) need to be considered in planning
or assessment of surveys:
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1. The disease or organism under investigation needs to be clearly defined.

Severity of the symptoms should be also be considered, e.g.,

differentiation of cases of Escherichia coli O157 infection between

patients with uncomplicated diarrhoeal disease and those that develop

haemolytic uraemic syndrome (HUS) (Blackwell et al., 2002).

2. It should be made clear that the investigation examined an outbreak or

defined epidemic due to a particular strain in contrast to sporadic cases

which could be due to strains with different antigenic characteristics or

virulence factors.

3. Different populations express different quantities of antigens such as H,

Lewisa, or Lewisb. This can be due to developmental status (age) (Issit,

1986) or genetic (Race and Sanger, 1975) or environmental factors

(smoking, fasting, acute illness) (Alkout et al., 1997; Weinmeister and

Dal Nogare, 1994).

4. Use of serological evidence of infection, particularly qualitative not

quantitative data, can be misleading (see below).

5. In relation to serological surveys, the incidence of the asymptomatic

infection or condition among the control population needs to be

assessed as this can mask significant differences (Alkout et al., 2000).

2. HYPOTHESES

The first hypothesis proposed to explain the association between blood
groups and diseases was that isohaemagglutinins were protective against
microorganisms with antigens cross-reactive with the A or B blood groups.
The advent of studies on lectin interactions between microorganisms and
their hosts provided new approaches to investigating these associations, par-
ticularly the possibility that the carbohydrate structures of the blood group
antigens could act as receptors for lectinlike adhesins on microorganisms.
The blood group antigens are histocompatibility antigens and new evidence
indicates that blood group is associated with inflammatory responses to some
organisms. This review will concentrate on mechanisms proposed to explain
associations between blood groups and secretor status identified in various
epidemiological studies (Tables 11.1 and 11.2). There are two major stages
in pathogenesis of infection to be considered: (1) colonisation of mucosal
surfaces and (2) the host’s immune or inflammatory responses to the mi-
croorganism. In recent years, the majority of studies on the role of blood
groups, secretor status, and susceptibility to infection have used H. pylori as
a model, and this is reflected in the number of times the studies on H. pylori
will be cited in the sections below.
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Table 11.1. Examples of associations between blood groups and susceptibility to
infectious agents

Infectious agent/disease ABO Reference

Genitourinary tract
Escherichia coli B/AB Kinane et al. (1982)
Pseudomonas. aeruginosa B Ratner et al. (1986)
Neisseria gonorrhoeae B Kinane et al. (1983)
Staphylococcus saprophyticus A/AB Beuth, Stoffel and

Pulverer (1996)
Oral/gastrointestinal tract

Candida albicans O Aly et al. (1991, 1992)
Ben-Aryeh et al. (1995)

Salmonella and E. coli B/AB Socha, Belinska, and
Kaczera (1969)

Robinson, Tolchin, and
Halpern (1971)

Black et al. (1987)
Vibrio cholerae O Barua and Paguio (1977)

Chaudhuri and De (1977)
Swerdlow et al. (1994)

Helicobacter pylori O Aird et al. (1954)
(peptic ulcers) Mentis et al. (1990)

Luman et al. (1996)
Hein et al. (1997)
Lin et al. (1998)

E. coli O157 O Blackwell et al. (2002)
P− Blackwell et al. (2002)
not-B Shimazu et al. (2000)

Respiratory tract
Streptococcus pyogenes not-O Haverkorn and

Goslings (1969)
Streptococcus pneumoniae not-B Reed et al. (1974)
Influenzae A O/B MacDonald and

Zuckerman (1962)
Influenzae A2 O Potter (1969)
tuberculosis O Viskum (1975)

Acute otitis externa
Ps. aeruginosa A Beuth, Stoffel, and

Pulverer (1996)
(cont.)
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Table 11.1. (cont.)

Infectious agent/disease ABO Reference

Plasmodium falciparum O Migot-Nabius et al. (2000)

(protection)

Infection associated?

Ischaemic heart disease O Suadicuni, Hein, and

Gyntelberg (2000)

Gastric cancer A Mourant, Kopec, and

Domaniewska-Sobczak (1978)

3. BLOOD GROUP ANTIGENS AS RECEPTORS FOR
MICROORGANISMS OR THEIR TOXINS

The ABO, Lewis, P, S, Anton, and Duffy blood group antigens have all
been identified as receptors for microorganisms (Table 11.3). Usually, the
blood group antigen is not the only receptor for the organism and the con-
tribution of the antigen to colonisation in relation to other receptors needs
to be assessed by quantitative methods (see below). Recent studies also in-
dicate that some adhesins can use more than one blood group antigen as
receptors, e.g., a 61-kDa component of H. pylori binds H type 2, Lewisb, and
Lewisa (Alkout et al., 1997). Evidence that blood group antigens can act as
receptors for microorganisms comes from various sources as follows: assays
to determine binding of microorganisms to cells expressing the candidate
antigen, inhibition of binding by blocking the putative receptor with mono-
clonal or polyclonal antibodies, anti-idiotypic reagents, inhibition of binding
of microorganism to epithelial cells by synthetic blood group oligosaccha-
rides, and isolation of adhesins by affinity methods using synthetic blood
group antigens.

3.1 Binding of Microorganisms to Host Cells

Binding of microorganisms to cells expressing the blood group anti-
gen under investigation has been assessed by several methods as follows:
light microscopy, enzyme-linked immunosorbent assays (ELISA), isotope la-
belling, and flow cytometry. The advantages of the flow cytometry method
used by our group have been summarised elsewhere (Raza et al., 1993;
Saadi et al., 1993). A major advantage of the flow cytometry method is that
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Table 11.2. Seceretor status/Lewis phenotype and susceptibility to disease or
carriage of microorganisms

Infectious agent/disease Secretor status Reference

Genitourinary tract

E. coli

Recurrent infections Nonsecretor Kinane et al. (1982)

Postmenopausal women Nonsecretor Raz et al. (2000)

HIV (heterosexual Secretor Blackwell et al. (1991)

transmission) (protection) Secretor Ali et al. (2000)

Respiratory tract

Neisseria meningitidis Nonsecretor Blackwell et al.

(1986a, 1990)

Stretp. pyogenes Nonsecretor Haverkorn and

Goslings (1969)

Haemophilus influenzae type b Nonsecretor Blackwell et al. (1986b)

Streptococcus pneumoniae Nonsecretor Blackwell et al. (1986a)

Influenza virus Secretor Raza et al. (1991)

Rhino virus Secretor Raza et al. (1991)

Respiratory syncytial virus Secretor Raza et al. (1991)

Oral/gastrointestinal tract

C. albicans Nonsecretor Aly et al. (1991, 1992)

Ben-Aryeh et al. (1995)

V. cholerae Nonsecretor Chaudhuri and Das

Adhikary (1978)

Infection associated?

H. pylori/peptic ulcers Nonsecretor Clarke et al. (1956)

Nonsecretor Yang et al. (2001)

Insulin dependent diabetes Nonsecretor Blackwell et al. (1987)

Nonsecretor Aly et al. (1991, 1992)

Non-insulin-dependent No association Blackwell et al. (1987)

diabetes Aly et al. (1991, 1992)

Graves disease Nonsecretor Collier et al. (1988)

Ischaemic heart disease Lewisa−b− Chaudhary and

Shukla (1999)
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Table 11.3. Examples of blood group antigens that act as receptors for
microorganisms

Organism Receptor antigen Reference

Escherichia coli P Kallenius et al. (1980)

S

Haemophilus influenzae Anton Van Alphen, Poole, and

Overbeeke (1986)

Lewisa Essery et al. (1994b)

Neisseria meningitidis Lewisa Essery et al. (1994b)

Bordetella pertussis Lewisa, Lewisx Van t’Wout et al. (1992)

Saadi et al. (1996)

Helicobacter pylor Lewisb Boren et al. (1993)

H type 2, Lewisa, Alkout et al. (1997)

Lewisb

Staphylococcus aureus Lewisa, Lewisx Saadi et al. (1993)

Streptococcus salivarius B Ciopraga, Motas, and

Doyle (1995)

Streptococcus mutans H, B Ciopraga, Motas, and

Doyle (1995)

Streptococcus cricetus H, A, B Ciopraga, Motas, and

Doyle (1995)

Candida albicans H, Lewisa, Lewisb Cameron and Douglas (1996)

Plasmodium knowlesi Duffy Barnwell et al. (1989)

Plasmodium vivax Chitnis et al. (1996)

B19 parvovirus P Brown, Anderson, and

Young (1993)

monoclonal antibodies to the blood group antigens on the cell population
under investigation can be used to assess correlations between expression of
the antigen (reflected in level of binding of the antibodies) and binding of the
bacteria. This is important as environmental factors can alter expression of
the blood group antigens and this can result in wide variations in results for
individual donors or even cell lines.

When using epithelial cells from donors, a number of factors which can
affect binding of microorganisms need to be considered in addition to blood
group or secretor status. The amount of the antigens under investigation
can vary with environmental factors such as hormonal changes (Schaeffer
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et al., 1994), smoking, fasting, virus infection, or underlying diseases
(Alkout et al.,1997; Raza et al., 1999; El Ahmer et al., 1999a, 1999b; Weinmeis-
ter and Dal Nogare, 1994). Although epithelial cells of group O individuals
were found to bind significantly more monoclonal anti-H type 2 than cells
from donors of other blood groups, both smoking and fasting affected the
levels of antibody bound (Alkout et al., 1997). It is generally accepted that
nonsecretors have high levels of Lewisa; however, we have found a wide
range of binding of monoclonal anti-Lewisa to cells from individual secretors
(Saadi et al., 1993). Under these circumstances, examining binding only in
relation to secretor status and not expression of Lewisa could result in false
conclusions.

3.2 Studies on Inhibition of Binding of Microorganisms

Both polyclonal and monoclonal antibodies have been used in inhibition
of binding studies to examine the role of blood group and other antigens
as receptors for microorganisms. There is, however, the criticism that the
actual receptor is adjacent to the antigen to which the antibody is directed
and inhibition is due to stearic hindrance. Other methods are needed to con-
firm the inhibition of binding by treatment of the cells with antibodies, e.g.,
inhibition of binding by synthetic blood group antigen(s) or agglutination by
anti-idiotypic antibodies produced by immunisation with a monoclonal anti-
body to the putative receptor (Essery et al., 1994). Production of anti-idiotypic
reagents can be unreliable and the availability of synthetic blood group anti-
gens makes them the preferable method (Saadi et al., 1999; Gordon et al.,
1999).

3.3 Binding of Synthetic Blood Group Antigens

Attempts to use blood group antigens derived from secretions or cells in
inhibition studies could be criticised on the grounds that there were also other
substances such as proteins, lipids, or secretory antibodies present in these
preparations, and these substances, not the blood group oligosaccharide, were
contributing to inhibition of binding. In the past few years, synthetic blood
group oligosaccharides labelled with biotin or fluorochromes have become
available in sufficient quantities and at reasonable costs. These have greatly
enhanced our ability to assess directly the binding of these putative receptors.
They also allow comparison of level of binding of different antigens and tests
can be carried out by relatively simple spectrophotometric methods (Alkout
et al., 1997).
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Table 11.4. Blood group antigens that bind bacterial toxins

Toxin Antigen Reference

Cholera A Monferran et al. (1990)

E. coli heat labile enterotoxin A, B Barra et al. (1992)

Pertussis Lea, Lex Van t’Wout et al. (1992)

Staphylococcal Lea, Leb Essery et al. (1994a)

SEB, TSST-1 Saadi et al. (1996)

E. coli O157 shiga toxin P Bitzan et al. (1994)

3.4 Isolation of Adhesins By Affinity Adsorption with
Synthetic Antigens

Methods for affinity purification of Gram-positive (Saadi et al., 1994) and
Gram-negative (Alkout et al., 1997) bacterial surface components with syn-
thetic blood group antigens attached to an inert matrix have been described.
The relative efficiency of binding of the adhesins to the receptor can be es-
timated by the amount of protein eluted from the different oligosaccharides
(Alkout et al., 1997) and the adhesin can be used to block bacterial binding
to epithelial cells.

3.5 Blood Group Antigens as Receptors or Inhibitors for
Bacterial Toxins

A variety of bacterial toxins bind to blood group antigens (Table 11.4).
These include the enterotoxins of E. coli, cholera toxin, pertussis toxin, and
some of the pyrogenic staphylococcal toxins. The P blood group is a receptor
on endothelial surfaces for the shiga toxin (ST) produced by enterohaemor-
rhagic strains of E. coli O157 (Bitzan et al., 1994). There is a growing body
of evidence that glycoconjugates with blood group antigen activity obtained
from mucosa (Bennun et al., 1989; Montferran et al., 1990; Barra et al., 1992)
and human milk (Saadi et al., 1996a, 1999) or even synthetic antigens (Saadi
et al., 1996a) can inhibit the activity of some bacterial toxins.

4. FREQUENCY AND DENSITY OF COLONISATION
OF EPITHELIAL SURFACES

4.1 Frequency of Colonisation

Studies on carriage of potentially pathogenic bacteria found that non-
secretors were overrepresented among individuals from whom Streptococcus
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pyogenes (reviewed by Haverkorn and Goslings, 1969) or Neisseria meningi-
tidis (Blackwell et al., 1990) were isolated. In longitudinal studies on rectal or
vaginal colonisation of women with recurrent urinary tract infection, nonse-
cretors were significantly more likely to be colonised by F fimbriated strains
of E. coli (Stapleton et al., 1995).

Frequency of colonisation might be related to developmental factors asso-
ciated with expression of oligosaccharides on mucosal surfaces. For example,
the susceptibility of newborn calves to enterotoxigenic strains of E. coli ex-
pressing the K99 adhesin reflects developmental changes in oligosaccharide
composition. As this oligosaccharide receptor for the K99 adhesin disappears
with age, so does susceptibility to disease caused by these bacteria. An ana-
logue of the receptor fed to the calves will prevent the colonisation of the
calves by these bacteria and subsequent disease due to the toxin (Mouricourt
et al., 1990).

Expression of the Lewisa and Lewisb antigen in early life is associated
with developmental control of expression of the fucosyl transferase coded
for by the secretor gene. This has been investigated in relation to the role of
infectious agents in cot deaths. During the age range in which most cases of
Sudden Infant Death Syndrome (SIDS) occur, 80–90% of infants express the
Lewisa antigen on their red blood cells. The proportion of infants expressing
this antigen declines with age; and by 18–24 months, the antigen is usually
found on red cells of approximately 20–25% of children, a proportion similar
to that observed in adults (Issit, 1986). Lewisa was identified in 71% of SIDS
infants examined (Blackwell et al., 1992; Saadi et al., 1993).

Toxigenic bacteria have been implicated in SIDS either by direct iden-
tification of their toxins in SIDS infants (S. aureus) (Newbould et al., 1989;
Malam et al., 1992; Zorgani et al., 1999; Blackwell et al., 2001, 2002) or by in-
direct evidence in epidemiological studies (B. pertussis) (Nicholl and Gardner,
1988; Lindgren, Milerad and Lagercrantz, 1997; Heininger et al., 1996). The
Lewisa and structurally related Lewisx antigens were found to be receptors
for S. aureus and B. pertussis (Saadi et al., 1993, 1996), and an adhesin was
obtained from S. aureus by affinity purification with synthetic Lewisa (Saadi
et al., 1994).

Longitudinal studies of infants found that during the first 3 months of
life, the predominant species in the normal nasopharyngeal flora of infants
was S. aureus; 57% of healthy babies were carriers of these bacteria. The
proportion of S. aureus isolates declined significantly with age to be replaced
with other species (Blackwell et al., 1999). Similar results were obtained in
two independent studies (Harrison et al., 1999; Anianson et al., 1992).

The predominant species isolated from 37 SIDS infants during the pe-
riod in which the healthy infants were studied was also S. aureus. These
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Table 11.5. Distribution of H and Lewis antigens on cells and in
body fluids of secretors and nonsecretors

Secretors Nonsecretors

Cells Fluids Cells Fluids

H type 2 + − + −
H type 1 + + − −
Lewisa ±∗ ± ∗ + +
Lewisb + + − −

∗ Lewisa can be present in highly variable amounts in secretors.

When assessing the effect of secretor status on binding of mi-

croorganisms to epithelial cells, it is highly recommended that the

amount of both Lewisa and Lewisb be determined by flow cytometry

as controls for the experiments.

bacteria were isolated from 19/22 (86.4%) SIDS infants 3 months or younger
compared with 143/253 (57%) of the healthy infants sampled in this age
range (χ2 = 5.32, P = 0.02) and 7/15 (46.6%) of those over 3 months of age
compared with 235/672 (35.2%) specimens obtained from healthy infants at
the second, third, and fourth samplings (χ2 = 0.41) (Blackwell et al., 1999).

4.2 Density of Colonisation

Density of colonisation is an important factor in development of disease.
The more organisms present on a mucosal surface, the greater the probability
that the host will develop disease in contrast to asymptomatic infection (Ofek
and Kahane, 1996).

4.3 Secretor Status and Density of Colonisation

Two hypotheses based on the distribution of ABO and Lewis blood groups
on cells and in body fluids of secretors and nonsecretors (Table 11.5) were
proposed to explain susceptibility of nonsecretors to disease or carriage of
some bacteria and yeasts. First, the H type 2 antigen present on epithelial
cells of all individuals except the extremely rare Bombay phenotype (Race
and Sanger, 1975) is a receptor for adhesins on the microorganism, and the
terminal fucose of H type 1 or Lewisb in body fluids binds to the adhesin and
reduces or inhibits colonisation. Second, the Lewisa antigen usually found
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in higher levels on epithelial cells of nonsecretors is a major receptor for
the microorganism, and despite the presence of the Lewisa antigen in body
fluids, their epithelial cells are more densely colonised than those of secretors
(Blackwell, 1989).

Lomberg et al. (1986) found uroepithelial cells of nonsecretors bound
more E. coli expressing the P fimbriae. This was explained by a third observa-
tion, that the P antigen was more accessible on epithelial cells of nonsecretors.
Other groups found E. coli was bound to two components in the uroepithelial
cells of nonsecretors that was absent from cells of secretors (sialosyl galactose-
globoside and disialosyl galactose-globoside). The authors suggested these are
expressed only by cells of nonsecretors because the galactose-globoside pre-
cursor glycolipid which in secretors is fucosylated is sialylated in nonsecretors
(Stapleton et al., 1992, 1995).

5. BINDING OF BACTERIA TO BLOOD GROUP ANTIGENS:
ASSESSMENT OF EXPERIMENTAL STUDIES IN RELATION
TO EPIDEMIOLOGY

Evidence from the studies of Boren et al. (1993) indicated that Lewisb

was the only fucose containing blood group antigen to which H. pylori bound
and molecular studies on the gene for the adhesin that binds Lewisb have
identified it in a variety of patient populations (Gerhard et al., 1999). Since
nonsecretors are genetically incapable of producing Lewisb, this could not
explain their reported increased susceptibility to ulceration (Table 11.2). We
used several of the methods outlined above to demonstrate that H type 2,
Lewisb, and Lewisa are all receptors for H. pylori. Binding of the bacteria
could be inhibited by pretreatment of buccal epithelial cells or the Kato III
cell line with monoclonal antibodies to H type 2, Lewisb, or Lewisa. Binding
of H. pylori to epithelial cells of different donors was correlated with binding
of monoclonal antibodies to H type 2 (P < 0.005) and Lewisb (P < 0.001)
but not Lewisa. Biotinylated H type 2, Lewisb, and Lewisa (but not Lewisx)
each bound to the NCTC 11637 strain of H. pylori and 51 clinical isolates
obtained from patients attending local gastroscopy clinics (Alkout et al., 1997).
A 61-kDa protein was obtained by affinity purification with each of the three
synthetic blood group antigens. H type 2 appears to be the most effective of the
three antigens for binding the adhesin. The highest yield of the adhesin was
obtained with the H type 2 affinity matrix and the majority of the strains bound
more biotinylated H type 2 than the other two oligosaccharides. Pretreatment
of epithelial cells with the 61-kDa protein significantly reduced binding of the
bacteria to epithelial cells.
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These results help explain the increased susceptibility of group O to pep-
tic ulceration. Density of colonisation is related to inflammatory responses
and duodenal ulcer among patients infected with these bacteria (Atherton
et al., 1996). H type 2, which appears to be the most efficient receptor for
the bacteria, is present in significantly higher levels on cells of group O. The
second most effective receptor was Lewisb which has a terminal fucose that in
secretions might block the adhesins that bind the fucose containing antigens.
Nonsecretors will lack Lewisb in their body fluids and this could contribute
to their being more densely colonised than secretors.

Density of H. pylori assessed by number of colonies on the primary isola-
tion plate was significantly higher for patients with duodenal ulcers compared
with patients in whom no ulcers were present. The numbers of bacteria iden-
tified in patients with duodenal ulcers was also significantly greater than those
found among patients with gastric ulcers (Mentis et al., 1990). Reassessment
of the data found no significant differences between the proportions of pa-
tients of group A compared with those of group O who were considered to
be heavily colonised (>100 colonies). There was no difference between A
secretors and A nonsecretors, but the proportion of O secretors with >100
colonies (21%) was lower than that for O nonsecretors (35%). If Lewisb in
secretions binds the adhesin more effectively than Lewisa, the levels of Lewisa

and Lewisb expressed on the cells of an individual, not simply secretor status,
need to be considered in future studies.

5.1 Environmental Factors Affect Expression of Blood Group
Antigens and Bacterial Binding

Environmental factors such as smoking are associated with susceptibility
to ulcers (McCarthy, 1984). Binding of H. pylori to buccal epithelial cells from
13 smokers and 13 nonsmokers attending gastroscopy clinics was assessed,
and the cells from smokers bound significantly greater numbers of bacteria.
Additional experiments with cells from 8 pairs of smokers and nonsmok-
ers, healthy individuals with no symptoms of peptic ulcer or gastritis, also
showed higher levels of binding of H. pylori to cells of smokers, but the dif-
ference was not significant. The patient group had no significant medication
to account for the differences observed; however, each had fasted for approx-
imately 12 h before the buccal cells were obtained at the clinic. The effects
of fasting on binding of H. pylori were further investigated with cells from
30 healthy Muslim men, 15 smokers and 15 nonsmokers, during Ramadan,
when they were fasting 12–16 h per day, and after the fast when they were
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eating and drinking normally. The effects of smoking were reversed in this
group; there was significantly lower binding to cells of smokers (Alkout et al.,
1997).

For both the patient and control groups, the levels of H type 2 expressed
on the epithelial cells correlated with binding of H. pylori; they were increased
among the smokers in the patient group and decreased among the smokers
in the control group. Expression of the Lewis antigens were not significantly
affected by smoking if the donors were not fasting but were significantly
higher among nonsmokers who were fasting. For healthy individuals, this
was the first example we found in which cells of smokers bound significantly
fewer bacteria (Alkout et al., 1997; El Ahmer et al., 1999a). A water-soluble
cigarette smoke extract (CSE) was used to treat cells from nonsmokers to
assess the effects of smoking on bacterial binding. The undiluted CSE masked
some blood group antigens, suggesting that that increased bacterial binding
observed with cells of smokers is due to mechanisms not linked to expression
of blood group antigens; however, the CSE also contained material that was
cross-reactive with the H type 2 antigen (El Ahmer et al., 1999a).

6. IMMUNE/INFLAMMATORY RESPONSES AND BLOOD GROUPS

6.1 Immune Responses

6.1.1 Protection

The possibility that isohaemagglutinins might act as “natural” opsonis-
ing or bactericidal antibodies was one of the first explanations for associations
between ABO blood groups and infectious diseases. Antigens cross-reactive
with A, B, and H had been identified on microorganisms (Springer, 1970;
Springer et al., 1971; Reed et al., 1974). The human immunodeficiency virus
(HIV) incorporates blood group antigens into its envelope and monoclonal
antibody to the blood group antigen inactivated the virus (Arendrup et al.,
1991). If an individual were exposed to virus that had grown in the presence of
an incompatible blood group, the isohaemagglutinin might exert a protective
effect against infection. Similar mechanisms might underlie the observation
that nonsecretors are less susceptible to acquiring HIV by heterosexual
intercourse (Blackwell et al., 1991; Ali et al., 2000). If the infected partner
is a secretor, incorporation of Lewisb into the viral envelope might result in
anti-Lewisb antibodies in the uninfected partner acting as effective opsonins.

There also appear to be subtle differences in humoral responses of
secretors and nonsecretors. Although it was reported that nonsecretors
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had lower levels of secretory and serum IgA (Waissbluth and Langman,
1971; Grundbacher, 1972), these observations did not control for carriage of
potential pathogens, current or recurrent infection. We found IgA levels were
significantly increased among nonsecretor women with recurrent urinary
tract infections (Blackwell et al., 1989). Assessment of secretory IgA levels for
individuals who were carriers of meningococci compared with noncarriers
found that there was no difference associated with secretor status; higher
levels were associated with carriage of the bacteria. Both total salivary IgM
and salivary IgM binding to meningococci in a whole-cell ELISA were signif-
icantly lower in nonsecretors (Zorgani et al., 1992). Consistent correlations
between bactericidal activity against capsulate strains of meningococci with
IgG antibodies to Neisseria lactamica were found for secretors but not for
nonsecretors (Zorgani et al., 1994, 1996).

6.1.2 Tolerance

The other possibility is that some antigens on microorganisms similar to
A, B, or H do not induce an immune response in hosts of the corresponding
blood group and this tolerance makes the host more susceptible to disease
or to reinfection. Individuals of blood group O are at greater risk of severe
cholera (Swerdlow et al., 1994), and in Bangladesh, killed oral vaccines pro-
tected individuals of blood group O less well than those of other blood groups
(Clemmens et al., 1989). In contrast, more recent studies in Chile found that
there was a higher vibriocidal response among children of blood group O
compared with non-O individuals (Lagos et al., 1995).

Breakdown of tolerance and consequent induction of antibodies to anti-
gens on H. pylori similar to Lewisx and Lewisy has been suggested to play
a role in pathogenesis of peptic ulcer disease (Appelmelk et al., 1996). This
needs to be assessed in relation to recent findings in a Mexican population
that the Lewisx antigen is identified significantly more often on H. pylori iso-
lates obtained from children compared with isolates from adults and there is
a significant trend for loss of strains expressing Lewisx with increasing age
(Munoz et al., 2001).

In a study of an Irish population, no coincidence between expression of
Lewisx or Lewisy on the host and bacteria was noted. There were no signif-
icant differences between the quantity of these antigens expressed on iso-
lates from patients with ulcers compared with patients with chronic gastritis
(Heneghan et al., 2000). In a study in Sweden, strains expressing Lewisx or
Lewisy were isolated more often from patients with duodenal ulceration than
from patients who were infected but were asymptomatic (Thoreson et al.,
2000).
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There were significantly higher levels of antibodies to Lewisx and Lewisy

in sera of patients with gastric cancer and other pathological conditions
associated with H. pylori compared with controls who were not infected with
this bacteria. The antibody response to Lewisx or Lewisy was unrelated to the
host phenotype but was significantly associated with expression of the anti-
gens on the bacterial isolates (Heneghan et al., 2001). Expression of these
antigens on H. pylori has been associated with density of colonisation by the
bacteria, neutrophil infiltration and lymphocyte infiltration (Heneghan et al.,
2000).

6.2 Inflammatory Responses

Inflammatory responses play an important role in pathogenesis of many
infections. The contribution of antigens on the microorganism (Braun et al.,
2002) and host responses need to be assessed when evaluating severity and
outcome of the disease.

Greater inflammatory responses of nonsecretors to urinary tract infec-
tions have been noted (Lomberg et al., 1992). Higher levels of interleukin-6
(IL-6), tumor necrosis factor-α (TNFα), and nitric oxide (NO) were produced
in response to whole cells of H. pylori or its antigens by monocytes of group O
blood donors compared with responses by cells of other ABO groups (Alkout
et al., 2000). These higher levels of inflammatory mediators might contribute
to tissue damage leading to ulceration. Histological studies found that lym-
phocyte infiltration was significantly greater in H. pylori-infected nonsecre-
tors. Group O nonsecretors had a higher grade of lymphocyte infiltration
compared to nonsecretors of other ABO groups (Heneghan et al., 1998).

Inflammatory responses play a major role in the pathogenesis of disease
due to E. coli O157 (Tesh, 1998). Blood donors who lack the P blood group
antigen had higher TNF responses to culture filtrates of toxigenic E. coli O157.
Although there were no significant differences between in vitro TNF or IL-10
responses associated with ABO group, there was a significant excess of group
O among patients affected in the Scottish outbreak of this disease and the
mortality rate was significantly higher for group O (Blackwell et al., 2002).

7. DISEASES TRIGGERED BY INFECTIOUS AGENTS?

7.1 H. pylori and Peptic Ulcers

Thirty years before the association among H. pylori, gastritis, and ul-
cers was identified (Marshall et al., 1985), the associations between peptic
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ulceration with blood group O and nonsecretion were reported (Aird et al.,
1954; Clarke et al., 1956). The associations between O and ulceration have
been confirmed in more recent studies (Mentis et al., 1991; Luman et al.,
1996), and men of group O had significantly higher risk of hospitalisation
associated with ulcers than others (Hein et al., 1997). In a Taiwanese popula-
tion, the prevalence and relative risk of H. pylori infection and development
of ulcers was significantly higher in blood group O patients than other ABO
groups (Lin et al., 1998). Infection with H. pylori was significantly higher in
patients expressing Lewisa and secretors expressing Lewisb had a significantly
lower rate of gastroduodenal ulcers (Yang et al., 2001).

A number of surveys failed to find any association between evidence
for infection with H. pylori and blood group or secretor status. Some stud-
ies were based on serological tests (Hook-Nikanne et al., 1990; Loffeld and
Stobberingh, 1991; Chesner et al., 1992) and others on culture or microscopic
identification of the bacteria (Dickey et al., 1993).

7.2 H. pylori and Gastric Carcinoma

The mechanisms proposed for increased susceptibility of group O to
peptic ulceration do not appear to be relevant to the association between
group A and gastric cancer (Mourant et al., 1978). H. pylori infection is now
recognised as a factor related to development of gastric carcinoma. Chronic
infection and inflammation have been recognised as risk factors for a variety
of human cancers, and it has been proposed that active oxygen species such
as superoxide anion, hydrogen peroxide, and hydroxyl radicals generated
in inflamed tissue can cause injury to target cells and also damage DNA
(reviewed by Ohshima and Bartsch, 1994). There is increasing evidence that
nitric oxide and its derivatives produced by activated phagocytes can also
contribute to the multistage carcinogenesis process (Ohshima and Bartsch,
1994). NO produced in response to H. pylori or its antigens by monocytes
of group O blood donors were higher compared with responses by cells of
group A donors. In contrast to findings for TNF and IL-6, NO production by
monocytes exposed to H. pylori or its antigens showed an inverse relationship
with the numbers of bacteria per cell. The highest levels of NO were induced
by the lowest numbers of bacteria (Blackwell et al., 1997).

7.3 H. pylori and Ischaemic Heart Disease (IHD)

Infection-induced inflammatory responses are implicated in pathophys-
iological events associated with IHD (Vallance, Collier, and Bhagat, 1997).
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There is some support for the hypothesis that H. pylori infection might be
a significant factor (Mendall et al., 1994; Miragliotta et al., 1994; Martin-de-
Argila et al., 1995; Morgando et al., 1995; Murray et al., 1995; Danesh et
al., 1998, 1999). The association of socioeconomic status with risk of IHD
is only partly explained by the uneven distribution of conventional risk fac-
tors. A Danish study found that only among men of group O was socioe-
conomic status associated with a significant excess risk of IHD (Suadicani,
Hein, and Gyntelberg, 2000). Lower socioeconomic status, particularly dur-
ing childhood, and group O are both risks for acquisition of H. pylori (Glynn,
1994).

Most studies examined sera of patients and comparison groups for pres-
ence of antibodies to H. pylori. The assays, as in many other studies on these
bacteria, were qualitative rather than quantitative and the presence of gastri-
tis, peptic ulcer, or heart disease was not always assessed in the comparison
groups (e.g., blood donors). By enzyme-linked immunoassay we compared
IgG levels to H. pylori outer membrane extract in sera obtained from autopsy
investigations of individuals who died of IHD (n = 40) with those from age-
and sex-matched individuals who died in accidents (n = 40). Although the
IgG levels to H. pylori were higher in the IHD group, the difference was not
significant. Detailed examination of the autopsy findings found that eight
subjects had evidence of heart disease or evidence of ulcers. Reassessment of
the results found that the differences between the IHD and accident groups
were significant.

Additional sera from the following four groups were examined: (1) men
who survived one myocardial infarction (MI), (2) men matched for age and
socioeconomic background to group 1, (3) individuals who died suddenly
of IHD, and (4) accidental deaths with no evidence of IHD based on au-
topsy findings matched for age and sex to group 3. Levels of IgG to H. pylori
increased with age (P < 0.005) but were not associated with smoking or so-
cioeconomic groups. There was a correlation between IgG to the bacteria and
decreasing socioeconomic levels only among group 1 (P < 0.01). Antibod-
ies to H. pylori were higher for subjects who died of IHD (median = 151
ng ml−1) compared with survivors (median = 88 ng ml−1) (P = 0.034) and
higher for survivors compared with their controls (median = 58 ng ml−1)
(P = 0.039). If the antibody levels reflect density of colonisation or inflamma-
tory activity, future serological studies of H. pylori in relation to IHD must
take into account severity of disease and serological analyses must be quan-
titative. Larger studies need to be carried out to determine if the association
between group O, socioeconomic group and IHD are related to infection with
H. pylori (Alkout et al., 2000).
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8. CONCLUSIONS AND APPLICATIONS

Antiadhesin therapy is an obvious application of the studies on blood
group phenotype and susceptibility to infection. The use of synthetic blood
group antigens and other host cell receptors for prevention of infection are
under development for H. pylori and respiratory pathogens (Zopf and Roth,
1996; Zopf et al., 1996). These methods are being applied to problems asso-
ciated with the development of resistance to antifungal agents, particularly
among patients on long term prophylaxis for prevention of superficial mu-
cosal infections. Development of resistance is emerging not only among C.
albicans but also among other yeasts causing superficial or systemic infec-
tion among immunosuppressed patients (Willocks et al., 1991; Johnson et
al., 1995; Rex et al., 1995; Odds, 1996). Our epidemiological studies indicated
that blood group O and nonsecretors were at increased risk of carriage or oral
disease due to candida (Aly et al., 1991, 1992; Ben-Aryeh et al., 1995), and
C. albicans adhesins that bind fucose have been characterised (Cameron and
Douglas, 1996). Strains of both serotypes A and B of C. albicans bind biotiny-
lated H type 2, Lewisa and Lewisb and binding of the yeasts to epithelial cells
could be reduced by the synthetic oligosaccharides (Saadi et al., 1998).

An additional application of the antiadhesin approach is based on the pro-
tective effect of blood group oligosaccharides in human milk. Oligosaccha-
rides with blood group antigen activity reduced binding of toxigenic strains
of S. aureus and also Cl. perfringens (Saadi et al., 1999; Gordon et al., 1999);
however, much more work could be done on their role in neutralisation of
toxins. These studies have implications not only for understanding the ben-
eficial effects of breastfeeding, but also for development of infant formula
preparations or perhaps supplements to rehydration therapies for treatment
of diarrhoeal diseases.

It is becoming clear that the blood group antigens are recognition
molecules of the immune/inflammatory systems. Although they have been
studied in relation to transplantation and transfusion incompatibilities, very
little is known about their role in immune and inflammatory responses to
microorganisms. We predict that this is an area in which there will be sig-
nificant interest and advances in elucidating the associations between blood
groups and susceptibility to infections.
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Schistosome infections cause much suffering in millions of people living in
tropical regions of Africa, Asia, and South America (Prata, 1987; Chitsulo
et al., 2000). The most severe clinical symptoms affect the kidneys and uri-
nary tract. However, schistosomes also cause various other disorders such
as heart failure and neurological diseases. Three species of schistosome are
responsible for most human infections (Schistosoma mansoni, Schistosoma
japonicum, and Schistosoma haematobium). These species are found in differ-
ent geographical locations, have different vectors, and cause different symp-
toms. Schistosomes are multicellular parasites that are disseminated as free
swimming larvae (cercariae) in ponds, lakes, and rivers by snails. Humans
become infected when they stay in contaminated water for a few minutes. The
cercariae penetrate the human skin and develop into male or female adult
schistosomes within 5 or 6 weeks. These small worms (Fig. 12.1A) can live
in the vascular system of their vertebrate host for 2 to 5 years. Schistosomes
do not multiply within their vertebrate host. The female worms, however, lay
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hundreds of eggs per day in the mesenteric or vesical veins of their host. Most
of the symptoms associated with these infections are caused by the inflam-
mation that is induced by the immunogenic and toxic substances produced
by the eggs. The chronic cellular reaction that develops around the eggs is or-
ganised in a granuloma (Von Lichtenberg, 1962; Warren et al., 1967). Various
organs can be affected depending on the tissues in which the eggs are trapped:
intestine, liver, gall bladder, ureter, lungs, and the central nervous system.

As for many infectious diseases, schistosomes cause mild clinical symp-
toms in most subjects, whereas a small proportion of individuals (up to 15% in
certain endemic areas) present severe clinical disease that may lead to death.
Various hypotheses have been put forward to explain the heterogeneous dis-
tribution of severe cases of schistosomiasis in endemic populations: existence
of pathogenic ‘variants’ of schistosomes, heavy infections, co-infections with
viruses such as the hepatitis B virus or genetic predisposition of the host.

This report summarises the observations made by our group, showing
that the genetic background of the host plays a major role in controlling
infection and disease in schistosome infections. We also have observed that
hepatitis viruses aggravate schistosomiasis and probably play an important
role in the high prevalence of severe schistosomiasis in certain endemic areas.
Our studies have failed, however, to detect more pathogenic or more virulent
‘variants’ among various schistosomes isolated from subjects with different
clinical statuses.

1. HUMAN RESISTANCE TO INFECTION BY SCHISTOSOMES
IN A BRAZILIAN POPULATION

1.1 Evidence that a Major Gene is Involved in the Control
of Infection

We began our studies in a Brazilian village located in an area endemic
for schistosomiasis. This village, Caatinga do Moura (CM), had already been
studied by A. Prata and his team. Our study included the subjects living on
the west bank of a small river that passed through the village, because this

Figure 12.1. (facing page). (A) Male and female adult schistosomes. The female lodges in

the gynaecophoral canal of the male. Each worm measures approximately 0.5 to 1.5 cm in

length. Hepatic vascular trees of a liver from a healthy subject who died in a car accident

(1B) and of a liver from a subject who died with severe PPF due to Schistosoma mansoni

infection (1C). The hepatic vascular tree was injected with acrylic blue liquid resin. After

polymerisation, tissues were digested. Courtesy of Dr. E. Chapadeiro, Faculty of Medicine

Uberaba, Brazil. (See color plate.)
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Figure 12.2. Infection levels were taken as the mean parasite egg count in stool samples.

When three to five stool samples are taken on different days this provides an accurate

evaluation of the parasite load. Exposure was calculated from the water contact index as

described previously (Dessein et al., 1988; Abel et al., 1991).

group had not been studied previously and therefore had not been treated
with antihelminthic drugs for a long time. Furthermore, these subjects were
geographically clustered and came into contact with the river at a few major
sites that were easy to survey. A large number of these individuals belonged
to large families (Dessein et al., 1992).

We were interested in the factors that determine infection levels, as it
was thought that high infection could be a major cause of clinical disease. A
critical epidemiological factor in infectious diseases is ‘exposure’ as exposure
differences might have significant effects on infection. Another important
factor is the age of the subjects, as age may influence the subject’s com-
portment or immunity. In schistosome-infected populations, both age and
exposure have important effects on infection levels (Fig. 12.2 and Butterworth
et al., 1985; Dessein et al., 1988; Abel et al., 1991).

Age, exposure, and gender only explained a third of the variance of in-
fection levels in this population, indicating that other unidentified factors
are involved (Dessein et al., 1988; Abel et al., 1991). As high infection levels
were clustered in certain families, we postulated that some inherited factors
or some inherited but not genetic factors such as cultural habits might also
have a critical effect on infection (Abel et al., 1991). Therefore, we tested
whether infection levels were subject to genetic control in CM families. First,
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Figure 12.3. Distribution of predicted genotypes according to the results of segregation

analysis in Caatinga (Brazil) and Ulillinzi (Kenya). Infection levels were adjusted for

covariates that have significant effects on infection: age, gender, and exposure.

we looked for a major genetic effect at a single locus. Segregation analysis
allowed us to test this hypothesis taking into account the effects of exposure,
age, and gender on the phenotype (Abel et al., 1991).

Therefore, infection levels were adjusted for exposure, age, and gender.
We tested whether the distribution of the trait (infection levels) in CM fami-
lies (20 pedigrees, 269 individuals) supported the hypothesis of a single locus
controlling the trait. This analysis provided clear and convincing evidence that
infection levels are controlled by a major codominant locus. This means that
the distribution of infection levels in families is best explained by a model
that includes age, gender, exposure, and a major codominant gene effect. Im-
portantly, the effects of this genetic control account for half of the variance in
infection levels indicating that gene(s) at this locus exerts a strong genetic con-
trol on infection. Figure 12.3 shows the distribution of the genotypes based on
the hypothesis that two alleles, resistant (a) and susceptible (A), of a single ma-
jor gene account for the effects of the major locus. The frequency of the dele-
terious allele was estimated to be between 0.20 and 0.25; about 5% of the pop-
ulation was predisposed to a high level of infection, 60% were resistant and
35% had an intermediate level of resistance. This model is likely to be an over-
simplification of the real situation. Susceptibility alleles are more likely to be
haplotypes that segregate as a block in the families. Nevertheless, the impor-
tant conclusion was that the genetic control of infection can best be explained
by the segregation of a single genetic region. These findings provided the first
genetic explanation for the earlier observations on the predisposition of cer-
tain individuals living in areas endemic for schistosomiasis to reinfection.

It is important to know whether this conclusion can be extended to other
populations living in different epidemiological conditions. It seems that this
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might be the case: we provided evidence for a major genetic control of in-
fection in a Kenyan population (Fig. 12.3; Dessein and Gachuhi, unpub-
lished data). Furthermore, as we shall see below, Horstmann and co-workers
identified a major locus involved in the control of S. mansoni infection in a
Senegalese population (Muller-Myhsok et al., 1997). Nevertheless, these re-
sults, providing strong evidence that one or several genes at a major locus
are involved in the control of infection levels by S.mansoni, do not exclude
the possibility that other minor susceptibility loci that could not be detected
with the strategies described above are involved.

1.2 Localisation of SM1 on Chromosome 5q31-q33

Linkage analysis using data from a whole genome scan was used to map
the locus that controls infection levels in the CM population. The genetic
model was refined in a second segregation analysis, which took the covariates
(exposure, age, gender) into account together with the major gene effect. The
codominant major gene model was obtained with similar parameters as those
described above. According to this model, the effect of the locus accounts for
66% of the infection intensity residual variance from covariate effects and the
frequency of the allele predisposing to high infection levels is 0.16 (Marquet
et al., 1996).

The linkage analysis was conducted on 142 Brazilian subjects belong-
ing to 11 informative families (2 large pedigrees, 5 smaller pedigrees, and
4 nuclear families) (Marquet et al., 1998). The genome was scanned with
246 polymorphic microsatellites, corresponding to a 15-cM map. Fifty-four
markers provided maximum lod scores of above 0.1, but only one region on
chromosome 5 (5q31-q33) showed suggestive linkage. Two adjacent mark-
ers, D5S393 and D5S410, provided a maximum lod score of 3.18 and 3.06
for a recombination fraction (θ ) of 0.09 and 0.15, respectively. To investigate
this region, 11 additional markers were analysed and significant linkage (lod
score >3.3) was observed for two close markers. The maximum 2-point lod
score was 4.74 (θ : 0.07) for D5S636 and 4.52 (θ : 0.04) for the colony stimulat-
ing factor (CSF1R) according to the estimated marker allele frequencies. This
successful mapping confirmed the existence of a major gene, denoted SM1,
controlling the intensity of S. mansoni infection and showed that this gene
is localised on chromosome 5q31-q33. Multipoint linkage analysis including
five markers for this region indicated that the most likely location of SM1
was close to the CSF1R marker, with a maximum lod score of 5.45.

Horstmann and co-workers also analysed genetic predisposition to S.
mansoni infection in Richard-Toll in Senegal (Muller-Myhsok et al., 1997).
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Unlike the subjects that we studied in Caatinga, the subjects in this study
were not born in an endemic area, as this area was only infected by S. mansoni
recently (less than 7 years ago) following a major outbreak of schistosomia-
sis in the region. The Senegalese study confirmed the presence of a major S.
mansoni susceptibility locus on chromosome 5q31-q33 (Muller-Myhsok et al.,
1997). Thus, one or several genes in the 5q31-q33 region exert a major control
on infection. This control acts in two different populations that have been im-
munised against schistosomes in very different epidemiological conditions.
Furthermore, this finding suggests that this locus also plays an important
role in the control of other infections as susceptibility alleles at this locus
could not have been selected by schistosomes in the Senegalese population.
This view is also supported by (1) the observations made in our laboratory
that gene(s) in 5q31-q33 also control(s) blood parasitaemia in P. falciparum
infections (Garcia et al., 1998, Rihet et al., 1998) and (2) the presence in the
5q31-q33 region of a large number of genes that encode molecules such as
IL-4, IL-5, IL-12p40, and IL-13 that play key functions in T-cell-dependent im-
munity to helminths, protozoa, bacteria, and viruses. Finally, this locus has
also been linked to the control of blood IgE levels and to eosinophilia (Marsh
et al., 1994; Martinez et al., 1998; Rioux et al., 1998). Both eosinophils and
IgE are critical effectors of human protective immunity against helminths.

1.3 Search for Additional Loci Controlling the Levels
of S. mansoni Infection

The strategy used to map the major gene could not detect other genetic
effects as the linkage analysis was based on the major gene model provided by
the segregation analysis. To determine whether additional loci are involved
in the control of the intensity of S. mansoni infection, a model-free weighted
pairwise correlation analysis was applied to the genome scan data for the
Brazilian pedigrees. The most significant linkage was observed in the 5q31-
q33 region, confirming that this locus has a major effect (Zinn-Justin et al.,
2001). When SM1 was taken into account, two additional regions (1p21-q23
and 6p21-q21) showed linkage with significance levels of about 0.001. The
result for the 1p21-q23 region was independent of SM1, whereas the locus
in the 6p21-q21 region interacted with SM1. The 1p21-q23 region, which
yielded the higher multipoint results, contains the CSF1 gene. Interestingly,
the gene encoding the CSF1 receptor is located in the 5q31-q33 region. The
locus in 6p21-q21 is located between the MHC locus and IFNGR1 (see below).
Additional studies on larger populations are required to confirm the existence
of these minor loci involved in susceptibility to S. mansoni infections.
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Thus, we can conclude that the intensity of S. mansoni infection in hu-
mans is markedly influenced by host genetics. One major susceptibility lo-
cus has been identified in the 5q31-q33 region. This region contains various
genes encoding molecules that are critical in human defences against para-
sites, including helminths. A model-free linkage analysis in one population
suggested that two other susceptibility loci also exist. These loci are located
in 6p21-q21 and in 1p21-q23. The existence of these minor loci must now be
confirmed by studies in other populations.

2. HEPATIC FIBROSIS IN SCHISTOSOME-INFECTED SUBJECTS

2.1 The Egg Granuloma

Adult Schistosoma mansoni live in the portal vein of their human host.
Female worms lay large numbers of eggs, which cross the intestinal wall and
are eliminated with the faeces. Some eggs, however, enter the blood flow in
the hepatic portal vein and remain trapped in the hepatic sinusoids, where
they trigger an inflammatory reaction. Antigenic materials released by adult
worms also contribute to this immune reaction in the periportal space. This
inflammation causes the major clinical manifestations of the disease: portal
hypertension and hepatosplenomegaly. Portal hypertension results from an
excessive accumulation of extracellular matrix protein (ECMP) in the peri-
portal space. This excess ECMP forms a network of cross-linked proteins
that is referred to as periportal fibrosis (PPF). PPF occludes small and large
vessels, leading to the degeneration of the hepatic vascular tree (Figs. 12.1B
and 12.1C). Hepatosplenomegaly is partly caused by portal hypertension (con-
gestive splenomegaly) and partly caused by the multiplication of cells like
Kupffer cells and Ag-stimulated lymphocytes (Grimaud et al., 1977). It was
long believed that hepatosplenomegaly developed only in subjects with se-
vere PPF. Recent ultrasonic observations have shown that splenomegaly can
also occur in schistosomes-infected subjects with mild PPF (Mohamed-Ali
et al., 1999).

Experimental studies have shown that the immune reaction caused by
schistosome eggs in the liver is a manifestation of cell-mediated immunity
that is regulated by egg-specific CD4+ T lymphocytes (Warren, 1977). Eggs
possess a shell that resists digestion by phagocytes such as eosinophils,
macrophages, and neutrophils. Therefore, the anti-egg immune reaction
tends to organise in a granuloma where the inflammatory infiltrate is progres-
sively replaced by fibroblasts and a dense network of ECMP. The changing
properties of the T lymphocytes that participate in the granuloma have been
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studied. In the first weeks following oviposition, CD4 T lymphocytes produc-
ing Th1-like cytokines are produced, later on the granuloma depends on a
Th2-type response involving IL-4, IL-5, and IL-13 (Chensue et al., 1994; Wynn
et al., 1997; Kaplan et al., 1998). In mice, the granulomatous reaction is down-
regulated 5 or 6 weeks after the beginning of oviposition. In humans, both
Th1 cytokines and Th2 cytokines are released by egg-stimulated PBMC in
subjects with chronic infections. No studies have looked at the inflammatory
cells in the human hepatic granuloma.

2.2 Susceptibility to Periportal Fibrosis Caused by Schistosoma
mansoni in a Sudanese Population

In regions endemic for schistosomiasis, 5 to 10% of infected subjects
develop a severe hepatic disease characterised by hepatosplenomegaly, portal
hypertension, ascites, and haematemesis. It has been suggested that high in-
fection levels are a major cause of disease because advanced schistosomiasis
is more frequent in populations in which infection is highly prevalent and
infection levels are high (World Health Organization, 1974). To evaluate the
risk factors for severe hepatic disease, we studied a population living in an
endemic area of Gezira, Sudan, that had not been treated with antihelminthic
drugs for a long time. Killing the worms is known to interrupt disease de-
velopment. Schistosoma mansoni has been endemic in the irrigated region of
Gezira for more than 50 years. An attempt was made to control transmission
20 years ago by treating infected subjects. Since this time, however, drugs
have not been available to prevent human infections or to cure infections. As
most agricultural activities depend on water from irrigation channels, most
inhabitants of the poor villages have been exposed to infection since they
were born or since they moved to this irrigated area. We selected one village
in which the prevalence of schistosome infection was elevated. Ultrasonog-
raphy was used to test the whole village population for PPF (Mohamed-Ali
et al., 1999). PPF was observed in 11.3% of subjects (n = 792) and was 4.5
times more frequent in males than in females. PPF was graded in four stages
(none, mild, advanced, and severe PPF) according to the WHO guidelines. A
few of the advanced cases and almost all of the severe cases showed evidence
of portal hypertension. As shown in Fig. 12.4 a significant fraction (>20%) of
the population exhibited no signs of fibrosis (F0), regardless of age class; the
prevalence of PPF (FII and FIII) was considerably elevated in the 20/25/30-
years age classes of males; finally no more than a quarter of the subjects
with advanced PPF developed severe PPF (FII or FIII with portal hyperten-
sion). The data suggested that certain subjects rapidly developed severe PPF,
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Figure 12.4. Prevalence of fibrosis by age in the study population: F0, no fibrosis; FI, mild

fibrosis; FII, moderate fibrosis; FIII, advanced fibrosis.

whereas others either did not develop fibrosis at all or progressed slowly to
severe grades. This is similar with the conclusion of a study by Poynard and
co-workers (Poynard et al., 1997), who described rapid, intermediate, and
slow fibrosers in a cohort of subjects infected by HCV. This raises questions
about the nature of the factors that determine the rate of fibrosis progression.
Gender is clearly an important factor in hepatic fibrosis. The low prevalence
of PPF in females in Taweela (Mohamed-Ali et al., 1999) is probably related to
the mechanisms of pathogenesis and not only to exposure as we first thought.
Our data also showed that the intensity of infection is not a major factor in
disease progression in this population.

PPF was frequent in certain families and absent in others. An analysis
of the living habits of the families did not reveal any differences that could
explain this and suggested that some inherited factors are involved (Dessein
et al., 1999). To test for the existence of inherited genetic factors we per-
formed a segregation analysis on 65 families [5 large pedigrees (>30 mem-
bers), 29 smaller pedigrees, and 31 nuclear families]. The studied phenotype
was defined as ‘advanced (FII) or severe PPF (FIII) associated with portal
hypertension’. The results indicated that PPF adjusted for environmental
covariates segregated in families as a Mendelian trait and that a gender
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dimorphism might be involved in the control of the trait. A co-dominant
gene named SM2 accounted for the familial distribution of the phenotype.
The frequency of the deleterious allele was estimated to be 0.16 and the respec-
tive proportions of homozygous susceptible, heterozygous, and homozygous
resistant subjects were 0.03, 0.27, and 0.70. The most important predictions
of the genetic model were (1) the frequency of the disease-causing allele (A) is
elevated and (2) 50% penetrance is reached after 9, 14, and 19 years of res-
idency in the area for AA males, AA females, and Aa males, respectively,
whereas the penetrance remains lower than 2% after 20 years of exposure
for other subjects. Nevertheless, with a sufficiently long time of residence,
all heterozygote males are likely to present the disease. Consequently, in
this population, 30% (3% of homozygotes and 27% heterozygotes) of males
could potentially develop severe schistosomiasis if left untreated. The esti-
mated penetrance of SM2 strongly depends on gender, which explains the
lower prevalence of fibrosis in females than in males. Gender differences in
the prevalence of fibrosis have also been reported by other groups working
in Sudan (Homeida et al., 1988a, 1988b) and in Egypt (Abdel-Wahab et al.,
1990).

2.3 Severe Hepatic Fibrosis is Controlled by SM2 Located
in the 6q22-q23 Region

To localize SM2, we first tested the linkage of SM2 with four chromoso-
mal regions that contain good candidates genes (Dessein et al., 1999): (1) the
5q31-q33 region that contains SM1 and several of the candidate genes, such
as those coding for the granulocyte-macrophage colony stimulating factor
(CSF2), several interleukins (IL-13, IL-3, IL-4, IL-5, IL-9), the interferon regu-
latory factor 1 (IRF1), the colony stimulating factor-1 receptor (CSF-1R), and
gene(s) controlling total serum IgE levels and familial hypereosinophilia; (2)
the HLA-TNF region (6p21) containing the HLA locus and the TNF-α and
TNF-β genes; (3) the 12q15 region, including the IFN-γ gene and a gene
controlling total serum IgE levels; and (4) the 6q22-q23 region containing the
IFN-γ R1 gene. Genotyping was carried out on all informative families with
multiple cases of severe fibrosis (8 families including 112 individuals) for
19 markers located in the four candidate regions. Two-point linkage analysis
was performed and significant maximum lod scores (Zmax) were obtained in
the 6q22-q23 region, with both D6S310 (Zmax = 2.81 at θ = 0) and the FA1
intragenic marker (Zmax = 1.80 at θ = 0) (Dessein et al., 1999). Similar results
were observed using equal marker allele frequencies for D6S310 (Zmax = 2.77
at θ = 0) and FA1 (Zmax = 2.14 at θ = 0). No Zmax values of above 0.1 were
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observed with any markers from regions 5q31-q33 and 6p21. In the 12q15
region, D12S83 provided a Zmax of 0.44 at θ = 0.08, but multipoint analy-
sis showed a lod score <-4 at a location corresponding to the gene coding
for IFNγ . Combined segregation–linkage analysis was performed with the
D6S310 microsatellite from the 6q22-q23 region. The maximum lod score was
3.11 at θ = 0. The parameters of SM2 estimated using this combined analysis
were very close to those obtained with the previous segregation analysis. For
AA males and AA females, the penetrance is almost complete after 12 and
17 years of exposure, respectively, whereas for Aa males the penetrance is
only 73% after 20 years of exposure. For other subjects, the penetrance was
less than 2% after 20 years of residency in the area. The multipoint analysis
using four markers simultaneously provided a Zmax of 3.12 with the D6S310
microsatellite and a Zmax of 2.49 with the FA1 intragenic marker.

These results indicate that SM2 is located in the 6q22-q23 region, close
to the IFNGR1 gene, which encodes the β-chain of the IFN-γ receptor and
could be a good candidate gene according to animal model studies (Czaja
et al., 1987, 1989). The fact that SM1 and SM2 are located on two different
chromosomes (5q31-q33 and 6q22-23, respectively) indicates that the genetic
control of infection is separate from the genetic control of severe fibrosis.
Our results do not provide any indications of an interaction between SM1
and SM2. To evaluate this possibility, it will be necessary to search for SM1
in the Sudanese pedigrees. Unfortunately, the low and rather uniform levels
of infection in this population do not make this possible. We must also
remember that the data do not exclude the possibility that additional genes are
involved in susceptibility/resistance to PPF. Complementary studies, such
as genome scanning and appropriate association studies, are necessary to
evaluate this hypothesis.

Our linkage results obtained with two microsatellite markers from the
HLA-TNF region also indicate that the major SM2 locus is unlikely to be
located within this region, whereas associations have been reported be-
tween (1) some HLA class I alleles (A1 and B5) and hepatosplenomegaly
in Egypt (Salam et al., 1979; Abaza et al., 1985) and (2) an HLA class II allele
(DQB1∗0201) and biopsy-confirmed hepatic schistosomiasis in Brazil (Secor
et al., 1996).However, it should be stressed that these results do not exclude
the possibility that additional polymorphisms are involved, such as specific
HLA antigens. Such polymorphisms could be detected by an appropriate
association study in this population.

The next step was to identify the genes involved in the control and the
characterisation of the pathways in which they are involved. The most success-
ful applications of Mendelian genetics have characterised the inheritance of
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traits in which single genotypic changes result in large or discrete phenotypic
differences. However, the segregation of phenotypic traits in a Mendelian
manner is the exception rather than the rule. Most phenotypic differences
between individuals are quantitative in nature, exhibiting a continuous nearly
normal phenotype distribution. These complex traits arise from the interac-
tion between multiple segregating genetic variants and the environment.

3. HOW DOES (DO) THE GENE(S) IN 5q31-q33 CONTROL
S. MANSONI INFECTION?

Studies by Hagan et al., by our laboratory, and by Butterworth and
Dunne’s group have identified the principal immune effector mechanisms
associated with resistance to S.mansoni or S. haematobium in humans living
in endemic areas. Hagan and colleagues (working in Gambia) and our group
(working in Brazil) demonstrated that resistance to schistosomes is positively
associated with the production of antilarval and antiadult worm IgE antibod-
ies (Hagan et al., 1991; Rihet et al., 1991). The positive association between
IgE and protection is counterbalanced by a negative association between
antilarval and antischistosome IgG4 antibodies and resistance (Hagan et al.,
1991; Demeure et al., 1993). IgG4 probably competes with IgE for binding
sites on antigens (Rihet et al., 1992). The data suggest that protection against
schistosomes depends on a balance between these two isotypes. These results
were later confirmed by Dunne and colleagues working in a Kenyan popula-
tion (Dunne et al., 1992). Capron et al. showed that rats are protected against
S. mansoni infections by the passive transfer of schistosome-specific IgE an-
tibodies (Capron et al., 1980), which then activate macrophages, eosinophils,
and platelets for the killing of helminth larvae (Capron et al., 1975, 1981, 1984;
Joseph et al., 1983). Finally, our group has shown that neonatal suppression
of IgE increases the susceptibility of rats to S. mansoni infection (Kigoni et al.,
1986). Taken together these data indicate that the IgE/IgG4 balance probably
controls the degree of human resistance to infection in endemic areas. This
conclusion was further strengthened by reports that parasite-specific T-cell
clones derived from resistant subjects from CM were Th2 or Th0/2, whereas
those derived from susceptible subjects were Th1 or Th0/1 (Couissinier et al.,
1995; Rodriguez et al., 1999). Butterworth and colleagues demonstrated that
eosinophils were also a critical cytotoxic effector in immunity to schistosomes
(Butterworth, 1977; Kimani et al., 1991).

The analysis of the 5q31-q33 region revealed a number of genes encoding
cytokines that are critical in the production of IgE, in the eosinophil response
or in the regulation of the Th1/Th2 balance. More specifically, IL-4, IL-5,
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IL-13, and the β-chain of IL-12 are all encoded by genes located in this region.
We have found many polymorphisms in most genes, except the IL-5 gene.
None of these polymorphisms, however, showed a clear segregation pattern
between resistant and susceptible subjects. A major limitation of our study
was the small population size (because the model based linkage studies used
to test the existence of and to map this locus does not require a large number
of susceptible subjects). This sample is too small if control involves more
than one gene at the locus or if the control genes differ among families. This
may explain why we have not yet been able to identify the gene(s) in 5q31-q33
that are responsible for the control of infection. We are currently recruiting
further subjects, although this is difficult as subjects living in most endemic
areas are regularly treated with antihelminthic drugs, making it difficult to
define resistant and susceptible phenotypes. When enough subjects have
been recruited, we will study the levels of gene expression of the 300 or 400
known and unknown genes in the 5q31-q33 region by use of a microarray
method, with the aim of identifying genes that are differentially expressed
in resistant and susceptible subjects, and in infected and in treated subjects.
These genes will be good candidates for the control of infection.

4. ROLE OF INTERFERON-γ AND TNF-α IN SUSCEPTIBILITY TO
HEPATIC FIBROSIS CAUSED BY S. MANSONI

We are currently trying to confirm the results that mapped the SM2 locus
involved in the control of PPF to the 6q22-q23 region in another population.
In parallel, we are also carrying out immunological studies on patients with
advanced PPF and evaluating some of the candidate genes within this genetic
region and in other regions. The candidate genes were chosen on the basis
of immunophysiological studies in experimental models of infection and in
humans. PPF results from an abnormal deposition of ECMP in the periportal
spaces due to a chronic inflammation triggered by eggs and schistosome anti-
gens. ECMP are mainly produced by myofibroblasts. These myofibroblasts
differentiate from stellate cells (or Ito cells) following stimulation by various
molecules that are released by platelets and sinusoidal endothelial and Kupf-
fer cells in response to irritation caused by certain molecules secreted by the
eggs (Fig. 12.5a). ECMP production is regulated by a number of cytokines
(Fig. 12.5b), including TGF-β, IL-1β, IL-6, IL-4, IL-5, IL-10, TNF-α, and IFN-γ
(Gressner et al., 1995; Poli, 2000). In particular, in vitro work has shown
that IFN-γ is a strong antifibrogenic cytokine. It inhibits the production of
ECMP by stellate cells and increases the collagenase activity of the liver by
stimulating metalloprotease (MP) synthesis and by inhibiting the synthesis
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Figure 12.5. (A) The principal cells involved in ECMP production. Periportal fibrosis is

caused by the deposition of extracellular matrix proteins (ECMP) in the periportal space.

ECMP are produced mainly by myofibroblasts that differentiate from stellate (Ito) cells.

This differentiation is initiated by substances released by damaged tissues, Kupffer cells,

hepatocytes, platelets activated/damaged by products released by schistosome eggs.

(B) Principal cytokines involved in the regulation of ECMP production and degradation.

The amount of ECMP in tissues is determined by the rates of ECMP synthesis and

degradation. A number of cytokines regulate this process. Some, such as TGF-β and

IL-13, increase the amount of ECMP in tissues, whereas others, such as IL-10 and

IFN-γ , decrease the ECMP concentration. The role of TNF-α is dual and not fully

understood.
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of tissue inhibitors of metalloprotease (TIMP) (Jimenez et al., 1984; Duncan
et al., 1985; Rockey et al., 1994; Mallat et al., 1995; Tamai et al., 1995). TGF-β,
IL-1, and IL-4 are fibrogenic and stimulate the differentiation of stellate cells
into myofibroblasts. They also exert the opposite effects on the synthesis of
ECMP and TIMPs to IFN (Roberts et al., 1986; Postlethwaite et al., 1988;
Tiggelman et al., 1995). The roles of IL-4, IL-5, IL-10, TNF-α, and IFN-γ in
the granuloma and in fibrosis have been evaluated in experimental models
of schistosomiasis. It was confirmed that IFN-γ is the major down-regulator
(Czaja et al., 1989), whereas IL-4 is strongly proinflammatory (Cheever et al.,
1994; Chensue et al., 1994; Kaplan et al., 1998). Recent observations suggest
that IL-10 has a key regulatory role in controlling excessive Th1 and Th2 po-
larisation during the granulomatous response (Wynn et al., 1997; Hoffmann
et al., 2000). The administration of IL-12 together with egg antigens protects
against fibrosis by increasing IFN-γ and TNF-α (Wynn et al., 1997). Finally
TNF-α may have protective (Hoffmann et al., 1998), proinflammatory and
profibrogenic effects (Berkow et al., 1987; Slungaard et al., 1990; Amiri et al.,
1992).

As cytokines play an important role in the regulation of hepatic granu-
loma and in ECMP deposition and turnover, we hypothesised that PPF may
result from the altered production of certain cytokines. We have initiated
a study on a population from Taweela to test this hypothesis. These types
of study must evaluate nonimmunological covariates that are cofounders in
the analysis; these covariates cannot be evaluated in hospital-based studies.
Though sinusoidal Kupffer, stellate, and endothelial cells are important play-
ers in hepatic fibrosis, there were good reasons to believe that evaluating
cytokine production by blood leukocytes was a useful approach: (1) experi-
mental studies carried out with lymphocytes from various tissues have iden-
tified the principal cytokines involved in the hepatic granuloma and (2) the
regulation of mouse schistosome egg granuloma is dependent on CD4+ T
lymphocytes.

Thus, we evaluated the cytokines produced by egg antigen-stimulated
blood mononuclear cells from subjects with advanced and severe PPF and
from subjects with no or mild hepatic fibrosis (Henri et al., 2002). Of all cy-
tokines tested (TNF-α, IFN-γ , IFN-α, IL-12, IL-10, IL-1β, IL-4, IL-5, IL-6), only
IFN-γ and TNF-α were significantly associated with fibrosis: the best model
included IFN-γ , TNF-α, age, and gender as covariates. Thus, the associations
of IFN-γ and TNF-α were adjusted for age and gender as the association be-
tween these cytokines and the disease phenotype varies (confounder effect)
in the different age and gender classes. This model does not adjust for the
intensity of infection because this covariate does not improve the likelihood
of the model.
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Figure 12.6. Proportion of subjects with advanced and severe PPF among INF-γ low/high

and TNF-α low/high producers. PPF is more frequent in subjects who produce low

amounts of IFN-γ and high amounts of TNF-α.

Thus, IFN-γ was significantly (inversely) associated (P < 0.01) with peri-
portal fibrosis; high levels of IFN-γ are associated with a reduced risk of
periportal fibrosis. The odds ratio that measures the strength of the associ-
ation between IFN-γ and fibrosis after adjustment for other covariates with
significant association with disease (age, gender, and TNF-α) was 0.11 (con-
fidence interval: 0.03–0.6). This indicates that the risk of developing severe
disease is on average 9 times higher among individuals who produce low
amounts of IFN-γ than among those who produce high amounts of IFN-γ
(Fig. 12.6).

TNF-α was found to be positively associated with PPF (Fig. 12.6): the
risk of FII–III is on average 4 times higher in individuals who produce
high amounts of TNF-α than in those who produce low amounts of TNF-
α (P = 0.05, OR = 4.6, CI : 1–22). The odds ratio for TNF-α was adjusted for
age, gender, and IFN-γ levels to take into account other covariates signifi-
cantly associated with advanced fibrosis. No other cytokines were significantly
associated with disease.

These results together with the mapping of SM2 near the gene encoding
the β-chain of the IFN-γ receptor indicate that the genes encoding the IFN-γ /
IFN-γ receptor pathway are valid candidate genes for the control of PPF.
This led us to evaluate polymorphisms in the genes encoding IFN-γ and its
receptor. Various polymorphisms were found in both genes and an ongoing
study indicates that three polymorphisms in the IFN-γ gene are associated
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Figure 12.7. Summary of the genetic control of susceptibility to human schistosomiasis.

Disease is initiated by eggs trapped in liver sinusoids and amplified by antigens released

by adult worms. The first stage is perivascular inflammation associated with the

deposition of small amounts of ECMP [grade I (FI) according to the WHO scale]. In some

subjects ECMP accumulates around the secondary branches of the portal vein as long

stretches of fibrosis (stage II). In some subjects ECMP accumulates further and fibrosis

extends to the periphery of the organ, occludes certain secondary branches, and twists

major branches; the gall bladder is also affected (stage III). Portal hypertension (P.H),

detected by abnormal portal and splenic vein diameters, is observed in some subjects with

FII and in all FIII subjects. SM2 accelerates the progression from FII to FIII + P.H or to

FII + P.H. The protective role of IFN-γ is indicated by the association between FIII and

low IFN-γ production, by the association between a mutation in the IFN-γ gene and FIII

and by various studies showing that IFN-γ decreases ECMP production and increases

ECMP degradation. Other factors important in fibrosis are the duration of infection, the

intensity of infection and gender (males are more susceptible than females). The intensity

of infection is probably most important during the early stage of disease (FI) and is

controlled by SM1, which probably acts on T-cell differentiation.

with advanced PPF (C. Chevillard et al. manuscript in preparation). Further
studies should now focus on the IFN-γ receptor.

5. CONCLUSION

These studies on human schistosomiasis have allowed us to describe,
for the first time in an infectious disease, the control of infection levels
by a major gene (SM1) in a population from northeastern Brazil. The ex-
istence of this control and the position of the gene involved were confirmed
in a second study on a different population from West Africa. Based on
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the results of immunological studies carried out on infection-resistant and
-susceptible subjects, it is likely that SM1 controls T-helper cell differentia-
tion. Studies on larger populations are required to define this control and
to identify the genes and susceptibility alleles involved. Moreover, there is
some evidence suggesting that minor loci also affect human susceptibility to
schistosomes.

Genetic studies also have enabled us to demonstrate that the control of
infection and disease in S. mansoni-infected subjects are distinct, illustrating
the difference between sterile immunity and clinical immunity. The second
locus (SM2) is also a major locus, indicating that both infection and disease
are influenced considerably by the host’s genetic background. Immunologi-
cal studies and the analysis of gene polymorphisms showed that the IFN-γ
pathway is critical for the control of resistance/susceptibility to hepatic fi-
brosis (Fig. 12.7). Further studies are required to determine whether the
same genetic control applies to hepatic fibrosis caused by other pathogens
such as hepatitis C virus. Finally, the results presented here show for the first
time the usefulness of an integrated epidemiological/immunological/genetic
approach to understand the mechanisms of pathogenesis in a complex infec-
tious disease.
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CHAPTER 13

Genetic susceptibility to prion diseases

Matthew Bishop and J. W. Ironside
Departments of Pathology and Clinical Neurosciences, CJD Surveillance Unit,
University of Edinburgh, Western General Hospital, Edinburgh, Scotland

1. WHAT ARE PRION DISEASES?

Prion diseases are otherwise known as transmissible spongiform en-
cephalopathies (TSE), which are fatal neurodegenerative disorders that oc-
cur in many species of mammal, including humans. They include the cat-
tle disease bovine spongiform encephalopathy (BSE) and the human form
Creutzfeldt–Jakob disease (CJD). The oldest recognised TSE is scrapie in
sheep and goats which has been recorded in these animals albeit under dif-
ferent names since the eighteenth century. Other species that have since
been diagnosed with a specific form of TSE disease are included in the list
shown in Table 13.1. The list has been divided into two groups, those that are
host specific and those that have occurred as a consequence of the United
Kingdom’s highly publicised BSE outbreak of the 1980s–1990s.

The name TSE is derived from the fact that these diseases are transmissi-
ble from one animal to another and among species, and they are pathologically
defined by the appearance of spongelike vacuolation in the gray matter of the
brain.

Experimental animal transmission studies in primates and rodents have
been performed using material from cattle diagnosed with BSE. This has in-
dicated, to the acceptance of the majority of the scientific community, that the
latest form of TSE in humans, variant Creutzfeldt–Jakob disease (vCJD), is
attributable to infection by the bovine prions found in cases of cattle with BSE.
The route of infection from contaminated bovine products is as yet undeter-
mined but is most probably through dietary consumption. Since vCJD was
first characterised in 1996 (Will et al., 1996) there has been widespread dis-
cussion about the implications for the general public who were unknowingly
exposed to infectious bovine material before the UK government instigated



P1: IKB

CB591-13 CB591-Bellamy-v2 August 4, 2003 19:20

362©

m
.b

is
h

o
p

an
d

j.
w

.i
ro

n
si

d
e

Table 13.1. TSE in non-human species. List of recognised TSE in nonhuman
species categorised according to whether they are causally linked to BSE

BSE-related diseases (recognised
since the BSE epidemic) Host specific

Cattle with bovine spongiform Sheep and goats with Scrapie

encephalopathy (BSE)

Domestic cats with feline spongiform Deer and elk with chronic

encephalopathy (FSE) wasting disease (CWD)

Others thought to have originated from Mink with transmissible mink

BSE exposure: domestic and captive encephalopathy (TME)

wild cats, greater kudu, nyala, Arabian

oryx, Scimitar horned oryx, eland,

gemsbok, bison, ankole, tiger, cheetah,

ocelot, and puma

changes to the preparation of meat for human consumption. As the UK
exported large quantities of meat produce throughout the world vCJD has
become of international concern. For a full report on this topic the UK Gov-
ernment’s BSE Enquiry can be viewed online (http://www.bse.org.uk/).

Studies of experimental and natural TSE have indicated that genetic
factors are important in influencing susceptibility to the transmissible agent,
initially thought to be a virus. However, there is an increasing body of evidence
to support the prion hypothesis (following).

2. WHAT IS A PRION?

The term prion disease is widely used for these diseases, since TSEs are
associated with the accumulation of an abnormal isoform of the prion protein
in the brain, discovered through the work of Prusiner. It was Prusiner who
coined the term prion to describe a proteinaceous infectious agent (Prusiner,
1982). Prion protein (PrP) occurs naturally in mammals, birds, and reptiles,
as a membrane-bound, glycosylphophatidylinositol (GPI) anchored glyco-
protein with proposed roles in synaptic transmission and signal transduc-
tion in the central nervous system (CNS) (Collinge et al., 1994). The normal
isoform of prion protein is expressed in a wide range of tissues, includ-
ing lymphoid tissues, heart, lungs, skeletal muscle, and salivary glands, but
the highest levels of expression are found in neurons of the CNS (Brown
et al., 1990; McLennan et al., 2001). In TSE this host protein undergoes
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Table 13.2. Comparison of the two isoforms of prion protein

PrPC cellular form PrPSc disease-associated form

Mainly alpha-helical structure Mainly beta-sheet structure

Monomeric Forms aggregates (amyloid)

Soluble Insoluble

Protease sensitive Partially protease resistant

Rapidly metabolised Stable

Present in normal tissue Only present in prion disease tissue

posttranslation modification of its three-dimensional tertiary structure from
an alpha-helix-rich structure to one of a predominantly beta-sheet structure
(Prusiner, 1998). Isolation of the two forms is straightforward and has been
used to confirm the different structural components (Pan et al., 1993). The
disease associated (beta-sheet) form of the prion protein is designated PrPSc

(Sc = Scrapie form) and the normal form is designated PrPC (C = Cellular).
The differences between the two protein isoforms are summarised in Table
13.2.

Through a hypothesised protein–protein interaction, current in vitro ex-
perimental evidence shows that in the presence of the disease associated
form (PrPSc), the normal form (PrPC) undergoes structural conversion to
PrPSc (Raymond et al., 1997; Saborio et al., 2001). This process of conversion
continues, resulting in abundance of PrPSc in the central nervous system
(CNS). The precise site and mechanism of conversion is unclear (Harris,
1999). Models of scrapie PrP conversion have been used to observe interac-
tions between the more critical components of the protein structure such as
the alpha-helical regions. This work has involved the use of synthetic peptides
as a means of triggering the conformational transition. (Kaneko et al., 1995;
Nguyen et al., 1995). PrPSc is not degraded by normal cellular processes and
is deposited as aggregates, often visible as ‘plaques’ in histological sections of
the CNS. As confirmation that PrPC is required for these diseases, transgenic
mice devoid of PrPC have been found to be resistant to infection with prions
and do not replicate the infectious agent (Bueler et al., 1993).

3. GENETICS OF PRION DISEASE

To understand the aetiology and epidemiology of prion diseases it is
necessary to examine the genetic makeup of those with the disease. This will
facilitate an assessment of individual risk and potentially identify those who
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are in preclinical or asymptomatic stages of disease. With TSE, such as BSE,
that have been transmitted to another species it will also be advantageous to
examine the genetics of the infecting organism.

The current central biochemical element of prion disease is the prion pro-
tein itself and therefore comparative analysis of the protein structure together
with the prion gene region is of importance when dealing with a suspected
case of TSE.

3.1 Experimental Genetics in Prion Disease

The search for a genetic component responsible for causation and famil-
ial inheritance of TSE has been undertaken ever since the laboratory tech-
niques became available. Without the obvious presence of a nucleic acid com-
ponent of infectivity, such as a virus, research was directed towards finding
a mechanism by which strain information could be passed on.

One of the most closely observed components of TSE in research animals
is the incubation period in infected mice. The first proposal for genetic control
in scrapie passaged mice was the description of the hypothetical ‘scrapie
incubation’, or Sinc gene (Dickinson et al., 1968). This was described further
with a second name, Prn-i (Carlson et al., 1986). This murine gene had been
found to possess two alleles, s7 and p7, that segregated according to the
specific scrapie strains. Each scrapie strain has a highly reproducible pattern
of incubation periods and allele dominance in mice with either of the three
Sinc genotypes (s7/s7, s7/p7, and p7/p7).

Following characterisation of the prion gene (see below) there was further
definition of two alleles in mice that segregated with short and long scrapie
incubation period (IP). Prnpa (Leu-108, Thr-189) has short IP and Prnpb (Phe-
108, Val-189) has a long IP (Carlson et al., 1988; Westaway et al., 1987).
Sheep were also found to have two alleles (sA and pA) in their Sip gene (for
scrapie incubation period) that determined the incubation period of scrapie.
Possession of an sA allele lead to increased incidence of disease (Hunter et al.,
1989). Evidence from detailed analysis of the prion gene in these species used
for experimental analysis soon pointed to a single source for the majority of
effects on incubation period. The Sinc and Prn-i were confirmed as the same
genetic loci as Prnp (Hunter et al., 1992; Moore et al., 1998).

Lengthy and highly detailed pedigree analysis of human TSE that ap-
peared to show patterns of inheritance further confirmed the central role of
the prion protein gene in association with disease. The first PRNP mutation
associated with a human TSE was a proline to leucine change at codon 102
(P102L) in a case of Gerstmann Sträussler Scheinker Syndrome (GSS) (Hsiao
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Table 13.3. Disease incubation periods for transgenic mice with the
human equivalent GSS mutation at murine codon 101

Inoculum GSS GSS from L101L None

P101P (wildtype) 450 226 >700

L101L (transgenic) 288 148 >700

Numbers are mean incubation period in days. Data adapted from Manson

et al. (1999).

et al., 1989). Since then, an ever-increasing number of PRNP mutations have
been identified in families with GSS and other inherited forms of human
TSE (for reviews, Goldfarb et al., 1995; Prusiner et al., 1997). The high lod
(‘logarithm of the odds’) scores for the association of these mutations with
the disease indicates that the mutations are of key pathogenic significance in
familial TSE.

A method of experimental analysis for determining the effect of PRNP
mutations is the production of laboratory lines of mice that have the equiv-
alent mutation in their prion gene, or to use transgenic techniques to insert
mutated human prion genes into the mouse genome. The initial use of such
techniques was in the development of a GSS mouse model with a P101L mu-
tation. This mutation is equivalent to the human codon P102L mutation in
GSS (see section on familial CJD below). Primary studies involved production
of transgenic mice with the murine prion gene (Prnp) replaced by multiple
copies of an altered gene with the P101L substitution. This research produced
mice that developed spontaneous neurodegeneration with an ataxic pheno-
type similar to that seen in human cases of GSS with P102L mutation (Hsiao
et al., 1990). Subsequent studies on this model indicated that the disease oc-
curring in these transgenic mice was transmissible to other transgenic mice
and hamsters (Hsiao et al., 1994). Further studies are required to confirm
this observation and to investigate the potential additional effects of genetic
mutation and overexpression on this model.

A more recent study has been performed on mice that have been bred
with a P101L mutation as a single copy, to more closely model human GSS
(Manson et al., 1999). These mice did not develop spontaneous TSE, a pro-
posed consequence of having single rather than multiple copies of the gene.
The initial work performed with these mice was to determine the disease in-
cubation period after inoculation with brain material from a case of human
GSS with a P102L mutation. The results are summarised in Table 13.3.
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The experiments indicated that the mutation was associated with a dra-
matic alteration in incubation time. Inoculation with the human GSS material
produced an almost 50% reduction in incubation time which was reduced
even further when brain material from these inoculated mice was used for
further inoculations. This has suggested that addition of the human equiva-
lent GSS mutation has removed part of the barrier to cross-species infectivity.
It also supports the theory that humans carrying the P102L mutation may be
more susceptible to infection with certain ‘strains’ of TSE.

The most recent technical advances in genetic analysis allow rapid scan-
ning of the whole genome for quantitative trait loci (QTL) linked to a disease
state. Such analysis has been carried out to observe differences between lines
of mice with short and long scrapie incubation periods, those with Prnpa and
Prnpb genotypes respectively (Lloyd et al., 2001). This work identified three
highly significantly linked regions on chromosomes 2, 11, and 12 (with the
possibility of multiple QTL at each site) and suggestive evidence for linkage on
chromosomes 6 and 7. The Prnp locus was within the 95% confidence inter-
val for the peak lod score on chromosome 2 and is therefore likely to be the
candidate for that QTL.

A further QTL analysis was carried out on two lines of mice that showed
a significant difference in incubation periods when challenged with a BSE
inoculum (Manolakou et al., 2001). Four QTL were identified on regions of
chromosomes 2, 4, 8, and 15. In this case the Prnp locus was outside the 95%
confidence interval for the peak lod score on chromosome 2. In addition, it
was found that environmental factors were acting on the incubation period.
Both the age of the mice at injection and the maternal age at birth were
negatively correlated with the length of the incubation period, and there was
a significant increase in the incubation period in males compared to females
(in the F1 mice only).

The QTL found in these studies must now be analysed further to pinpoint
candidate mouse genes that are proposed to impact on the TSE phenotype.
The equivalent human genes can then be identified. Finding QTL in human
TSE cases is difficult due to the small numbers available; the two studies
detailed above used more than 1,000 mice each.

3.2 The Prion Protein Gene (PRNP)

The human PRNP gene region is located on the short arm of chromo-
some 20 (Band: 20p12-pter) and is composed of two exons. The second exon
contains the open reading frame (ORF), the complete DNA sequence required
for producing the prion protein, which is 762 bp long and translates to a
protein of 253 amino acids. Upstream of this exon lies the noncoding exon 1
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and then further still is the region containing the promoter sequences. The
latter are currently under investigation to identify possible relationships be-
tween disease phenotypes and the direct control mechanisms of gene expres-
sion (Mahal et al., 2001). With the recent publication of the DNA sequence of
chromosome 20 as part of the Human Genome Project there are now further
targets available for analysis of the prion gene region.

The human gene PRNP was first described in 1986 (Liao et al., 1986)
and its DNA sequence is available through the Internet bioinformatics sites
(GenBank accession number AL133396). Changes in the DNA sequence of
the prion gene can cause alterations in the protein amino acid composition
and subsequently the secondary and tertiary structures. The most important
reason for obtaining sequence data is in the identification, or confirmation,
of familial cases of CJD, caused by mutations. This is of great significance
to the other family members as familial TSE occur as Mendelian inherited,
autosomal dominant disorders with high levels of penetrance.

3.3 Prion Gene Polymorphisms

Changes in the DNA sequence of the PRNP gene fall into two categories:
those that are directly associated with a disease phenotype (generally produc-
ing changes in the amino acid sequence) and those that may influence clinical
features or susceptibility. (For the sake of simplicity in this chapter the former
will be referred to as ‘mutations’ and the latter as ‘polymorphisms’.) More
than 20 PRNP mutations have been characterised. There have also been more
than 20 polymorphisms found throughout the gene: these and the mutations
are shown on Fig. 13.1. There have also been recent discoveries of polymor-
phic sites outside of the gene region where variations may determine changes
such as gene expression levels or other biochemical properties of the protein
(Mahal et al., 2001).

3.4 Codon 129 Polymorphism

A notable polymorphism that is recognised as a key factor when as-
sessing the genotype/phenotype relationship of prion disease cases is the
methionine-to-valine change at codon 129. (DNA sequence change ATG-Met
to GTG-Val.) The normal population frequencies for the three genotypes for
a selection of regions are shown in Table 13.4. The most obvious effect of
the codon 129 polymorphism can be seen in the genotype frequencies of the
sporadic form of CJD (sCJD) and vCJD cases. In sCJD there is an increase in
the homozygote (MM and VV) frequencies with the level of MM at more than
70%, and in vCJD all cases so far analysed have been MM (n = 97 of 114). This
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Table 13.4. Codon 129 genotype frequencies in normal, healthy
individuals from three geographically separate locations

Population MM MV VV

Western Europeans (n = 106)a 37% 51% 12%

North Americans (n = 110)b 41% 51% 8%

Japanese (n = 179)c 92% 8% 0%

a Collinge et al. (1991).
b Brown et al. (1994).
c Doh-ura et al. (1991).

observation indicates that there is probably a level of susceptibility conferred
by homozygosity or a degree of protection by the heterozygote genotype. The
simplest proposed explanation for this is that the mechanisms involved in
prion protein conformational change involve protein–protein interaction. It
is therefore suggested that a molecule of PrPSc will combine only with PrPC

if the two have identical amino acid and structural composition, e.g., two
codon 129 methionine proteins. If a host is heterozygous then only half the
proteins will be accessible for conformational change if the infectious agent
is either M or V, resulting in a possible reduction in infectivity (Prusiner
et al., 1990). Sequence analysis of the bovine prion gene (gene: PRNP; protein:
PrP; Genbank: AJ298878) has shown that the equivalent codon to human
codon 129 codes for methionine and has not been found to be variable in the
populations analysed (Schatzl et al., 1997).

Without knowing the detailed three-dimensional structure of the protein
it is difficult to assess the true physicochemical impact of MM at codon 129.
We know that this codon is in the second position of four amino acids that
make up beta-sheet 1 (see Fig. 13.1B) and therefore could affect elements of
the tertiary structure (Petchanikow et al., 2001).

In Japan, codon 129 genotype frequencies are very different, showing that
in order to assess the effect of codon 129 genotypes in a disease population

Figure 13.1. (facing page). Diagrammatic representations of the prion protein gene

(PRNP). (A) The position of polymorphisms (above the line) and mutations (below the

line) according to codon number. (B) The position of structural motifs that make up the

protein tertiary structure as identified by their position on the linearised amino acid

sequence.
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it is important to identify the underlying population frequency of the M and
V alleles. One such study that has highlighted this fact has been undertaken
by the Greek CJD surveillance system. They have found that the incidence
of sCJD on Crete was fivefold higher than the normal one case per million
population per year and so undertook to determine the baseline codon 129
allele frequencies. The results showed that the frequency of MM in the Cretan
population was much higher than that expected (57% compared to 37% in
Western Europeans) and therefore could be a possible susceptibility factor
for the island population (Plaitakis et al., 2001).

The incidence of TSE in Japan has so far shown to be lower than the rates
in Western Europe (Nakamura et al., 1999) and therefore other factors as yet
to be identified must be responsible for limiting the disease occurrence in this
apparently susceptible population. The discovery of a potentially protective
polymorphism (codon 219, glutamic acid to lysine, allele frequency = 6%) that
has not been found in Japanese sCJD cases highlights this point (Shibuya,
1998). Recent developments in Japanese CJD surveillance systems may show
an increase in confirmed cases in the near future.

3.5 Other Gene Regions

As prion diseases are likely to be controlled through multigenic factors
there will be other regions of the genome that contain elements with roles in
determining the disease phenotype, from the initial susceptibility to infection
through to a predisposition to neuronal damage. At the present time there
are only candidate regions found from murine studies (Lloyd et al., 2001).
One site that has been described in detail is a region 25 kb downstream
of PRNP where there is a gene that codes for the prionlike doppel protein
(gene: PRND; protein: Dpl; Genbank: AF106918). This has a high homology
to the prion gene with the octapeptide repeat region missing (Moore et al.,
1999). The doppel protein has been shown to affect the disease phenotype
in transgenic mice (Moore et al., 2001a) but its polymorphic sites have so
far shown no association with human disease characteristics (Mead et al.,
2000).

As mentioned above the key point of initiation and progression of the dis-
ease in human tissues is the conformational change of the prion protein from
PrPC to PrPSc and therefore any destabilising change in the protein structure
could be a potential trigger. Unfortunately the three-dimensional structure of
PrPSc cannot currently be determined due to the chemical properties of the
protein; however, computer modelling allows a degree of prediction (Zahn
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et al., 2000). Each of the mutations and polymorphisms could potentially
cause changes to the general structure, expression levels, activity, binding
site recognition, or stability of the protein. It is proposed that it is because of
this that we see highly variable phenotypes arising from subtle DNA sequence
changes.

Sequence variations producing different disease phenotypes are cate-
gorised into larger groups such as those giving rise to Gerstmann Sträussler
Scheinker Disease (GSS), discussed below.

4. HUMAN PRION DISEASE

4.1 History of Human Prion Diseases

Prion diseases in humans were first described in the 1920s by Creutzfeldt
and Jakob; the name for the commonest form of human prion disease is
Creutzfeldt–Jakob disease. Since that time the specific clinicopathological
features of CJD have been defined in great detail from the large numbers
of cases subsequently found worldwide in countries where there is active
surveillance for such diseases (Parchi et al., 1999; Van Everbroeck et al.,
2001; Zeidler et al., 2000). The commonest form of CJD, sporadic CJD (sCJD),
occurs at an incidence rate of approximately one case per million population
per year (Will et al., 1996).

In addition to the sporadic form of CJD there are also the following
additional classifications of CJD and CJD-like TSE:

1. Genetic/inherited CJD

1.1. Familial CJD (fCJD)

1.2. Gerstmann Sträussler Scheinker Syndrome (GSS)

1.3. Fatal Familial Insomnia (FFI)

2. Acquired CJD

2.1. Iatrogenic CJD (iCJD)

2.2. Variant CJD (vCJD)

2.3. Kuru

4.2 Diagnosis of CJD – Clinical

There is significant diversity of clinical and pathological phenotypes in
the various forms of CJD and because of the rarity of the disease it can
prove difficult to diagnose some of the more atypical cases. With continual
publication of clinical presentation data and neuropathology for individual
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cases and small groups of similar phenotypes, the clinician or pathologist is
able to provide a more accurate diagnosis based on the evidence available.

Sporadic CJD has been examined in detail for a large number of cases
worldwide and therefore clinical diagnosis has been made easier. The
following criteria are used as a general guide to diagnosis:

� Clinical presentation
� Progressive dementia, myoclonus, and periodic sharpwave

electroencephalographic (EEG) activity.
� Late onset (average age, 55–70 years)
� Short disease duration (average <12 months)

� Pathology
� Vacuolation of the brain (see Fig. 13.2A)
� Astrocytosis
� Nerve cell loss
� Accumulation of PrPSc in the brain

Diagnostic criteria for other forms of human prion disease also exist; these
similarly depend on close study of both clinical and neuropathological fea-
tures (Zeidler et al., 1998).

To assist with differential diagnosis of vCJD the UK National CJD Surveil-
lance Unit (Edinburgh) has produced guidelines for the clinical assessment of
patients (Will et al., 2000). Only post mortem neuropathological examination
can truly confirm the diagnosis of vCJD due in part to the specific appearance
of ‘florid plaques’ in the cerebral and cerebellar cortex (Fig. 13.2B) (Ironside
et al., 2000).

vCJD is differentially diagnosed from sCJD through the following general
criteria:

1. Young age of cases (mean 29 years) and long duration (>12 months)

2. Early psychiatric features with progressive ataxia.

3. Presence of ‘florid’ plaques in the cerebral and cerebellar cortex.

4.3 Diagnosis of TSE – Protein Laboratory

Analysis of the physicochemical properties of the prion protein is un-
dertaken in the diagnosis of TSE. This involves analysis of the biochemical
properties of PrPSc and its protease-resistant core, designated PrPres (res =
resistant). Analysis of homogenates of brain tissue, or other tissues, on dena-
turing polyacrylamide gels (SDS–PAGE) allows separation of proteins accord-
ing to size. The homogenate is digested with Proteinase K, because PrPSc (and
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(A)

(B)

Figure 13.2. (A) Confluent spongiform degeneration in the neuropil of sporadic CJD

(haematoxylin and eosin). (B) Florid plaque within the cerebral cortex of a vCJD case

(haematoxylin and eosin). (See color plate.)
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Figure 13.3. Western blot of prion protein (PrPres) isotype in cerebral cortex from cases of

sporadic Creutzfeldt–Jakob disease (sCJD) and variant Creutzfeldt–Jakob disease (vCJD).

The nonglycosylated PrPres is of either 21 kDa (type 1) or 19 kDa (type 2). PrPres isotype in

vCJD is consistently found to be type 2 with a predominance of the diglycosylated form

(marked with an asterisk). The PRNP codon 129 methionine (M)/valine (V)

polymorphism for each individual case is shown in parenthesis.

not PrPC) is partially resistant to its action and will therefore be the only
target for the subsequent detection step. Electrophoretic separation is fol-
lowed by Western blotting of the size-fractionated proteins to a membrane.
An antiprion protein antibody is then applied followed by an enzyme-linked
secondary antibody. Chemiluminescence or chemifluorescence is then em-
ployed and the signal is captured on X-ray film or using a laser scanner.
The final image consists of three bands that correspond to diglycosylated,
monoglycosylated, and nonglycosylated glycoforms of PrPres. The extent of
N-terminal truncation produced by proteolytic degradation results in either a
21-kDa nonglycosylated fragment (Type 1) or a 19-kDa nonglycosylated frag-
ment (Type 2). Further subclassification can be made on the basis of the
proportion of the three glycoforms present. Typical examples of the patterns
in the two most commonly occurring forms of sCJD and vCJD are shown in
Fig. 13.3.

Type 1 and Type 2 isotypes are found in cases of sCJD; however, it is
of interest to note that the Type 2B electrophoresis pattern is characteristic
of vCJD. This ‘glycoform signature’ is common to cattle with BSE and other
animal species infected with BSE (Collinge et al., 1996).

Using N-terminal sequencing and mass spectrometry the predominant
protease cleavage sites for PrPSc have been determined for both isotypes
(Parchi et al., 2000). The Type 1 isotype is a collection of protein fragments
that is primarily terminated at the 82nd amino acid (glycine) and the Type 2
isotype is a collection primarily terminated at the 97th amino acid (serine).
As a consequence of this analysis it was discovered that variation of the termi-
nation point for protease cleavage was dependent on the amino acid at codon
129. Specifically the presence of valine at codon 129 resulted in a more variable
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Table 13.5. Disease phenotype association with codon 129 genotype and prion
protein isotype in sporadic and variant CJD

Disease Genotype/isotype group General description

sCJD MM1 or MV1 “Classical” CJD, myoclonic

variant (70% of sCJD cases)

sCJD VV2 Ataxic variant (16% of sCJD cases)

sCJD MV2 Kuru plaques variant (9% of

sCJD cases)

sCJD MM2 Thalamic variant, rare (2% of

sCJD cases)

sCJD MM2 Cortical variant, rare (2% of

sCJD cases)

sCJD VV1 Rare (1% of sCJD cases)

vCJD MM2B Variant CJD (52 of 114 cases tested)

(Data adapted from Parchi et al., 1999).

size range of protein fragments. This range extends through a sequence of
amino acids thought to be associated with tertiary structure elements and
could therefore impact significantly on the conversion of PrPc to PrPSc.

4.4 Diagnosis of TSE – Genetics Laboratory

Molecular genetic analysis of the prion protein gene (PRNP) through use
of the polymerase chain reaction (PCR) and automated DNA sequencing is a
key requirement for the prediction of the TSE phenotype. The main reasons
for such analyses are as follows:

1. To distinguish those cases that are not determined by a familial,

inherited mutation, e.g., sporadic CJD or variant CJD.

2. To positively identify those cases that have arisen through a familial,

inherited mutation or one that has occurred spontaneously in that

individual.

3. To identify the presence of polymorphisms that may have effects on the

phenotype, particularly at codon 129, an important susceptibility factor

and phenotype determinant.

The combination of prion protein isotype and codon 129 genotype in associ-
ation with disease phenotypes has become an important method of classifi-
cation of human TSE (see Table 13.5).
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Other laboratory analyses are carried out, such as identifying the presence
or absence of protein 14-3-3 in the cerebrospinal fluid (CSF), to add support
to a diagnosis of TSE. There are many groups around the world that are
developing further such tests on a range of tissues and body fluids such as
blood. The ultimate goal is to develop a test that can identify the preclinical
phenotype in the hope that treatment can then be given to prevent further
disease progression.

5. GENETIC SUSCEPTIBILITY FACTORS IN HUMAN
PRION DISEASES

5.1 Genetic Susceptibility to Sporadic CJD (sCJD)

Without a specific genetic mutation of the PRNP gene determining the
onset of sCJD we have to look to other phenotypic components for clues to a
possible genetic basis of this TSE. It is by the very nature of a sporadic disease
that we are looking for factors that predispose the individual to the clinical
phenotype. Codon 129 genotype is the obvious choice for initial investigation
of genetic susceptibility as homozygosity for either methionine or valine is
overrepresented in the sCJD disease population. Statistical analysis of the
relationship between codon 129 and sCJD shows that the association has a
high level of significance (P value <0.001) (Parchi et al., 1999). The increase
in codon 129 MM frequency is greater than for VV genotypes which suggests
that the former genotype in particular is a significant susceptibility factor.

Detailed analysis of the phenotypic impact of codon 129 in large numbers
of sCJD cases has led to classification of the disease according to six different
groups. These are differentiated by the PrPSc isotype and the codon 129
genotype and show clear phenotypic variations (Table 13.5).

This strong association among genotype, protein isotype, and phenotype
is a highly significant one but can only be defined by brain tissue analysis
after disease onset and when the amount of PrPSc is at a detectable level. Until
such time as it is possible to determine which group an individual belongs to
at a preclinical or screening stage we will be unaware of their predisposition
to a particular phenotype. The future discovery of other genetic markers that
segregate with these six groups may allow such analysis to be performed.

If we take the conformational change from PrPC to PrPSc as being the
initial event that could trigger sCJD, then any factor contributing to the in-
stability of the protein may be important. A random somatic mutation of
the prion gene in the tissues where PrP is expressed would be an obvious
candidate, alongside the spontaneous conformational change from PrPC to
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PrPSc. With regard to possible genetic susceptibility to these two mechanisms
we would have to look at factors outwith the prion gene as only codon 129
genotype has been found to show disease specific variation.

Random somatic mutation could occur at any point from embryonic de-
velopment to adult by a number of means: environmental or biochemical.
The chance of a mutation occurring specifically in the prion gene in a cell
where that region is transcriptionally active is rare. There could of course be
mutations occurring in other genes in any tissue that may be able to act on the
modification of the prion protein. With increasing age we become more sus-
ceptible to deleterious DNA damage and therefore theoretically the cellular
environment of the prion protein could be more biased towards conforma-
tional changes to occur. With the average age of onset for sCJD between 60
and 70 years old these factors could possibly play an important role.

It has been found in genetic forms of CJD that the PrPSc molecules are
formed from only those alleles containing the mutated amino acid sequence
(Chen et al., 1997). This may suggest that if a somatic mutation has occurred
then the resultant PrPSc molecules should show this, but in practical terms
this is difficult to investigate.

The PRNP gene itself is not necessarily the only chromosomal region
where genetic variation may affect the onset of sCJD. There are other potential
sites such as those where direct influences, such as promoter regions (Mahal
et al., 2001), or indirect influences, such as genes coding for proteins involved
in similar cellular processes. Spontaneous conformational change from PrPC

to PrPSc appears to be the most likely scenario as there are fewer questions
that remain unanswered about the hypothesis. It is straightforward to think
that all it would take would be for one prion protein molecule to reconfigure
to PrPSc due to a chance collection of factors in the biochemical environment,
such as a change in pH (Zanusso et al., 2001). This one molecule may then
cause conformational change in its neighbouring proteins and thus the chain-
reaction starts.

Apart from the prion protein and its gene there are many other factors
such as the clinical phenotypic features of sCJD that may have a degree of
genetic-based susceptibility. Two clearly defined diagnostic parameters for
the majority of sCJD cases are the late onset and short duration of disease.
Rigid time frames for factors such as these may indicate the presence of a
mechanism that initiates pathological change and such a mechanism could
have important genetic factors. Work on determination of genetic factors for
TSE incubation time in mice has shown a number of regions of the genome
where such components may exist (Lloyd et al., 2001). Work of a similar
nature is under investigation in humans (Mead et al., 2001).
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An example of a genetic determinant for disease onset is shown in the
case of Alzheimer’s disease (AD). It has been found that polymorphisms of
the Apolipoprotein E (ApoE) gene segregate according to age of onset for AD,
and in particular the ε4 allele is a significant indicator for late onset sporadic
forms (Brousseau et al., 1994). ApoE allele frequency has been determined
in a number of sCJD cohorts but has yet to be definitively associated with a
phenotypic change. A French study found that the ε4 allele was a risk factor
for the disease (Amouyel et al., 1994), whereas an Italian study found no
influence on the disease (Salvatore et al., 1995). No analysis has yet been
reported for vCJD.

5.2 Genetic Susceptibility to Familial CJD (fCJD)

Genetic or familial CJD (fCJD), diagnosed through the presence of in-
herited mutations, is thought to occur because the mutant host protein is
more likely to reconfigure to the disease associated form. This is proposed
to be due to a destabilisation of the tertiary structure, because of changes in
the protein amino acid sequence arising from mutations in the gene. Some
specific mutations are associated with particular phenotypes and have thus
been classified under alternative names, including GSS and fatal familial
insomnia (FFI).

The diagnostic criteria for defining fCJD is a pathogenic mutation present
in the prion gene that can be traced through the family pedigree in sufficient
detail to show that presence of CJD is linked to inheritance of the mutation.
A number of common mutations have been found throughout the world
that have been traced back through the generations to where and when the
original mutation events are thought to have occurred (Harder et al., 1999;
Lee et al., 1999; Nicholl et al., 1995).

It is still a matter of debate as to whether the mutation itself is the
actual cause of the ensuing disease or whether it is just an additional level of
susceptibility. The majority of mutations that have been well characterised
are associated with diseases which show near-complete penetrance and are
inherited as autosomal dominant disorders. The discovery of a mutation
during screening of the prion gene by DNA sequencing is therefore generally
accepted as the causative agent for the disease. Spontaneous mutations of
this nature appear to be rare and most cases of fCJD have a family history
of neurological disease. However, due to the relatively late onset age for
these diseases the mutation may not be ‘visible’ for a number of generations.
Asymptomatic carriers of the mutation could die early of other causes, after
producing offspring.
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The susceptibility of the prion gene to mutations arises to some degree
from the specific DNA sequence of the ORF where there are regions more
likely to mutate. This is due to the biochemical nature of DNA bases or effects
of secondary structures. For example, CpG ‘hotspots’, where a methylated
form of a cytosine base next to a guanine base can readily cause deamination
leaving either TG or CA sequences. Of the potential sites of this nature in the
prion gene approximately half have already been found in cases of genetic
forms of TSE, including codons 102 and 200.

As well as mutations causing CJD-like phenotypes there are also those
that have their own more specific features and have subsequently been given
separate names. The following information highlights the most common
mutations so far discovered and the specific phenotypes to which they are
categorised.

5.2.1 CJD Phenotype Mutations

This group can be recognised because of the following distinct pheno-
typic characteristics:

� Late age of onset
� Rapidly advancing dementia
� Abnormal EEG
� Widespread spongiform degeneration

The following describes details of the common mutations resulting in this
group of phenotypes.

1. Codon 178, with valine at codon 129 on the same allele, shows a CJD

phenotype and has been found in a number of cases throughout the

world, including a large pedigree in Finland (Haltia et al., 1991).

2. Codon 200 is the most common mutation found causing a CJD

phenotype, with clinical features and pathology very similar to those of

sCJD. It has been found in many countries with notable clusters in

Slovakia, Chile, and Sephardic Jews. In Jews of Libyan origin the

incidence of fCJD is 100 times that of sCJD worldwide and accounts for

the majority of CJD cases identified by the Israel CJD surveillance

system (Lee et al., 1999; Meiner et al., 1997).

3. Codon 210 found initially in Italian and French families, and now found

around the world, shows a phenotype very similar to sCJD (Ripoll et al.,

1993).

4. Insertions of variable numbers of 24-bp repeat elements in the

octapeptide repeat region of the prion gene have been found throughout
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the world. Some insertions occur more frequently than others, such as

cases with six extra repeats that have been found in UK families. This

type of mutation causes a wide spectrum of phenotypes dependent on

the number of additional repeats. The disease duration can be between

2 months and 18 years, with phenotypes similar to CJD or GSS. As a

general rule the CJD-like histopathological phenotype occurs with up to

six extra repeat elements and a duration of less than 1 year. The GSS-like

phenotype occurs with a larger number of repeats and a longer duration

(Parchi et al., 1998). As these are generalisations from a limited number

of cases, there can be difficulties when assessing the clinical features of

suspect cases. Subsequent molecular analysis of the prion gene will then

assist in definitive diagnosis (Moore et al., 2001b; Nicholl et al., 1995).

5.2.2 Gerstmann Sträussler Scheinker Syndrome (GSS)
Phenotype Mutations

The original GSS study involved an Austrian family that now encom-
passes 221 members in nine generations. The clinical features that are gen-
erally found to specifically differentiate GSS from sCJD are earlier age at onset
(30–40 years old), longer duration (∼5 years) with slowly progressive ataxia,
and pathologically identified multicentric amyloid plaques (Hainfellner et al.,
1995).

1. Codon 102 is the commonest GSS phenotype mutation and has been

identified throughout the world. It is recognised as the ataxic variant of

GSS (due to early cerebellar ataxia) with age at onset approximately

10 years earlier than sCJD (Hainfellner et al., 1995).

2. Codon 117 has been recently studied in families from Hungary, France,

and the UK. It is described as the dementia variant of GSS highlighting

the usual occurrence of presenile dementia at onset (Mallucci et al.,

1999).

3. Codon 198, with valine at codon 129, has been studied in detail for one

pedigree commonly referred to as the Indiana kindred. This mutation is

recognised by the slow progression of disease and pathologically by the

presence of neurofibrillary tangles (NFTs) (Dlouhy et al., 1992).

4. Codon 217, with valine at codon 129, found in a Swedish family shows

similar clinical features and pathology to codon 198 cases, including the

presence of NFTs (Hsaio et al., 1992).

5.2.3 Fatal Familial Insomnia (FFI) Phenotype Mutation

This phenotype is clinically characterised by inattention, sleep loss, dys-
autonomia, and motor signs and pathologically characterised by a preferential
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thalamic degeneration. It is associated with a single mutation described
below.

1. Codon 178, with methionine at codon 129, is the only PRNP mutation

that is associated with FFI phenotype. This disease is clearly distinct

from the fCJD phenotype where the mutation occurs with valine at

codon 129. Another example of the important impact that codon 129 has

on clinical disease features. This mutation has been found in many

countries involving over 20 individual families. It has been recognised

since 1986 (Lugaresi et al., 1986) and is characterised clinically by

progressive insomnia and pathologically by predominant thalamic

degeneration (Cortelli et al., 1999). Variation in this phenotype has been

reported in an Australian FFI cohort where individuals were

characterised with typical CJD, FFI, and cerebellar ataxia (McLean et al.,

1997).

5.3 Genetic Susceptibility to Acquired CJD

This group of TSE arises due to the passage of infectious material from
one individual to the next and has so far been limited to the three following
causes:

1. Iatrogenic CJD: disease acquired from infected human tissues by

medical or surgical procedures.

2. Kuru: ritualistic cannibalism of infected human tissues.

3. Variant CJD: disease acquired from infected bovine tissues.

5.3.1 Iatrogenic CJD (iCJD)

This is an acquired form of the disease caused by the medical or surgical
transmission of infectivity from individuals with CJD, e.g., by neurosurgical
instruments or dura mater grafts.

iCJD has been found to be transmitted through a variety of means and
was first reported in 1974 in the recipient of a corneal graft from a donor who
died of unsuspected CJD (Duffy et al., 1974). The current worldwide total for
all identified iCJD cases is approximately 250. In the mid-1980s the major
risk factors for this acquired disease were identified as contaminated dura
mater grafts and human growth hormone, with other routes resulting in only
a few cases worldwide (corneal transplant, neurosurgical instruments, and
intracerebral EEG needles). There are a few clusters of cases in particular
countries where the source of contaminated material has been successfully
traced. Particular examples of this are the growth hormone related cases in
France, the United States, and the UK and the contaminated dura mater graft
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Table 13.6. Codon 129 genotype for iCJD cases up to 2000

Number
iCJD Group of cases MM(%) MV(%) VV(%) Homozygotes(%)

Normal 398 39 50 11 50

individualsa

Dura mater graft 43 74 19 7 81

Growth hormone 82 48 21 31 79

UK Growth 20 5 40 55 60

hormone

Other 3 67 33 0 67

Total iCJD 128 57 20 23 80

(Adapted from Brown et al., 2000).
a Alperovitch et al. (1999).

cases in Japan where this type of material is used more frequently than in
other countries.

As the diagnosis and general awareness of human prion diseases have
improved over the years the production of transplant material and use of
surgical instruments has conformed to stricter guidelines to ensure that the
risk to recipient patients is at an acceptable level. Improved methods of de-
contamination and purification of donor material have also decreased signif-
icantly the chance of passing on infection. The pharmaceutical industry now
uses recombinant bacteria to manufacture human growth hormone free of
contamination, although this is currently an expensive option for some coun-
tries. Preclinical diagnosis of prion disease is currently unavailable, resulting
in the unavoidable use of contaminated material and the proposed continual
appearance of small numbers of new cases. The majority of new cases, how-
ever, are those where there has been a long incubation period of potentially
many decades from the original point of infection.

The pathology and clinical features of iCJD shows similarities to vCJD,
which might be predicted, as both are prion diseases initiated by peripheral
infection. Following this it is of interest to note the codon 129 genotypes
of iCJD cases because the vCJD genotypes may follow the same temporal
patterns, e.g., incubation time and the appearance of different codon 129
genotypes at different periods from the point of infection.

The data compiled by Brown (Brown et al., 2000) for codon 129 in iCJD
cases up to the year 2000 are shown in Table 13.6.
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As for sCJD, homozygosity (MM or VV) is clearly elevated in iCJD cases
indicating a degree of host susceptibility. The theory mentioned above where
the conformational change of PrPC to PrPSc would most easily occur between
homologous molecules holds true for iCJD as well as sCJD. The appearance
of the disease associated form in the body is, however, different for iCJD as it
is an acquired disease not a sporadic one. Therefore the genetic susceptibility
to iCJD is a product of not only the recipient’s genetic makeup but also of
the donor’s. If it were simply that the codon 129 genotype had to match
between donor and recipient of biological material then this could be assayed
prior to any treatment, in a similar way to matching blood groups before
transfusion.

It is very difficult to discover what the codon 129 genotype was for the
contaminating material in the human growth hormone cases as the source is
a pool of many individuals. The UK cases, however, show a marked increase
in VV genotypes (see Table 13.6), indicating the possible contamination by
solely VV material or a majority of such. The observation that codon 129
genotype frequencies in iCJD closely match that of sCJD cases suggests that
the contaminating material has come from a population of sCJD with the
expected range of genotypes. It would be of interest to compare the geno-
type frequencies of the Japanese dura mater cases as the general recipi-
ent population has very different codon 129 genotype frequencies to that
of Europe, from where the tissue originated. Data from a small number of
cases are available and show that 86% were MM, 14% were MV, with no VV
cases. This reflects the normal populations frequencies in Japan (Hoshi et al.,
2000).

Codon 129 genotype is associated with another effect on the iCJD clin-
ical features and that is the statistically significant increase in the incuba-
tion time for heterozygotes, as found in the French growth hormone cases
(Hulliard d’Aignaux et al., 1999). Incubation time is very difficult to ac-
curately determine for growth hormone iCJD cases as the contaminating
batch could have been administered to the patient at any stage throughout
their treatment regime. This observed effect might therefore not be truly
representative of all iCJD cases. Homologous protein interaction may add
weight to this theory, as only half of the hosts PrPC molecules could un-
dergo conformational change if the donor was homozygous. This would then
lead to a longer time before the levels of host PrPSc reached a pathological
level.

This infectivity scenario is probably too simple and from the finding that
the codon 129 genotype frequencies for iCJD and sCJD are quite similar it
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can be suggested that the same factors, including genetics, are governing the
susceptibility of individuals to both types of disease.

5.3.2 Kuru

In addition to the recognised form of iCJD as described above there is
also a specific form of ‘acquired’ CJD that is geographically isolated and does
not have any other similar examples anywhere in the world. This is a disease
called Kuru, diagnosed in the Fore Tribe of Papua New Guinea, and reported
to the scientific community in 1959 (Gajdusek and Zigas 1959). It has been
classified as a form of acquired CJD as it is proposed to be a prion disease
that arose through ritualistic cannibalistic practices that were performed by
the Fore Tribe. Consumption of deceased relatives’ brain material was an
integral part of the funeral ritual and on reflection was an ideal method of
infection of TSE from one generation to the next. All that was required to
initiate this disease was for one member of the tribe to fall victim to sCJD and
to die in the latter stage of the disease when the brain contained high levels of
infectious PrPSc. The tribesmen and the family of the deceased would then
have consumed this material. Unfortunately due to the nature of the protein,
even if the brain material had been cooked the prion protein would have
remained infectious.

The numbers of Kuru cases currently stands at approximately 2,500 with
the initial cases probably occurring between 1900 and 1920 and the last
stretching into the 21st century. It is believed that there is unlikely to be
many more as there are very few members of the tribe alive today who took
part in the cannibalistic practices. The last cases appeared more than 40 years
after the last known infectious point which has given us an idea as to the ex-
tent of prion disease incubation time. This is of significant relevance to vCJD,
another dietary linked acquired prion disease, and the future predictions for
expected numbers of such cases.

The genetics of susceptibility to Kuru has been limited to analysis of
codon 129 although this has shown some interesting results. It is a relatively
complete data set with samples available from cases at the beginning, mid-
dle, and end of the disease progression through the generations. The most
interesting feature from the codon 129 study is the variation in genotype
frequencies of the diseased and survival populations over time. The Kuru
survivor population sampled in the late 1950s was found to have a signifi-
cantly lower level of MM genotypes, indicating that these individuals were
the first to die from Kuru. The last group of Kuru cases, who would have been
infected at a similar time, was subsequently found to have a high frequency
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of VV genotypes. These data suggest a variable incubation time between
the genotypes with MM being the most susceptible and having the shorter
time scale. This may have been due to the ‘founder’ individual being MM or
because of another as yet undetermined factor specific to those people with
MM at codon 129.

5.3.3 Variant CJD

Variant CJD (vCJD) is an acquired form of CJD caused by a cross-species
transmittance of the BSE infectious agent from cattle to humans. Genetic
predisposition to vCJD could, as shown for the other types of TSE, be observed
through many factors. The codon 129 genotype is one; all cases so far analysed
have been found to be MM, indicating that approximately 40% of the UK
population would be at risk. Additionally, all cases so far analysed for PrP
isotype have shown a Type 2B pattern that has not been seen in any other
forms of disease. These two observations point to a susceptible fraction of the
population; however, the fraction appears too large for such a small number
of cases so far diagnosed (total to March 2002 = 116).

Two of the more noticeable phenotypic traits of vCJD are the younger pa-
tient age (median age at death 28 years) and the longer disease duration (me-
dian time 13 months), when compared to sCJD (65 years and <12 months).
It is unknown whether these traits could have other genetic components at
this stage.

With the large number of infected cattle entering the human food chain
at the height of the BSE epidemic the probability of a person consuming
contaminated food would theoretically be quite high. Why, then, are there
so few cases currently diagnosed? The answer to this is likely to have some
elements of personal genetic predisposition and the search for such factors
is under investigation in laboratories around the world.

An example of the current research to find other genetic cofactors for
vCJD involved typing of vCJD, sCJD, and non-CJD controls for the human
leucocyte antigen (HLA) loci. The potential role of major histocompatibility
complex (MHC) molecules in immune response and disease pathogenesis
makes this an interesting target for analysis. It was observed that there was
a statistically significant reduction in frequency of HLA class-II type DQ7 in
patients with vCJD (Jackson et al., 2001). The reported protective association
between this genetic marker and vCJD is still open to investigation and further
typing of cases is required to make a more complete data set.

The internal route of infection after consumption of contaminated mate-
rial is one of the key pathways along which the involvement of genetic factors
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is being closely examined. There are many possible targets for this work, such
as the following:

1. Mechanisms of uptake of bovine PrPSc by cells lining the

gastrointestinal tract.

2. Breakdown or accumulation of bovine PrPSc in organs such as the

spleen, tonsil, appendix, or lymph nodes.

3. Propagation of bovine PrPSc into the peripheral nervous system and

from there into the central nervous system and the brain.

4. Accumulation and propagation of subsequent host PrPSc through

specific tissue types.

With the current concern over the unknown extent of people with asymp-
tomatic vCJD infection, there is potential for future spread of disease result-
ing from cross-contamination by other sources such as transplants and blood
and blood fractionation products. It is the latter blood related products that
have demanded recent attention as there are no man-made alternatives to the
majority of the materials required and the demand for supplies is great. How-
ever, no link has yet been made between blood and transmission of human
prion diseases. To limit the chances of this occurring the UK blood transfu-
sion service deplete the blood of leucocytes, cells that are known to bind PrPC

and therefore could be carrying PrPSc. They also import blood fractions from
countries where vCJD has not yet been diagnosed, such as the United States.

For some current opinions on vCJD and the emerging data from recent
studies, reviews by Jackson and Collinge (2001) and Brown et al. (2001) are
recommended.
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Figure 6.1. The life cycle of the malaria parasite.
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Figure 6.3. Immune responses to falciparum malaria.
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Figure 7.2. Major interactive pathways involving chemokine receptors and their ligands.
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(A)

(B)

Figure 13.2. (A) Confluent spongiform degeneration in the neuropil of sporadic CJD

(haematoxylin and eosin). (B) Florid plaque within the cerebral cortex of a vCJD case

(haematoxylin and eosin).
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