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Abstract

There is growing evidence that susceptibility to many inflammatory and in­ 
fectious diseases may be influenced by our genetic make up. Genetic variants 
in important immune genes may partially explain variation in susceptibility 
to common diseases. Interferon-7 (IFN7) is one of the central mediators of 
the innate and adaptive immunity and has been implicated in a wide range 
of infectious and inflammatory disease processes. Severe disruptive muta­ 
tions in coding regions of the IFN-7 receptor 1 gene (IFNGR1] have been 
found to be associated with fatal but very rare mycobacterial infections. This 
study looked at common polymorphisms in potentially regulatory non-coding 
regions of the IFNj gene and the IFNGR1 gene and investigated their asso­ 
ciation with susceptibility to severe malaria, a disease for which there have 
been indications of a genetic component to susceptibility. Malaria is one 
of the major causes of childhood deaths in Africa. IFN7 and its receptor 
have been shown to be critically involved in the host response to the malaria 
parasites. The promoter regions of IFNGR1 and its neighbouring genes, lo­ 
cated on chromosome 6q23, and IFN^y and its neighbours, on chromosome 
12ql4, were screened for polymorphisms. Haplotypes and linkage disequi­ 
librium maps were constructed, signatures of natural selection were investi­ 
gated, haplotype tagging SNPs were dentified, and association with disease 
was analysed. One of these preliminary results was a putative association 
between the IFNGRl-470ddel allele and susceptibility to severe malaria in
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the Mandinka ethnic group. This allele was in strong linkage disequilibrium 

(LD) with markers which are a considerable distance away which might rep­ 

resent a signature of natural selection. To assess the potential functional 

significance of the IFNGR1-47Q polymorphism, its effects on DNA-protein 

interactions and gene expression was investigated further in various cell lines. 

Evidence of tissue-specific nuclear protein binding to this site which seems 

to be involved in transcriptional regulation was observed.
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Chapter 1

Introduction

1.1 Genes and Immunity

Infectious pathogens are humans' greatest natural enemies. Of over 52 million 

deaths in 1996, over 17 million were due to infectious or parasitic diseases. 

Infectious and parasitic diseases accounted for 43% of the 40 million deaths 

in developing countries (WHO, World Health Report 1997). While cheap and 

safe vaccines are the the only practical way of reducing the global burden of 

infectious diseases, this has proven to be difficult for the biggest killers, HIV, 

tuberculosis and malaria. The pathogens for these diseases manage to evade 

the human immune system.

Although exposed to the same environment and the same pathogens there 

is great individual variability in how people respond to infection (Hill, 1999; 

Kwiatkowski, 2000). While some people resist infections successfully oth­ 

ers seem far more vulnerable. Understanding the molecular mechanisms of 

these infections might help us in developing more efficient and better tar­ 

geted drugs and vaccines.

A number of single gene defects with devastating consequences has been dis­ 

covered although these diseases are generally extremely rare. Susceptibility 

to common multifactorial diseases is likely to be influenced by more subtle 

effects. Genetic factors can explain this to some extent. Although our genetic
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make up is roughly 99.9% similar, it are those differences which contribute to 

each of us being unique (Kruglyak and Nickerson, 2001). The most common 

form of genetic variation is the substitution of one nucleotide for another - 

a so-called single nucleotide polymorphism (SNP). Polymorphisms of a fre­ 

quency ^1-2% are found on average every 1000-2000 nucleotides, suggesting 

that there might be several million variants throughout the whole genome 

(Cargill et al., 1999; Sachidanandam et al., 2001).

While it is widely recognised that genetic factors are important in com­ 

mon, multifactorial diseases such as cancer, ischaemic heart disease and di­ 

abetes mellitus, it is, however, a common misconception that the risk of 

developing a serious infection is entirely due to environmental and social 

factors. To assess genetic and environmental influences on adult mortality, 

Sorensen et al. (1988) followed 960 families that included children born dur­ 

ing the period 1924 through 1926 who were placed early in life with adoptive 

parents unrelated to them. They found that the genetic component leading 

to premature death from infection was greater than that for cancer or for 

cardiovascular and cerebrovascular causes. Garrod (1931) was one of the 

first to suggest that infectious diseases may have been a major selective force 

in human evolution. Haldane (1949) recognised the importance infective 

pathogens have on the evolution of the human genome. He proposed that 

red-blood-cell disorders, such as thalassaemia might protect an individual 

from life-threatening infection with malaria (see also Haldane (1948)). Mur­ 

phy (1993) compared genes common to both rodents and humans and found 

that genes involved in the inflammatory host response are much more diverse 

than other genes, suggesting that selection in many species has resulted from 

exposure to different infectious agents. There have been several twin stud­ 

ies suggesting heritability of susceptibility to various infectious disease, such 

tuberculosis (Diehl and Von Verschuer, 1936; Kallmann and Reisner, 1942; 

Comstock, 1978), leprosy (Chakravarti and Vogel, 1973), poliomyelitis (Hern- 

don and Jennings, 1951) and hepatitis (Lin et al., 1989). 

Furthermore, there been several studies showing differences between popu­ 

lations in susceptibility to infectious diseases. The notion that genetic dif-
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ferences between West African ethnic groups may make a substantial contri­ 

bution to malaria susceptibility is bolstered by evidence of strong protection 

against malaria among the Fulani of Burkina Faso, who seem markedly more 

resistant to severe malaria than do neighbouring ethnic groups (Modiano 

et al., 1996). The genetics of susceptibility to infectious disease have also 

been reviewed in Hill (1996); Weatherall et al. (1997); Abel and Dessein 

(1997); Cooke and Hill (2001).

There are over 100 examples of rare Mendelian conditions that predispose 

an individual to a particular infectious disease (see the Online Mendelian In­ 

heritance in Man database at: http://www.ncbi.nlm.nih.gov/omim/ and 

Forfar and Arneil's Textbook of Pediatrics (Mclntosh et al., 2003) for further 

reading). Many primary iinmunodefiencies have been described (Buckley, 

1994; Korthauer et al., 1993; DiSanto et al., 1993; Fischer and Arnaiz-Villena, 

1995; Puck, 1994).

Several severe disruptive mutations in the coding region of the IFNGR1 

receptor gene leading to severe infections with environmental mycobacteria 

have been found (Newport et al., 1996; Jouanguy et al., 1996). These con­ 

ditions with Mendelian inheritance are extremely rare. But there are also 

examples of more common polymorphisms which might have more subtle ef­ 

fects on disease susceptibility. For example common polymorphisms found 

in the promoter of the CCR5 gene lead to acceleration of AIDS progression 

(Martin et al., 1998).

Recent advances in unravelling the sequence of the human genome (Lan- 

der et al., 2001; Venter et al., 2001) have lead to an increasing number of 

markers that could help mapping common infectious diseases. As resources 

are limited the challenge will be to determine which of these markers will be 

worth typing. Less than 1% of all single nucleotide polymorphisms result in 

variation in proteins (Venter et al., 2001), but many more in regulatory re­ 

gions of the genome might influence the expression of proteins. One approach
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to finding disease influencing mutations is therefore the investigation of can­ 

didate genes that are known to be involved in the disease process. When 

challenged by infection, the host rapidly mounts an innate immunological 

response involving cytokines and other inflammatory mediators. These im­ 

mune mediators attack the microbe but are also largely responsible for the 

clinical symptoms of infection. The evolutionary problem is how to optimise 

this innate host response such that it is forceful enough to repel infectious 

pathogens without causing excessive inflammation that may kill the host. 

In the course of evolution, humans and their ancestors have been exposed 

to a huge range of different infectious agents, and there is turning out to 

be great diversity in gene promoter regions that regulate the transcription 

of cytokines and other inflammatory mediators. This genetic variation may 

largely explain why individuals differ in their susceptibility to infection and 

to inflammatory diseases such as rheumatoid arthritis, inflammatory bowel 

disease and asthma. Understanding how these genetic variants might in­ 

fluence susceptibility to disease might ultimately lead to improvements in 

diagnosis, treatment and vaccine development.

1.2 Malaria

1.2.1 Malaria - A Global Problem

Malaria is the most important parasitic disease of man. Until the nineteenth 

century malaria was found in North America, Russia, and in various parts 

of Europe. While malaria has been eradicated from these areas and the 

incidence in areas such as China, the Middle East and India has fallen, a 

resurgence of the disease in the tropics has been observed (Bruce-Chwatt, 

1988). Malaria infects about one tenth of the world's population annually, 

causing over 2.7 million deaths every year and is responsible for over one 

million childhood deaths each year in Africa alone (WHO, 1997). 

Over 40% of the world population live in areas with significant malaria risk. 

And every year millions of travellers from countries where malaria is not
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prevalent visit countries where malaria is endemic. In 1994, malaria risk of 

varying degrees existed in 100 countries and territories. In 92 of these, trans­ 

mission included the malignant (Plasmodium falciparum) form of the disease. 

The parasite has made its way into 52 of 58 countries in Africa. Malaria is 

Africa's leading cause of under-five mortality (20%) and constitutes 10% of 

the continent's overall disease burden. It accounts for 40% of public health 

expenditure, 30-50% of inpatient admissions, and up to 50% of outpatient 

visits in areas with high malaria transmission (Krishna, 1997).

Malaria is a major constraint to social and economic development. One 

estimate puts the direct economic cost of malaria in Africa at 1.7 billion 

USD (data as published on the website of The United States Agency for In­ 
ternational Development] but there is growing recognition that this is a huge 

underestimate of the real scale of the economic burden (Gallup and Sachs, 

2001; Sachs and Malaney, 2002). Outpatient health care costs for malaria in 

many African countries account for up to 40% of all public health expendi­ 

tures. Approximately 20% of disposable income within low-income African 

households is spent on malaria treatment. The direct costs of malaria include 

a combination of personal and public expenditures on both prevention and 

treatment of the disease. Personal expenditures include individual or family 

spending on insecticide treated mosquito nets, doctors' fees, anti-malarial 

drugs, transport to health facilities, support for the patient and sometimes 

an accompanying family member during hospital stays. Public expenditures 

include spending by government on maintaining health facilities and health 

care infrastructure, publicly managed vector control, education and research.

By far the greatest impact of malaria is in African children and preg­ 

nant women. Pregnant women infected with malarial parasites have an in­ 

creased risk of maternal anaemia, abortion, stillbirth, prematurity, intra- 

uterine growth retardation, and infants of low birthweight. A child is esti­ 

mated to die from malaria every 12 or so seconds. This burden of mortality is 

not equally shared, falling most heavily on sub-Saharan Africa, where >90% 

of these deaths occur and 5% of children die from the disease before reaching
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5 years; among the newborns of Africa an estimated 3 million suffer compli­ 

cations from low birth weight, including death, arising from malaria infection 

during pregnancy.

However, the spread of malaria is exacerbated by population movements, 
due to migration or wars, into malaria-endemic regions and countries which 
are causing major disease outbreaks. Malaria is a major killer of refugees 
and displaced persons in Africa. Epidemics can occur when malaria attacks 
vulnerable populations with little or no immunity. In such situations, peo­ 
ple of all age groups are at risk of death or severe disease. Because malaria 
epidemics occur in populations not normally exposed to the disease, or who 
are exposed for only a short part of the year, local health services are usually 
unprepared to predict, detect and control such epidemics in time, resulting 
in severe cases and high death rates.

There are four types of human malaria. Plasmodium vivax, P.malariae, 
P. ovale and P. falciparum. P. vivax and P. falciparum are the most common 
and P. falciparum the most deadly type of malaria infection. Plasmodium 
falciparum malaria is most common in Africa, south of the Sahara, account­ 
ing in large part for the extremely high mortality in this region. It also 
predominates in Papua New Guinea and Haiti. There are also worrying indi­ 
cations of the spread of P. falciparum malaria into new regions of the world 
and its reappearance in areas where it had been eliminated. Plasmodium 
vivax is more common in Central and parts of South America, North Africa, 

the Middle East and the Indian subcontinent. P. vivax is rare in sub-Saharan 
Africa, whereas P. ovale is rare outside West Africa. P. malariae is found 

in most areas, but is relatively uncommon outside Africa. Almost all deaths 
and severe disease are caused by Plasmodium falciparum.

1.2.2 Clinical Manifestations of Malaria

The clinical manifestations are dependent on the immune status of the host. 
In areas of high Plasmodium falciparum transmission asymptomatic para-
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sitaemia is found in all age groups, but the clinical manifestations are mostly 

seen in children. By far the commonest symptom is fever, which if left un­ 

treated usually resolves over a period of weeks or months although it may 

recur at a later date: this is termed uncomplicated malaria because, although 

the illness can be extremely debilitating, it is not associated with life threat­ 

ening complications. Such life threatening complications occur in only a 

minority (in the order of 1%) of infections, and collectively known as severe 
malaria.

The commonest form of severe malaria in African children are profound 

anaemia and cerebral malaria, which are defined below. Most cases occur in 

children under 10 years of age: for reasons that are poorly understood, but 

may relate to the maternal immunity, severe malaria rarely occurs in infants 

below 6 months of age. There is a tendency for severe anaemia to occur at a 

younger age than cerebral malaria, but this depends on the population con­ 

cerned and there is considerable overlap in their age distribution. In highly 

endemic areas, apart from children the other vulnerable group is women in 

their first pregnancy, who are more liable to develop malaria fever than other 

adults, and the main public health consequence is low birth weight (McGre- 

gor, 1984; Brabin, 1983).

At lower levels of malaria transmission (such as in South East Asia) the age 

distribution of severe malaria shifts and is seen in adults as well as children.

1.2.2.1 Uncomplicated Malaria

The clinical features of uncomplicated malaria are common to all four species. 

The first symptoms of malaria are non-specific and resemble a severe episode 

of influenza. They are similar for all four species of Plasmodium. Headache, 

muscular ache, vague abdominal discomfort, lethargy and dysphoria are of­ 

ten the first symptoms and proceed fever by up to two days. Then, the 

body temperature rises with shivering, mild chills, worsening headache and 

malaise, and loss of appetite. Children are irritable, lethargic and anorexic. 

If the infection is left untreated the fever in P. vivax and P. ovale reoccurs
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very 2 days (tertian), and P. malariae every 3 days (quartan pattern). The 

fever of P. falciparum malaria (malignant tertian) has a natural periodicity 

of 2 days but this is much more erratic than with other malaria species.

In a true, i.e. untreated, paroxysm the temperature usually rises steeply 

which is associated with headache and muscular discomfort, shivering and 

chills. The rigor usually last for about 10 to 30 minutes but can last up to 90 

minutes. At the end of the rigor peripheral vasoconstriction occurs with pro­ 

fuse sweating and exhaustion. However, true rigors are unusual in naturally 

acquired P. falciparum malaria and are more a feature of P. vivax and P. 
ovale. As the infection continues the patient develops hepatosplenomegaly 

and anaemia. If the infection is left untreated, it gradually resolves over weeks 

and months. However, the duration of the illness is proportional to the level 

of immunity and differs between the parasite species. Both P. vivax and P. 
ovale have the tendency to relapse after resolution of the primary infection. 

P. falciparum, however, is the usual cause of recrudescent infections.

1.2.2.2 Severe Malaria

One of the following features in the presence of asexual parasitaemia defines 

severe falciparum malaria as proposed by the World Health Organization 

(WHO) (WHO, 1990):

1. Cerebral Malaria - unrousable coma not attributable to any other cause 

in a patient with falciparum malaria. The coma should persist for at 
least 30 minutes after a generalized convulsion to make the distinction 

from postictal coma.

2. Severe anaemia - normocytic anaemia with haematocrit <15% or hae­ 

moglobin <5/dl in the presence of of parasitaemia more than 10000///1.

3. Renal failure - defined as a urine output of less than 400ml in 24 hours 

in adults, or 12ml/kg in 24 hours in children, failing to improve after 

rehydration, and a serum creatinine of more than 265/umol/l.
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4. Pulmonary oedema or adult respiratory distress syndrome.

5. Hypoglycaemia - defined as a whole blood glucose concentration of less 

than 2.2mmol/l.

6. Circulatory collapse or shock - hypotension (systolic blood pressure 

<50mmHg in children aged 1-5 years or <70mmHg in adults), with 

cold clammy skin or core-skin temperature difference >10°C.

7. Spontaneous bleeding from gums, nose, gastrointestinal tract, etc., 

and/or substantial laboratory evidence of DIG.

8. Repeated generalized convulsions - more than two observed within 24 

hours despite cooling.

9. Acidaemia - defined as an arterial pH <7.25, or acidosis defined as a 
plasma bicarbonate concentration <15mmol/l.

10. Macroscopic haemoglobinuria - if definitely associated with acute malaria 
infection and not result of treatment with antimalarial drugs.

11. Postmortem confirmation of diagnosis.

All of the above mentioned complications may occur in an adult with 
severe malaria in South East Asia (Warrell et al, 1990). In contrast, severe 
malaria in Africa is largely confined to children, who are liable to suffer from 
cerebral malaria or severe anaemia but rarely develop jaundice, renal failure 
or pulmonary oedema (Molyneux et al., 1989; Brewster et al., 1990; Marsh 

et al., 1995). However, regional differences and age alone can not explain the 
clinical differences to the infection with the malaria parasite. Various parasite 
and host factors influence the clinical manifestations of the infection. One 

of these factors is the inflammatory host response to the infection. Crucially 
pro-inflammatory cytokines represent the first line innate immunological host 

defence against the malaria parasite. Not only do they play a role in the 
classical symptom of malaria, the fever paroxysm, but they also play a causal 
role in the pathogenesis of severe malaria. This study will focus mainly on 
cerebral malaria and severe anaemia, since these are the major problems
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afflicting African children who suffer by far the highest death toll. There is 

growing evidence that severe disease occurs when parasite sequestration and 

other pathological processes are aggravated by the excessive or inappropriate 

production of inflammatory mediators. The coincidence of various factors, 

including parasite strain, immune status and host genotype, is likely to be 

responsible for this.

1.2.3 Role of pro-inflammatory cytokines

Cytokines are key mediators of the innate host response that fights the in­ 

fections. Cytokines may up-regulate the endothelial expression of vascular 

ligands for Plasmodium falciparum-infected erythrocytes and thus promote 

cytoadherence. They may also be important mediators of parasite killing by 

activating leukocytes, and possibly other cells, to release toxic oxygen species 

(Malhotra et al., 1988), nitric oxide, by generating parasiticidal lipid perox­ 

ides, and by causing fever. Mice were shown to suppress Plasmodium berghei 
infection more effectively if treated with bacterial endotoxin, which is known 

to be a potent stimulus for a wide range of cytokines and other inflammatory 

mediators (Martin et al., 1967; MacGregor et al., 1969). 

Tumour necrosis factor (TNF) in particular has been shown to have many 

protective, i.e. anti-parasite, properties. For example, it was shown that 

recombinant TNF could suppress parasite growth in murine malaria models 

(Clark et al., 1987; Taverne et al., 1987; Stevenson and Ghadirian, 1989) while 

anti-TNF antibodies had the reverse effect (Neifer et al., 1989). Interferon-7 

is a cytokine that is equally important in the host to response to to the in­ 

fection as will be discussed in detail further on in this chapter. 

The disease outcome will furthermore be affected by the acquired immune 

response - a process in which cytokines play a major role in directing the 

cellular response. For example, mice who are rendered deficient in the Thl 

subset by IL-2 and IFN-^ gene knockout show diminished ability to control 

both P. chabaudi and P. yoelii infection (van der Heyde et al., 1997). 

But cytokines are also largely responsible for the clinical signs and symptoms
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of the malaria infection. However, not all of them are pathological as for ex­ 

ample fever is a natural host response to malaria and other infections and 

in normal circumstances the production of pyrogenic and pro-inflammatory 

cytokines plays an important part in the anti-malarial host defence. But it 

has equally become clear that cytokines are involved in the generation of se­ 

vere complications of malaria, such as cerebral malaria (Grau et al., 1989b) 

and severe anaemia.

1.2.3.1 Malaria Fever

Unlike most other pathogenic microbes, the malaria parasite does not in­ 

vade host tissue (except in the liver stage of the parasite at the start of the 

infection, when parasite numbers are low) but circulate within the intravascu- 

lar compartment, hence providing less of a focus for a localised inflammatory 

reaction. The principal manifestation of the pro-inflammatory cytokines pro­ 

duced in malaria is a systemic response, namely fever. Cytokines that are 

thought to be involved in the development of fever include tumour necrosis 

factor (TNF), interleukin-1/3 (IL-1/3), interleukin-la (IL-la), interleukin-6 

and interferon-a, lymphotoxin-o; and macrophage inflammatory protein-1 

(Endres et al., 1987; Kluger, 1991). These cytokines promote a fever re­ 

sponse by acting on the thermoregulatory centre in the hypothalamus. 

Many studies have shown high levels of TNF in individuals infected with the 

malaria parasite (Scuderi et al., 1986; Grau et al., 1989c; Molyneux et al., 

1991; Shaffer et al., 1991). These seem to coincide with schizont rupture 

(Kwiatkowski et al., 1989). Anti-TNF therapy was shown to significantly 

reduce fever (Kwiatkowski et al., 1993; van Hensbroek et al., 1996). 

In addition to those cytokines with direct pyrogenic properties, malaria pa­ 

tients produce a variety of other mediators which may contribute to fever 

by stimulating the production of pyrogenic cytokines. Interferon-7 levels 

were significantly higher in patients with hyperpyrexia compared with those 

without hyperpyrexia (Seoh et al., 2003). The fever of vivax malaria was as­ 

sociated with IFN-7 induced macrophage activation (Brown et al., 1991). In
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another study, however, production of malaria-specific interferon-7 was as­ 

sociated with reduced risk of fever and clinical malaria (Dodoo et al., 2002). 

While fever is part of the 'natural' response to the malaria infection and 

has undoubtedly at least in part a beneficial impact on the resolution of the 

infection, cytokines are also involved in complications of malaria.

1.2.3.2 Cerebral Malaria

The process whereby erythrocytes containing mature forms of P. falciparurn 
adhere to microvascular endothelium (cytoadherence) and thus disappear 

from the circulation is known as sequestration. This constitutes one of 

the major pathological events resulting in organ damage, and the brain in 

particular, via microcirculatory obstruction with reduced oxygen and sub­ 

strate supply. Over the years it has become clear that pro-inflammatory 

mediators play a major role in the development of this complication of the 

malaria infection. There is substantial clinical evidence that high levels of 

TNF are associated with cerebral malaria (Grau et al., 1989b; Kwiatkowski 

et al., 1990). One of the proposed mechanisms is that TNF and other pro- 

inflammatory mediators promote sequestration by upregulating the expres­ 

sion of endothelial adhesion molecules which mediate parasite cytoadherence, 

including ICAM-1 and E-selectin.

In a murine model neurological complications could be prevented by the 

use of anti-TNF antibodies (Grau et al., 1987).

Both the neurological syndrome and the preceding rise in serum TNF 

levels can be suppressed by depletion of CD4+ lymphocytes (Grau et al., 

1986), by administration of monoclonal antibodies to IFN7 (Grau et al., 

1989a) or by targeted disruption of the gene for IFN7 receptor (Rudin et al., 

1997).

The metabolic milieu created adjacent to the sequestered and highly 

metabolically active parasites interferes with neurotransmission but how this 

occurs is unknown. Cytokines increase production of nitric oxide (NO), a po­ 

tent inhibitor of neurotransmission, by microglia, the vascular endothelium,
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smooth muscle cells. Local synthesis of NO might lead to the impairment of 

consciousness (Clark et al., 1992).

The pathogenesis of cerebral malaria remains a complex issue which is 

not at least dependent on the parasite strain and the geographical area. 

However, it has become apparent that cytokines play a significant role in the 

development of the molecular events leading to this severe complication of 

the infection.

1.2.3.3 Severe Malarial Anaemia

The pathogenesis of severe malarial anaemia remains poorly understood. 

Two processes seem to be responsible for the anaemia: destruction of ery- 

throcytes and the failure of the bone marrow to produce an adequate supply 

of new erythrocytes (Phillips et al., 1986; Abdalla et al., 1980).

While it is obvious that infected erythrocytes get destroyed through schi- 

zont rupture or by destruction through the immune system, it was noted that 

uninfected erythrocytes were equally destroyed (Looareesuwan et al., 1987). 

The key organ for this process is the spleen. Pro-inflammatory cytokines such 

as TNF act to promote the clearance of parasitised erythrocytes, a process 

that may also reduce the survival of uninfected red cells. Furthermore, it has 

been noted that despite significant haemolysis the reticulocyte response in the 

malaria infection is often weak or absent. TNF and other pro-inflammatory 

mediators seem to be at least in part responsible by inhibition of the pro­ 

liferation of erythroid progenitor cells in the bone marrow (Roodman et al., 

1987). In one study, P. berghei infection was found to reduce the number of 

erythroid progenitors and the level of iron incorporation into erythrocytes - 

a process that that could partially be prevented by treatment with anti-TNF 

antibodies (Miller et al., 1989).

1.2.4 Interferon-7 and its receptor

Interferon-7 is a central mediator of innate and adaptive immunity and has 

been implicated in a wide range of infectious and inflammatory disease pro-

KOCH 2003



CHAPTER 1. INTRODUCTION 14

cesses (Spellberg and Edwards Jr, 2001). It is best known for its role in 
the polarisation of the adaptive immune response towards the T helper (Th) 
type 1 spectrum (Kobayashi et al., 1989; Chehimi and Trinchieri, 1994), and 
as a primary effector molecule of cytolytic T cells (CTL). However, IFN-7 
is also an important mediator of innate immunity. Natural killer (NK) cells 
secrete large amounts of the cytokirie in response to interleukin-12 (IL-12) 
and the recently described NKT cells, as well as 7#-T cells can produce sig­ 
nificant amounts of IFN-7 in response to non-peptidic antigens (Schofield 
et al., 1999; Tomura et al., 1999; Goodier et al., 1992; Constant et al., 1994). 
IFN-7 production by NK cells is one of the earliest components of the in­ 
flammatory response to infection, while its production by both CD4+ and 
CD8+ T lymphocytes is critical for effective antibody formation and cyto- 
toxic mechanisms against intracellular pathogens. It activates macrophages 
and neutrophils to kill microbes by free radical production and phagocytosis, 
and it influences the overall pattern of acquired immunity by polarising T- 
helper cells towards a Thl and away from a Th2 type of response (Kobayashi 
et al., 1989; Chehimi and Trinchieri, 1994).
The receptor for interferori-7 is made up of a (IFNGRAC or IFN7R1) and 
(3 (IFNGRBC or IFN7R2) subunits, both integral membrane proteins. Clas­ 
sically the a subunit (encoded by the gene IFNGR1 on chromosome 6) is 
known to play a critical role in ligand binding. Together with the /3 subunit 
it is furthermore involved in receptor trafficking and signal transduction by 
activating various co-factors (Statl, JAK1, JAK2) (Bach et al., 1997). A re­ 
cent paper suggested an even more active involvement in signal transduction 
by IFN7R1 being internalized and translocated to the nucleus upon binding 
of IFN-7 to the dimeric receptor complex (Larkin et al., 2000). The (3 chain 
is encoded on chromosome 21. It plays a minor role in ligand binding but is 
crucial for signal transduction events. In the absence of the ligand the two 
chains of the receptor are not associated. Upon binding of IFN-7 homodimer 
two a-chains dimerize and two (3 chains are recruited into the complex. Af­ 
ter several activation steps phosphorylated Statl proteins dissociate from the 
receptor and translocate to the nucleus where they bind to specific promoter 

elements.
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Disruptive mutations in the IFNGR1 coding region cause extreme vulner­ 

ability to infection with environmental nontuberculous mycobacteria (New­ 

port et al, 1996), such as Mycobacterium avium, Mycobacterium fortuitum, 
Mycobacterium chelonei, arid Mycobacterium smegmatis. Furthermore infec­ 

tions were found with Mycobacterium tuberculosis (Jouanguy et al., 1997), 

bacillus Calmette-Guerin (BCG) (Holland et al., 1998; Jouanguy et al., 1997) 

and Salmonella (Casanova et al., 1996; Altare et al., 1998). Rare cases of 

viral infections (Dorman et al., 1999) and Mycobacterium avium osteomyeli­ 

tis (Villella et al., 2001) have been described. These coding mutations of 

the IFNGR1 gene either completely preclude cell surface expression of the 

receptor or lead to a non-functional abrogated protein leading to complete 

or partial IFN7R1 deficiencies. These mutations tend to be fatal but are ex­ 

tremely rare. Mutations in IFNGR2 have also been found to be associated 

with mycobacterial infections (Doffinger et al., 2000).

1.2.4.1 Protective Role of Interferon-7 in Malaria

Interferon-7 is currently used as one of the main surrogate markers of im- 

munogenicity in malaria vaccine development (Stoute et al., 1998; Perlaza 

et al., 1998; Hollingdale et al., 1998). Aside from the fact that its production 

indicates the activation of CD8+ cytolytic T cells and CD4+ Thl cells, it 

has also been shown to be directly involved in the development of sterile im­ 

munity. In rats, challenge with irradiated sporozoites confers protection to 

subsequent Plasmodium berghei challenge. This protection could be shown to 

be largely dependent on the production of IFN-7 by CD8+ T-cells (Schofield 

et al., 1987). In mice the protective effect conferred by IL-12 during Plas­ 
modium yoelii sporozoites challenge could be reversed by neutralising IFN-7 

antibody (Sedegah et al., 1994). Similar effects were seen in monkeys (Ma- 

heshwari et al., 1986; Puri et al., 1988), and in most experiments both T- 

and NK cells were required for the protective effect. The postulated effec­ 

tor mechanisms involve the killing or developmental inhibition of the liver 

stages of the parasite (Hoffman et al., 1997). There is also some evidence for 

a protective effect of IFN-7 against the erythrocytic stages of the parasite
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(Favre et al., 1997), particularly in combination with chloroquine treatment 
(Kremsner et al., 1991). Genetic background seems to play a more signif­ 
icant role here, as suggested by experiments comparing a lethal to a non- 
lethal Plasmodium yoelii strain in BALB/c mice. Exogenous IFN7 provided 
a dose-dependent protection from the lethal strain but has little effect on the 
non-lethal infection (Shear et al., 1989). Endogenous IFN7 production from 
spleen cells was detected only in response to the non-lethal strain, whereas 
in CBA/J mice, which are resistant to the lethal strain, it was detected in 
response to both.

1.2.4.2 Role of Interferon-7 in Malaria Pathology

While IFN-7 is undoubtedly a crucial mediator in protection from infec­ 
tion, the anti-parasitic mechanisms it activates may also result in damage to 
the host. This hypothesis has been explored in a mouse model of cerebral 
malaria (Grau et al., 1989b). In this model, activated CD4+ cells produce 
IFN-7, which in turn is the major stimulus for local TNF production by 
murine macrophages, microglia, or astrocytes (Grau et al., 1989a; de Kos- 
sodo and Grau, 1993). Neurological damage is then due to the release of 
large amounts of inflammatory mediators and consequent nitric oxide pro­ 
duction around parasites sequestered into brain blood vessels (Clark et al., 
1992). Antibodies to IFN7 are, indeed, protective in this model (Grau et al., 
1989a; Johnson et al., 1993). It was also shown that IFNGR1 knockout mice 
did not develop cerebral malaria upon challenge with Plasmodium berghei 
(Amani et al., 2000). Malarial anaemia may also be exacerbated by large 
amounts of IFN7, since it has been shown to reduce erythropoietin secretion 
(Vannucchi et al., 1994), but there is thus far no direct evidence for such an 
effect. A small number of epidemiological studies confirm the involvement 
of IFN7 in pathology. Children whose cells produced more IFN7 after in 
vitro challenge with Plasmodium falciparum antigen were more likely to ex­ 
perience the clinical manifestations of malaria infection (Riley et al., 1991). 
Chizzolini et al. (Chizzolini et al., 1990) have also shown that CD4+ T cell
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dependent IFN7 responses were down-regulated in malaria immune individ­ 
uals. The balance between protective and pathological effects of IFN7 is 
clearly due to the 'appropriate' magnitude and timing of the effector mecha­ 
nisms of this cytokine. This will be influenced by two factors: a) the amount 
of IFN7 produced by the various cell types at any particular time, and b) 
the amount of IFN-7 receptor present on the respective target cells. The 
latter is a potentially vital component in the equation, as it will crucially 
determine the type and the magnitude of effector mechanisms activated in 
the course of the response. The importance of surface receptor expression 
for the biological function of any cytokine is becoming increasingly apparent. 
The 'switch' between Thl and Th2 responses to Leishmania major infection 
in mice, for example, appears to lie entirely in the up- or downregulation 
of IL-12 receptor expression (Himmelrich et al., 1998). To understand the 
modulation of the biological function of IFN-7 ^ is therefore of paramount 
importance to not only study the regulation of production of the cytokine 
itself, but also that of its receptor. Both are likely to be influenced by the ge­ 
netic background of the host, as suggested by the variability of the observed 
effects in different mouse and parasite strains.

1.2.5 Malaria and the genetic influence on its outcome
Haldane (1949) recognised the importance infective pathogens have on the 
evolution of the human genome. He proposed that people who were het- 
erozgous for red-blood-cell disorders, such as thalassaemia and sickle cell 
disease, might be protected against life-threatening infection with malaria 
(see also Haldane (1948)). This would explain the high gene frequencies for 
the haemoglobinopathies in tropical areas. A state of balanced polymorphism 
would exist, whereby the loss of the disadvantaged homozygotes would be 
offset by the survival advantage in heterzygotes.

Tishkoff et al. (2001) suggested that severe malaria has had a major im­ 
pact on humans since the introduction of agriculture within the past 10,000 
years. Mild forms of the disease may have existed in humans throughout
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much of the human evolutionary history. The infection had significant ef­ 

fects on morbidity and mortality before reproductive age and malaria has 

therefore exerted a strong selective pressure on the human genome. 
Although African children suffer repeated episodes of malaria, severe life- 

threatening disease - cerebral malaria and severe malaria anaemia - develops 

in only about 1-2%. This suggests that effective immunity can develop and, 

in combination with the body's innate protective responses, provides a po­ 

tentially powerful system to resolve the infection. But given its ubiquity, the 

malaria mortality is still extremely high. Why is it, that one child dies of 

malaria while another one survives? There is evidence for a genetic basis of 

the wide variation in outcome, which has fuelled the search for both host 

and parasite factors, which might modulate the disease process. In a large 

twin study Jepson et al. (1995) suggested that infection per se is largely de­ 
termined by environmental factors. Once infected however, both members 

of a monozygous twin pair were more likely to develop fever than were twins 
of a dizygous pair, suggesting that genetic factors influence the presentation 

of clinical disease. Abel et al. (1992) found evidence for the presence of a 
recessive major gene controlling the degree of infection in human malaria. 
Garcia et al. (1998a) found an effect of age on infection levels and its inter­ 

action with a putative major gene suggesting that genetic related differences 
are much more important in children than in adults. Both authors tried to 

fit the proposed genetic susceptibility to malaria into a Mendelian model. 
While some of their data seems consistent with that, this hardly captures 
the complexity of the genetic susceptibility to this disease. 

Several haemoglobinopathies confer protection against malaria. Normal adult 

haemoglobin is composed of two pairs of distinct haemoglobin chains (a2 /?2! 

called haemoglobin A, HbA). In the variant haemoglobin called haemoglobin 
S (HbS), position 6 of the /?-ehain is mutated (^Giu-vai^ Although HbS 
homozygosity is associated with sickle cell anaemia, individuals heterozy­ 

gous for the HbS variant are strongly protected against severe malaria. The 
patients' red cells resist invasion, and once invaded the cells sickle read­ 

ily , thereby facilitating clearance by the reticuloendothelial system. Tha- 

lassemias, defined as defective synthesis of one type of globin chain (a or
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, also show strong evidence of having reached their current frequencies 

by heterzygote selection against malaria (Weatherall, 2001). However, the 

mechanism by which this protection is conferred is less well understood. 

Red cells from patients with thalassaemia are invaded normally by P. fal- 
ciparum, but they bind greater numbers of antibody molecules to the ery- 

throcyte surface than infected normal cells and may therefore be cleared 

from the circulation more readily (Luzzi et al, 1991a,b). Mutations in 

Glucose-6-Phosphate Dehydrogenase (G6PD), an enzyme crucial for the glu­ 

cose metabolism in erythrocytes, have also been associated with protection 

against malaria (Ruwende et al., 1995; Ruwende and Hill, 1998; TishkofT 

et al., 2001; Sabeti et al., 2002).
In addition to the well-known erythrocyte polymorphisms, such as sickle 

haemoglobin and thalassaemia, there is growing interest in genes that control 

the innate response to infection, particularly cytokines, adhesion molecules 

and other inflammatory mediators (Hill, 1998). Several genes have already 

been implicated in this disease. Rihet et al. (1998) and Garcia et al. (1998b) 

both suggested that Plasmodium falciparum blood infection levels are linked 

to chromsome 5q31-q33, a genetic area encoding for important immune genes 
such as IL4-, IL9, and IL13. Three different single nucleotide polymorphisms 

(SNP) in the promoter of the tumor necrosis factor ( TNF] gene have been 

reported to be associated with forms of severe malaria in Gambian chil­ 

dren (McGuire et al., 1994; Knight et al., 1999). In patients from Gabon 

an SNP in the inducible nitric oxide synthase promoter region (NO82} has 

been associated with protection against severe malarial anaemia (Kun et al., 

1998), and in The Gambia a NOS2 microsatellite was found to be associated 

with susceptibility to fatal malaria (Burgner et al., 1998). Intracellular ad­ 

hesion molecule-1 (ICAM-1) has also been implicated in malaria, although 

results of three different association studies gave conflicting results (Bellamy 

et al., 1998; Kun et al., 1999; Fernandez-Reyes et al., 1997). Immunological 

data have shown that the cytokine IFN-7 and its receptor are also criti­ 

cally involved in the disease process of malaria which make them interesting 

candidate genes to investigate.
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1.3 Aims

There is evidence for significant effects of alterations in the IFN-7 recep­ 

tor on the course of various disseminated mycobacterial infections and fatal 

bacillus Calmette-Guerin (BCG) infection (Holland et al., 1998; Jouanguy 

et al., 1997). More subtle effects are seen in point mutations that correlate 

with systemic lupus erythematosus (Nakashima et al., 1999). The following 

investigation addresses the question, whether part of the natural variation in 

susceptibility to common infections might be due to genetic polymorphisms 

of higher frequency with more modest effects on IFNGR1 regulation. Since 

IFN-7 nas both beneficial and potentially deleterious effects (e.g. killing 

microbes vs. causing severe inflammation) natural selection might favour 

different levels of IFNGR1 expression depending on the type of infectious 

pathogens to which a population is exposed. Over time, this might be ex­ 

pected to cause genetic variation in IFNGR1. Consistent with this notion, 

the genomic region around IFNGR1 has been linked to severe hepatic fibro- 

sis in community-based studies of Schistosoma mansoni infection (Dessein 

et al., 1999) but thus far there is no clear evidence of an association between 

any specific IFNGR1 polymorphism and susceptibility to common infections 

within the general population.

While it becomes clear from immunological studies that both IFN-7 and its 

receptor play a crucial role in the host defence to pathogens, the knowledge 

as to which role common variants of these genes play in the susceptibility 

to disease is limited. While some reports have shown associations of one 

marker in IFN-^f with various conditions, surprisingly little is known about 

the importance of the wider genetic area, i.e. the relationship to other poly­ 

morphisms in this gene, i.e. the haplotypic background. It becomes apparent 

that studying individual markers can be of limited value as it remains un­ 

clear whether any association found represent the true functional variant or 

merely a marker in linkage diseqilibrium with the same. 

This study therefore aims to investigate the genetic regions of both the IFN-^ 
and IFNGR1 gene. Common genetic variants of these genes and their genetic 

neighbours will be identified, put into their haplotypic context and tested for
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association with malaria - a disease in which both IFN-7 and its receptor play 

a crucial role. Severe malaria affects a vast number of people globally, chil­ 

dren in particular, and leads to more than 2 million deaths annually. While 

all individuals in endemic areas are frequently exposed to the malaria causing 

parasite, only a small percentage of people develop the severe symptoms of 
the disease that can subsequently lead to death. Examining the differences 

in our genetic make-up might contribute to a better understanding of the 
individual differences in susceptibility to this disease and ultimately help in 
developing therapeutic strategies benefitting the patients.
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Chapter 2

Methods

2.1 Subjects

This thesis forms part of an ongoing programme of clinical epidemiological 

research that is being undertaken by the Wellcome Trust Centre for Human 

Genetics at Oxford University in collaboration with the Medical Research 

Council Laboratories, Fajara, The Gambia. The epidemiological part of the 

study was supervised by Prof. Dominic Kwiatkowski (Oxford University) 

and Dr. Margaret Finder (MRC Laboratories, The Gambia). Cases of se­ 

vere malaria and their parents were recruited by Dr. Stanley Usen and Dr. 

Muminatou Jallow assisted by clinicians and nurses working on the Chil­ 

dren's Wards of the Royal Victoria Hospital, Banjul, The Gambia. Cord 

blood samples were collected by a team led by Dr. Melanie Newport at 

the MRC Laboratories, Fajara. Various members of the Malaria Laboratory 

of the MRC Laboratories in The Gambia and the Kwiatkowski laboratory 

at the Wellcome Trust Centre for Human Genetics have worked on DNA 

extraction, sample archiving, computer entry of the clinical data and other 

practical aspects of establishing this epidemiological resource. The study was 

approved by the MRC / Gambia Government Joint Ethical Committee and 

the Chief Executive of the Royal Victoria Hospital. This thesis describes a 

series of genetic investigations carried out on samples that were collected by
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this research programme during the period 1996 to 2001.

Children with severe malaria were recruited to the study shortly after 
admission to the Royal Victoria Hospital, after obtaining informed parental 
consent. The criteria for recruitment were essentially those defined by WHO 
(1990) but by far the major categories were cerebral malaria and severe 
anaemia. Cerebral malaria was defined as a Blantyre coma score of 2 or less 
(Molyneux et al., 1989) persisting for more than 30 minutes after any convul­ 
sions had ceased in a child with Plasmodium falciparum parasites on thick 
blood film and with no evidence of meningitis or any other cause of coma. Se­ 
vere anaemia was defined as a PCV less than 15% in a child with Plasmodium 
falciparum parasites on thick blood film. Other categories of severe malaria 
were occasionally identified but the current sample size is too small to form 
reliable conclusions and so these minor categories were not included in this 
current research project. Thus for the purposes of this thesis the term se­ 
vere malaria refers to a child with cerebral malaria or severe anaemia or both.

Two approaches were used for genetic association analysis. The first 
approach was conventional case-control analysis, using cord bloods collected 
from babies born in clinics in different parts of The Gambia. Several different 
ethnic groups have long co-existed in this part of West Africa, so pains were 
taken to record accurate information about the ethnic group of the parents 
of both cases and controls, and the case-control analysis was stratified by 
ethnic group. The second approach was intrafamilial association analysis, 
as described below, where ethnic artefacts are excluded by using parents as 
genetic controls. Parents were recruited either when the child was admitted 
to the ward, or on subsequent follow-up by a nurse or fieldworker attached 
to the Royal Victoria Hospital.
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2.2 DNA Quantification and Storage
The DNA concentrations of the samples needed to be established for further 

use. The initial volume of the DNA solution was measured by filling a pipette 

tip and taking a reading. The DNA concentration was quantified using 

PicoGreen double stranded DNA Quantification Kit (Molecular Probes).The 

PicoGreen reagent allows quantification of double-stranded DNA solution as 

dilute as 25pg/ml (50pg dsDNA in a 2ml assay volume) with standard spec- 

trofluorometer and fluorescein excitation and emission wavelengths. Using 

a fluorescence microplate reader, concentrations as little as 250pg/ml ds­ 

DNA can be detected (50pg in a 200//1 assay volume), which is therefore far 

more sensitive than traditional methods involving detection of absorbance 

at 260nm in a spectrofluorometer (typical maximum sensitivity at OD 0.1, 

equivalent to 5//g/ml DNA). The major disadvantages of the absorbance 

method are furthermore the large relative contribution of nucleotides and 

single-stranded nucleic acids to the signal, the interference caused by con­ 

taminants and the inability to distinguish between DNA and RNA.

The assay was performed as follows: 1/zl of DNA was diluted into 250//1 

of TE Buffer with a low EDTA content (lOmM Tris; O.lmM EDTA). 50//1 

of this dilution were than mixed with 50/t/l of PicoGreen reagent at work­ 

ing concentration (1:200 dilution of the PicoGreen stock in the TE Buffer 

(low EDTA, see above)) in a flat-bottomed 96-well PS microplate (Greiner). 

Samples were transferred onto the microplate in duplicate and the resulting 

fluorescence was detected on a Cytofluor 2350 Fluorometer (Millipore). The 

fluorescence was calibrated against eight samples in duplicate containing a 

known concentration of lambda DNA standard ranging from 0 to lOOOng/ml. 

Using this format (Figure 2.1), 40 samples could accurately be quantified per 

96-well plate. The resulting standard curve was calculated using a Microsoft 

Excel© template (Microsoft). Following quantification 2mg of genomic DNA 

stock were removed and diluted up to 100/^1 with TE (low EDTA) to give a 

20ng///l 'working concentration'. Where the original stock did contain less 

than 4mg DNA, the samples was split in half and the second half diluted to 

20ng///l. Where the original stock already contained less than 2mg of DNA,
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Figure 2.1 Illustration of the layout of the 96-well format 

used for DNA quantification by PicoGreen fluoroscopy. STD 0- 

1000 represent lambda standard DNA at concentrations ranging 

from 0-1000ng/ml
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a neat aliquot of up to 100//1 (but riot more than half of the original volume) 
was removed. The stock DNA tubes and the sub-aliquots were then stored at 
-70°C. Both sets of samples were stored in 1.5ml screw-top tubes (Greiner) 
labelled using laser-printed star tag labels on the top and the side of the 
tubes (Starlab). The labels provided a unique identification code indicating 
the origin of the sample and status of the individual, i.e. mother father, 
child with malaria, control individual. At this stage 5//1 of the 20ng//^l DNA 
dilution were placed into a 96-well deep-well plates (ABGene) and 95//1 of 
water was added to each in order to provide a final concentration of Ing/^l 
which could consecutively be used for whole genome amplification. These 
plates were already in the same format as the plates that were used for the 
genotyping. These plates were stored at -20° C.

2.3 Whole Genome Amplification
In order to increase the amount of DNA to work with the samples were sub­ 
jected to whole genome amplification using primer extension amplification 
(PEP)(Zhang et al., 1992). For this purpose 15-base random oligonucleotides 
from GENPAK Limited were used. 5ng of DNA were amplified using the 
following conditions: 2.5mMMg+, 0.2mM dNTPs, 8nM N15 primers, 2.5U 
Biotaq (Bioline); cycling conditions: 94°C for 3 minutes followed by 50 cy­ 
cles of 94°C for Iminute, 37°C for 2minutes, 0.1°C/sec to 55°C, 55°C for 4 
minutes. Final extension for 5 minutes at 72°C.

2.4 Identification of Mutations

2.4.1 IFNGR1 promoter sequencing (MEGABACE)
36 samples from Gambian individuals with tuberculosis had been sequenced 
in the host laboratory by Anna Richardson, Jeremy Hull and Agnes Awom- 
oyi using ABI dye primer sequencing. Sequencing was carried out using an
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Applied Biosystems ABI377 automated DNA sequencer with the dye primer 

kit (Perkin-Elmer-Applied Biosystems) and analysed with the Sequence Nav­ 

igator software package. Fragments for sequencing were generated by nested 

PCR, i.e. using two rounds of PCR. PCR primers 5' GAG TGC CAA GTA 

AAG ATG TCA GC and 5 1 AGA TCC GCG GTG CCC ATC TCA were 

used to amplify a 1022-bp fragment from position -951 to +71 of the IFNGR1 
gene (in relation to transcriptional start site described in (Merlin et al., 1997). 

In a second amplification step a 607-bp fragment with incorporated M13 tails 

was generated from this fragment by using Ml3 tailed PCR primers 5' TGT 

AAA ACG ACG GCC AGT AGT ACT TCT TGG TCA AGC CG and 5' 

GAG GAA ACA GCT ATG ACC GGG TAG GAG AAA GAG GAG AG. 

Prior to the then following sequencing reaction, samples were purified using 

spin columns (Qiagen) according to standard protocol. Sequencing was per­ 

formed using the ABI Dye Primer Sequencing Kit according to the protocol 

supplied with the kit. It is as yet unknown how long the functional promoter 

of the IFNGR1 is. The above sequencing project only looked at the first 

500bp 5' of the translational start site and this sequencing was performed 

in samples of cases with tuberculosis. As part of this thesis the sequenced 

area was expanded from -1400bp to +100bp (in relation to the translational 

start site) and Gambian cord blood DNA samples were used for this purpose 

in order to minimise selection bias. The idea was that this would not only 

potentially discover new single nucleotide polymorphism further upstream, 

but would also provide positive controls for the genotyping of the SNPs that 

had already been found. For this purpose 34 samples were sequenced using 

MegaBACE Technology (Amersham). The MegaBACE 1000 DNA sequencer 

is a high-throughput, fluorescence-based DNA sequencer that uses capillary 

electrophoresis. It has the capability of sequencing 96 samples in 2 hours. 

Read lengths for a 2 hour run average 600 bp and with longer 5 hour runs 

800-900 bases. Samples for the MegaBACE are prepared in a similar way to 

ABI sequencing. In a first round of PCR a fragment of DNA is generated. 

In a second round of PCR a dye-terminator kit is used to sequence off this 

fragment. Samples are then analysed on the sequencing machine.
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Overview of the different steps:

1. First Round PCR

2. Spin Column Purification of PCR product

3. DNA Quantification using PicoGreen

4. Sequencing PCR with fluorescently labelled ddNTPs

5. Running samples on the MegaBACE 1000

2.4.1.1 First Round PCR

A 2030bp fragment comprising the IFNGR1 promoter region was amplified 
in 34 samples from Gambian cord blood samples. As experiments using 

Taq DNA polymerase and standard PCR conditions had proven unsuccess­ 

ful for amplifying this fragment, an Expand Long Template PCR System 
(Roche) was used. This kit is composed of an enzyme mix containing ther­ 

mostable Taq and Pwo DNA polymerases. It is designed to amplify fragments 
up to 27kb from human genomic DNA. It is supplied with three different 

buffers of which buffer system no.3 (PCR buffer containing [NH^SCU + 
cosolvents + 22.5 mM MgCl2 and detergents) is the buffer of choice when 
difficulties in amplification are expected. The primer sequences used were 

as follows: AGC CCC TCA TAG CAA CTC AAG ACA CCT T (IFNGR1- 
1679/-1652) and GGA TTA CAA GAG TCG GAA AAA CAA GCG G 
(IFNGR1+351/+324). Primers were supplied by MWG. After all reagents 

had been thawed and were briefly centrifuged, the reaction was set up using 
two different master mixes.

Master Mix 1

lOmM dATP (Sigma) 2.5jLtl 

lOmM dCTP (Sigma) 2.5/zl 

lOmM dGTP (Sigma) 2.5//1
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lOmM dTTP (Sigma) 2.5//1

5/LtM upstream primer (IFNGR1 -1679/'-1652) 3.0//1

5/^M downstream primer (IFNGR1 +351/+324) 3.0/zl

DNA (20ng///l) 4//1

H20 (Sigma) 5//1

Master Mix 2

Buffer no.3 (Roche) 5//1 

enzyme mix (Roche) 0.75/zl 
H2 O (Sigma) 19.25//1

Both master mixes were kept on ice. Shortly before cycling 25//1 of each mix 
were pipetted together in 96-well PCR plates (ABGene, cat.no.:AB0600), 
mixed well and overlayed with 30//1 of mineral oil (Sigma). Cycling was 
started immediately afterwards at the following conditions:

93°C 2:00

Followed by 10 cycles of:

93°C 0:10

64°C 0:30

68°C 1:30

Followed by 20 cycles of:

93°C 0:10

64°C 0:30

68° C 1:30 + cycle elongation of 20s for each cycle

and finally:

68° C 7:00
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After cycling 2/A of the PCR product were run out on an 1% agarose gel. It 
seems worth noting that this particular PCR was only found to work, when 
commercially available H2 0 (Sigrna) was used, while the reaction failed to 
amplify the fragment when either Millipore H2 0 or autoclaved water were 
used. After the first round of PCR the samples were purified using spin 
columns (Qiagen).

2.4.1.2 Spin Column Purification

The PCR products were purified using the standard QIAquick PCR Purifi­ 
cation Kit Protocol provided with the spin columns (Qiagen; cat.no.: 28104). 
After following the various steps the samples were finally eluted in 50//1 of 
H2 0 (Sigma).

2.4.1.3 DNA Quantification using PicoGreen

As the amount of DNA used for MegaBACE Sequencing is crucial, the 
DNA concentration of the above PCR products were quantified using the 
PicoGreen dsDNA Quantification Kit (Molecular Probes). The procedure 
was performed as described under DNA Storage and Quantification. The 
readings for the DNA concentration were ranging from as low as 0.3ng/yLtl to 
62ng///l.

2.4.1.4 Sequencing using fluorescently labelled ddNTPs

The recommendations for the amount of DNA to use for MegaBACE sequenc­ 
ing are given as lOOng for PCR products bigger than 400bp. It was therefore 
decided that in cases where the amount of DNA measured by PicoGreen 
exceeded 20ng, the equivalent of lOOng were used per sequencing reaction. 
Where concentrations were below 20ng//^l, 6{i\ of the first round PCR prod­ 
uct were used regardless of the concentration measured. The following four 
primers were used for this dye-terminator sequencing. Forward primers: CTA 
CTC CAT AGA CGC CTA AAC G (IFNGR1-U11/-13W) and TGA CAC 
TGA ATT GCT GAG AAG G (IFNGR1-W9/-57S). Reverse primers were:
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TAG CTG AGG ACG GCC CCA GA (IFNGR1+88/+69) and CAT TTG 
AGG AAC CGT AGA CTT AGC (IFNGR1-461/-484). The sequencing 
reaction was set up as follows:

DYEnamic ET reagent premix (Amersham)

Primer (5//M) 1/ul

DNA amount as described in text

H20 (Sigma) to 20//1

Sequencing was performed in 96- well plates (ABGene; cat.no.:AB0600). Min­ 
eral Oil must not be used. Cycling conditions for the sequencing PCR:

95°C 0:30 

50°C 0:15 

60°C 1:00 

for 25 cycles

After cycling samples were purified by ethanol precipitation. 52/^1 of 100% 
ethanol and 2//1 7.5 sodium acetate were added to each well. After mixing 
up and down using a pipette, the plates were centrifuged at 3,000rpm for 
30 minutes. The supernatent was carefully taken off using a multichannel 
pipette. After that 100/^1 of 70% ethanol was added to each well to wash 
the pellets and plates were then centrifuged at 3,000rpm for 15 minutes. 
Following that the ethanol was taken off and the plates were spun inverted 
for one minute at l,500rpm to remove the remaining ethanol . The samples 
were then left to air dry at room temperature for 30 minutes and then stored 
at -20°C until they were analysed on the MegaBACE. The analysis on the 
MegaBACE 1000 DNA Sequencing System was then performed using an 
overnight (i.e. 5 hours) run. The MegaBACE software allows the sequencing 
data to be stored in various file formats. Traces were exported in an ABI
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compatible format and were analysed using the ABI Sequence Navigator 
software. The average read length was between 600-850bp.

2.4.2 Resequencing promoters of IFNGR1, IL22BP & 

IL20RA

For the extended resequencing project ABI Dye Primer Sequencing was used. 
Samples were analysed on an ABI3700 Sequence Analyzer. This approach 
was chosen as the procedure was optimised as part of a larger project within 
the research group which increased throughput and partially automated the 
process of analysis. For this project samples from 24 unrelated Caucasian 
individuals (from the CEPH repository) (see table 2.1) and 24 unrelated 
African (Gambian) individuals were used. All DNA was extracted by Bren- 
dan Keating, Wellcome Trust Centre for Human Genetics, from immortalised 
cell lines.

Table 2.1: CEPH samples

REPOSIT No

GM11879

GM11880

GM11881

GM11882

GM07031

GM07051

GM13047

GM13050

GM13042

RELATION

paternal grandfather

paternal grandmother

maternal grandfather

maternal grandmother

maternal grandmother

maternal grandfather

paternal grandfather

paternal grandmother

maternal grandfather

FAMILY

1347

1347

1347

1347

13292

13292

13292

13292

13293

IND.

12

13

14

15

13

12

10

11

12

ASSIGNED No.

CEPH 5

CEPH 6

CEPH 7

CEPH 8

CEPH 1

CEPH 4

CEPH 2

CEPH 3

CEPH 13

continued on next page
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continued from

REPOSIT No

GM 13044

GM 13048

GM13051

GM11992

GM11993

GM11994

GM11995

GM13045

GM 13046

GM 13049

GM13052

GM06986

GM07037

GM07045

GM07435

previous page

RELATION
maternal grandmother

paternal grandfather

paternal grandmother

paternal grandfather

paternal grandmother

maternal grandfather

maternal grandmother

paternal grandfather

paternal grandmother

maternal grandfather

maternal grandmother

maternal grandfather

paternal grandmother

maternal grandmother

Paternal Grandfather

FAMILY

13293

13293

13293

1362

1362

1362

1362

13294

13294

13294

13294

13291

13291

13291

13291

IND.

13

10

11

13

14

15

16

9

10

11

12

12

11

13

10

ASSIGNED No.

CEPH 14

CEPH 17

CEPH 19

CEPH 9

CEPH 10

CEPH 11

CEPH 12

CEPH 15

CEPH 16

CEPH 18

CEPH 20

CEPH 21

CEPH 22

CEPH 23

CEPH 24

2.4.2.1 Preparation of Products

Dye primer sequencing was chosen in preference to dye terminator as ini­ 
tial comparisons with dye terminator revealed dye primer results to have 
a superior consistency of peak height. This aids differentiation of heterozy- 
gotes - an important advantage in sequencing for SNP detection. First round 
products of the target region were initially generated and from these, nested 
second round fragments were amplified with M13-tailed primers. For primer 
sequences used see table 2.2.

To generate first round products, 200ng of genomic DNA was added to

KOCH 2003



CHAPTER 2. METHODS 34

0.5//M of forward primer, 0.5/uM of reverse primer, 0.8//M of dNTP, 2.5mM 
MgCl2 , 0.25/il Bio-X-Act DNA polymera.se (Bioline), 2/zl of lOx Opti-Buffer, 
4//1 of 5x Enhancer, final volume 20//1. PCR cycling conditions were 94°C for 
2 minutes; then 10 cycles of 94°C for 15 seconds, 60°C for 30 seconds, 68°C 
for 2 minutes; then 20 cycles of 94°C for 15 seconds, 60°C for 30 seconds, 68°C 
for 2 minutes adding 20 seconds per cycle; and finally 68°C for 5 minutes.

To generate second round products a 1:10 dilution was made of the first 
round amplification products. 2//1 of the first round template was added to 
0.5//M of forward primer with an M13 tail, 0.5//M of reverse primer with an 
M13 tail, xl Taq Gold Buffer (PE Applied Biosystems), 0.8/dVI dNTP, 2.5mM 
MgCl2 ,1 unit of AmpliTaq Gold DNA Polymerase (PE Applied Biosystems), 
final volume 20ul. Cycling conditions were 94°C for 14 minutes; then 5 cycles 
of 94°C for 30 seconds, 57°C 30 seconds, 72°C 45 seconds; then 30 cycles of 
94°C for 1 minute, 72°C for 1 minute, then 72°C for 10 minutes. To check 
that the PCR had been successful, 2//1 of product were run on a 1% agarose 
gel stained with ethidium bromide and viewed under UV light.

Second round PCR products were cleaned using a Montage PCR Cleanup 
plate (Millipore). The PCR product was transferred to the clean up plate 
and a vacuum manifold (Millipore) dried the sample leaving the nucleic acid 
bound to the membrane. The clean product was then reconstituted in a 1:3 
dilution of the original volume.

The sequencing reaction was performed using the ABI BigDye v3.0 Ready 
Reaction Cycle Sequencing Kit (PE Applied Biosystems). Two different kits 
were used for M13 forward or M13 reverse primers according to which strand 
was to be sequenced. All strands were sequenced in forward and reverse 
direction. Four separate reactions incorporating a different dideoxynucleotide 
were performed per sample according to the manufacturer's instructions. 1//1 
of clean second round DNA product was mixed with 2//1 of the ready reaction 
mix, 2mM MgCl2 , 80mM TRIS pH 9.0, final volume 5/Ltl. Cycling conditions 
were 14 cycles of 96°C for 10 seconds, 55°C for 5 seconds, 70°C for 1 minute; 
then 14 cycles of 96°C for 10 seconds, 70°C for 1 minute.

Each ddNTP specific reaction for a given sample was pooled. To this, 
60//1 of 100% ethanol and 0.2//1 of pellet paint (Novagen) were mixed and
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incubated at 4°C for 15 minutes before centrifuging at 2500 rcf for 30 minutes 
at 4°C. Ethanol was drained from each well by inverting the 96 well plate, 
pulse centrifuging to 61 rcf and leaving the samples to dry for 1 hour in 
darkness. Samples were resuspended in 20//1 of a 50% dilution of Hi-Di- 
formamide (ABI) and electrophoresed on an ABI 3700 Sequencer by the core 
genomics facility at the Wellcome Trust Centre for Human Genetics.

2.4.2.2 Sequence Analysis

Sequence assembly and analysis was assisted by Dr Man-Suen Chan, Well­ 
come Trust Centre for Human Genetics. The computer programme PHRED 
was used to call nucleotide bases and assign confidence values based on trace 
quality and peak size. PHRAP (phragment assembly programme) was then 
used to assemble sequence data into contigs. PolyPhred was used in con­ 
junction with PHRED and PHRAP to identify SNPs, by comparing traces in 
the sequence assembly to the expected sequence pattern downloaded from 
Ensembl (http://www.ensembl.org). Default parameters were used for all 
computer programmes. PHRAP assemblies were viewed using the programme 
CONSED using an x-windows interface and each suggested nucleotide variation 
was visually checked.
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2.5 Genotyping

2.5.1 Genotyping of IFNGR1+95, IFNGR1-270 and

IFNGR1-47Q by ARMS
PEP DNA samples were genotyped blind to disease outcome or relation (in 
case of the family study) by ARMS (amplification refractory mutation sys­ 
tem) (Newton et al., 1989) using allele specific PCR. For the T to C poly­ 
morphism at position +95 the following two allele specific primers were used: 
5'GCC GCA GCC CTG CCA CGA A and 5'GCC GCA GCC CTG CCA 
CGA G. Note that these primers carry an additional mismatch at position 
5 from the 3'end to increase specificity. The conserved primer was: 5'AGG 
CTC CAA GAG A AC GAG G. For the T to C polymorphism at position -270 
the following two allele specific primers were used: 5' CAA AGG TTA AGG 
TCT TTC AA and 5' CAA AGG TTA AGG TCT TTC AG. The conserved 
primer was 5' TTC ACT AGC TAA GTC TCA GG. For the double mutation 
at position -470 5'-CCC TGC TTT TTC ATT TGA GGA A and 5'-CCC 
TGC TTT TTC ATT TGA GGC C were used as allele specific primers and 
5'-CAA GCG CTG AAG GAG TTA GC as the conserved primer.

10X PCR Buffer (Bioline) 1.501

dNTPs lOOmM (25mM each; Sigma) 0.0601

MgCl2 50mM (Bioline) 0.5701

forward primer 30M (MWG) 2.501

reverse primer 30M (MWG) 2.501

BIOTAQ DNA Polymerase (Bioline) 0.4U

Milli-Q H2 O 2.87^1

PEP DNA 5//1

Reactions were performed with 1.9mM MgCl2 , O.GrnM dNTPs, 0.4U Bio- 
Taq (Bioline). Cycling conditions were: 96°C for 1 minute, then five cycles

KOCH 2003



CHAPTER 2. METHODS 40

of 96°C for 35sec, 68°C for 45sec, 72°C for 35sec, followed by 21 cycles of 
96°C for 25sec, 64°C for 50sec, 72°C for 40sec, and finally six cycles of 96°C 
for 35sec, 56°C for 1 minute, 72°C for 1 minute 30 seconds. The reactions for 
both alleles were run out adjacently on a 1% agarose gel stained with ethid- 
ium bromide. In order to assure that each PCR had worked a set of control 
primers, which amplifies a 796-bp fragment on chromosome 6 was included 
in each reaction (5'-TGC CAA GTG GAG CAC CCA A and 5'-GCA TCT 
TGC TCT GTG GAG AT).

2.5.2 Genotyping of IFNGR1-56 by LDR

The T to C polymorphism at position -56 was genotyped using Ligation De­ 
tection Reaction (LDR) (Barany, 1991). Ligation Detection Reaction (LDR) 
can be used for detection of single nucleotide polymorphisms (SNP), although 
it is rather costly compared to ARMS. First of all the region of interest is 
amplified by PCR. In the next step a common probe that is phosphorylated 
at the 5' end and a labelled allele specific probe are hybridized to the PCR 
product adjacent to each other, whereby the common probe binds immedi­ 
ately 5' of the SNP. The allele specific probe will bind 5' of the common 
probe with its 3' end at the site of the SNP (Figure 2.3). If the 3' end of 
the probe matches the site of interest, the two probes can then be ligated by 
the ligase in the next step (Figure 2.4). If there is a mismatch at this site, 
though, the ligase will not be able to ligate the two probes (Figure 2.2).

The design of the probes is limited by the position of the SNP for obvious 
reasons. Probes were designed to have very similar melting temperatures 
(Tm ), which was aimed to lie around 65°C. The ligated LDR product was 
designed so that it was bigger than the two smallest size standards on the 
genotyping gel (i.e. ^50 nucleotides)in order to facilitate detection. The 
probes were therefore polyA-tailed, the tails, though, were not included in the 
Tm calculation. When using an Applied Biosystems ABI3700 DNA analyzer 
one only has a limited choice of labels (HEX, FAM, NED), since ROX will 
be used for the standards. 
Overview of the different steps:
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Mismatch!

Allele specific probe/ / Common probe

3

PCR amplified region of interest

Figure 2.2 Common probe and allele specific probe are 

annealed to the PCR product. There is a mismatch at the 3' end 

of the allele specific probe. The two probes will therefore not be 

ligated.
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Allele specific probe
Common probeI

3

PCR amplified region of interest

Figure 2.3 Common probe and allele specific probe are 

annealed to the PCR product. There is a perfect match at the 3' 

end of the allele specific probe. The two probes can therefore be 

ligated in the next step.
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3'

PCR amplified region of interest

Figure 2.4 If there is a perfect match between allele specific 

probe and the PCR product at the 3' end of the allelic probe, 

allelic probe and common probe will be ligated by the ligase and 

the full length product is yielded.
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1. Amplification of PCR product

2. Removal of remaining BioTaq DNA polymerase

3. Phosphorylation of LDR common probe

4. Ligation Detection Reaction (LDR)

5. Analysis of ligation products by capillary electrophoresis

2.5.2.1 Amplification of PCR product

For this purpose a 670-bp fragment including the region of the IFNGR1-56 
was amplified (primers were ordered from MWG and had the following se­ 
quences: 5'-TCA GGC TCC AAG ACA ACC AGG and 5'-CCA CGG AGC 
CCC AGT CTC G). The reaction volume was 15^1 (excl. enzyme) and was 
set up in Costar Thermowell thin-wall polycarbonate 96 well PCR plates 
(Corning Incorporated).

	per 15//1 reaction

10X PCR Buffer (Bioline) 1.5/d

dNTPs lOOmM (25mM each; Sigma) 0.06//1

MgCl2 50mM (Bioline) 0.57/zl

forward primer 5//M (MWG) 2.5//1

reverse primer 5/^M (MWG) 2.5/^1

BIOTAQ DNA Polymerase (Bioline) 0.4U (0.08/ul)

Milli-Q H2 O 2.87/d

PEP DNA 5//1

10X Bioline PCR Buffer contains: 160mM (NH4)SO4 , 670mM Tris-HCl 
(pH 8.8 at 25°C), 0.1% Tween-20. 
PCR condition were as follows:
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96°C 1:00

followed by 40 cycles of:

96°C 0:35

70°C 0:45

74° C 1:00

and finally

74°C 2:00

2.5.2.2 Removal of remaining BioTaq DNA polymerase

1/10 of the reaction volume of 1 mg/ml proteinase K in 50mM EDTA was 
added, i.e. 1.5//1 per 15//1 PCR product. Incubation was as follows:

37°C 15:00

55°C 10:00

90°C 10:00

2.5.2.3 Phosphorylation of LDR common probe

Per 100//1 reaction(//l)

PNK buffer@10X (New England Biolabs) 10 

ATP 25mM (Sigma) 1 

Common probe O.lmM 2 

Miffi-Q H2 O 86 

Polynucleotide Kinase(New England Biolabs) 1

Incubate as follows:

37°C 45:00

Add 100^1 proteinase K (20//g in 100//1 TE pH 8.0)
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37°C 30:00 

90°C 10:00

Store at — 20°C. Final concentration is 1//M. Several common probes can be 
phosphorylated together if desired.

2.5.2.4 Ligation Detection Reaction (LDR)

Probes were ordered from Applied Biosystems. The following probes were 
used: 5'-FAM-AAA AAA TTA ACC GGG GCT GGA GGG GAG T-3', 
5'-HEX- AAA AAA TTA ACC GGG GCT GGA GGG GAG C-3' and as 
common probe 5'-GCT GGG CTG GTC CCG CAG AAA AAA AAA A-3'. 
Set up on ice:

per 15//1 reaction(//l)

Taq DNA Ligase buffer @10X (NEB) 1.5 

Phosphorylated common probe @1//M 0.15 

Allelic probe(s) @1//M 0.15 

Taq DNA Ligase @40U/yul (NEB) 0.05 

PCR product 1 

Milli-Q H2 0 (Millpore) to 15//1(12.02//1)

Overlay with 30//1 mineral oil (Sigma).

Hot Block start (heat block up to 95° before placing samples on it).

95°C 1:00

then 15 cycles as follows:

95°C 0:15

66°C 4:00 (ligation)
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When the cycling had finished, samples were placed on ice, 3//1 of lOOmM 
EDTA were added to prevent further ligase activity at non stringent temper­ 
atures.
The ligation temperature is a crucial step in this reaction. On the one hand it 
has to be high enough to avoid unspecific ligation, on the other hand enough 
product needs to be ligated in order to gain a readable peak on the genotyp- 
ing gel. It should ideally range between 64°-72°C and should be optimised 
with control samples of known genotype.
In order to determine the optimal ligation temperature 9 samples were sub­ 
jected to the thermocycling protocol as shown above at four different ligation 
temperatures: 63.0°C, 66.4°C, 70.2°C and 74.1°C on a gradient thermocycler 
(MJ Research). The products were initially run out on a ABI 377. Results 
for a representative example are shown in Figure 2.5. A temperature of 66.0° 
was found to work best for this reaction, since it gave high enough peaks, 
while keeping misligation at a minimum.

For the analysis on the Applied Biosystems ABI3700 DNA analyser 1/xl of 
LDR product was diluted in 10/ul of a formamide / ROX500 dilution (Genes- 
can ROX500HD (ABI) diluted in Hi-Di Formamide (ABI) 1:100). Samples 
were stored at -20°C protected from light, before there were run on the 
ABI3700. Genotypes were called manually by visual inspection of the geno- 
typing traces using the ABI sequence navigator software.

2.5.2.5 Confirmation of LDR results by RFLP

Genotyping results by LDR were confirmed on 19 samples using a digest with 
Btsl (New England Biolabs). Therefore the same PCR fragment that had 
been amplified for the LDR was used. Btsl would cut at the site of the SNP 
only in case of the wild type allele (T). In addition to this potential cut site 
the fragment also contained a conserved Btsl restriction site serving as an 
internal control in order to assess whether the digest had worked (Figure 2.6).
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360 

240 

ISO

63.0°C

TT

66.4°C

380 : 

240:

B

70.2°C

240 _

120:

74.1°C

A
fthlvMx M"

Figure 2.5 Determining the optimal ligation temperature for 

typing the IFNGR1-56 by LDR; figures show one a representative 

sample of known genotype at four different ligation temperatures. 

The peak for the allele specific LDR product is is marked by the 

asterix. The surrounding two peaks are the ROX500 size stan­ 

dards.
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tcaggctccaagacaaccaggtgaagtccaagagttagtaaaataaggattgtggctcggct 

gtggcctaatgcaaacttgcacaaccccaggaaaccgaaaaaaactggaagaagaattgcag 

aatggggtgccaggttgaaagaccttaacctttgcactcaaattcctcccacacccagaagt

ccaggtcccgaccgcacgacgccgtgctcactgctgggtgctgcgcctgagtccgcctcctg

cggcttcccggacttgaccccgcccacgccctggtcccgcctcctgccgacgccggcacaga

ccccggtgacggaagtgacgtaaggccggggctggagc gcagTg ctgggctggtcccgcagg

cgctcggggttggagccagcgaccgtcggtagcagcatggctctcctctttctcctacccct 

tgtcatgcagggtgtgagcagggctgagatgggcaccgcggatctggggccgtcctcaggta 

ccgtcgttcgcggcagggctgcggccgggtcgggacgagagggagggagggatccgccccag 

ccgggaagccccgccccgcttctccgaggtcgccctagcccgggacccctgcgtcgggccct 

gagcgggcgacggggacgcgaggtggggtcgcgagactggggctccgtgg

Figure 2.6 Figure shows the sequence of the amplified PCR 

fragment that was used for LDR and Btsl RFLP. The boxes indi­ 

cate the Btsl recognition sequence.
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The following protocol was used:

per reaction

DNA

NEB Buffer No.4 (10X) 4.3/ul 

BSA (100X) 0.5/il 

Milli-Q H2 O 37.2//1 

Btsl 0.5//1

Samples were incubated for 5 hours at 37° in an MJ research Thermo- 
cycler. All 19 samples gave the same genotyping results as established by 
LDR.

2.5.3 MALDI-TOF Spectrometry

2.5.3.1 Principle

Two years after the beginning of this project Matrix- assisted laser desorption- 
ionization-time- of -flight (MALDI-TOF) mass spectrometry technology be­ 
came available. MALDI-TOF mass spectrometry is a high throughput method 
of SNP analysis which was used for genotyping the majority of SNPs in the 
latter half of this thesis. A large number of peer reviewed papers describing 
and assessing this method is available (Tang et al, 1999; Jurinke et al., 2002) 
and multiple authors have used it for large scale genetic studies (Reich et al., 
2001; Gabriel et al., 2002; Sabeti et al., 2002).
Nucleic acid is embedded in a solid matrix of organic molecules and is then ir­ 
radiated by a short laser pulse at a wavelength close to a resonant absorption 
band of the matrix. The molecules are ionized and detected by a time-of- 
flight mass spectrometer. Ions with a larger mass-to-charge-ratio, m/z, travel 
from the matrix plate to the detector at a, lower velocity than those with a 
higher m/z. With appropriate calibration, molecules differing in mass by 
3 Daltons may be detected as two ions with different masses. As mostly
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single-charged ions are produced by irradiation, complex mixtures may be 
analysed and the formation of secondary structure of nucleic acids is avoided. 
MALDI-TOF mass spectrometry is therefore considered to be more accurate 
than hybridization methods such as ARMS. SNP analysis is made possible by 
minisequencing at the SNP under investigation and detecting the resulting 
species of amplicons. The region of interest that incorporates the polymor­ 
phism is amplified and a primer is annealed immediately downstream of the 
SNP. An extension reaction is performed with DNA polymerase and a mix of 
deoxynucleotide triphosphates (dNTPs) and dideoxynucleotide triphosphates 
(ddNTPs). In this way, extension occurs with those nucleotides complemen­ 
tary to the template but terminates when a ddNTP is incorporated. The 
extension reaction undergoes temperature cycling giving linear amplification 
of product. Thus two products are produced by sequencing, each differing by 
as little as one nucleotide according to the single nucleotide variation within 
the PCR amplicon. This method enables several SNPs to be simultaneously 
measured by multiplexing several PCR reactions in a single well and relies on 
careful primer design to enable detection of ionization products of differing 
m/z ratios.

The process was fully automated with a robot dispenser, MALDI-TOF 
mass spectrometer and data analysis software all provided by the SEQUENOM 
company. The automated calling of genotypes was performed by the com­ 
puter program Mass ARRAY RT Software thus eliminating manual error.

2.5.3.2 Preparation of PCR products for minisequencing

PEP DNA was used for the amplification reaction (see section 2.3). The PEP 
reaction was carried out as before in a 25/^1 reaction in a 384 well plate. Each 
well was diluted 1:20 with water containing 0.1 mg/ml phenol red solution. 
29/ul of water/phenol red solution was transferred to each well in a 384 well 
plate and 1.5//1 of PEP PCR product was added to each well. Phenol red is 
a pH indicator. It is yellow in a 1:20 dilution and turns pink upon addition 
of DNA. It is chemically inert but visually aids in transferring PEP product 
to the water-filled wells for dilution.
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Primers were designed using the MassARRAY Assay Design and MassAR- 
RAY Oligo Check software. PCR products were designed to have at least 25 
Dalton difference between each sequenced species. These computer programs 
allow different assays to be multiplexed and a check of the primer design to 
be performed, enhancing accuracy and quality control of the final products 
for analysis.
2ul of diluted PEP was transferred to the corresponding well of a 384 well 
plate. A 5/ul PCR reaction was then performed in each well which com­ 
prised of 0.4mM dNTP, 2.0mM MgCl2 , PCR buffer (67mM Tris-HCl, 16mM 
(NH4) 2 S04 , 0.01% Tween-20), 0.125 units of BioTaq polymerase (Bioline) 
and 0.2/^M of each primer. The plate was sealed with a microseal A lid and 
incubated on a PTC 225 Peltier thermal cycler (MJ Research). Cycling con­ 
ditions were 96°C for 1 minute, 94°C for 45 seconds, 56°C for 45 seconds (5 
cycles), 94°C for 45 seconds, 65°C for 45 seconds, 72°C for 30 secondes (29 
cycles), 72°C for 10 minutes. A heated lid was used during cycling.

2.5.3.3 Minisequencing

The extension reaction and handling of the mass spectrometer was carried 
out by the core genomics facility at the Wellcome Trust Centre for Human 
Genetics. Arctic shrimp phosphatase (SAP, USB) was added to each sample 
to dephosphorylate residual dNTPs to prevent their incorporation into the 
primer extension reaction. To the 5/^1 of prepared PCR product were added 
O.Sunits SAP, 20mM Tris-HCl (pHS.O) and lOmM MgCl2 , to give a final 
volume of 7//1. This was then incubated at 37°C for 20 minutes and at 85°C 
for 5 minutes. The extension reaction was performed by adding 0.2//1 of 
termination mix specific for the reaction, 5.4//M of extension primer, and 0.58 
units of MassEXTEND enzyme, thermosequenase (Amersham Biosciences), 
using the automated MassARRAY Liquid Handler. Cycling conditions were 
94°C for 2minutes; then 55 cycles of 94°C for 5 seconds, 52°C for 5 seconds, 
and 72°C for 5 seconds.
0.006g of SpectroCLEAN resin was added to remove ddNTPs and dNTPs. 
Then 16//1 of water were added. The samples were rotated for 10 minutes
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so that the resin was well mixed in the samples. The samples were then 
centrifuged for 5 min at 1600rpm at RT.

2.5.3.4 MALDI-TOF Mass Spectrometry

The MassARRAY Nanodispenser was used to transfer a few nanolitres of 
extension reaction to the SpectroCHIP bioarray. This chip is provided by 
SEQUENOM pre-spotted with a matrix designed for DNA mass spectrome­ 
try. The sample quickly dries leaving a total of 384 pellets on a single chip. 
The chip was then read in the Bruker Biflex III Mass Spectrometer system 
and data collected and analysed using the MassARRAY Analyzer and Mass­ 
ARRAY RT Software (SpectroTYPER). An output is obtained with peaks 
visible at the respective masses of extension products. The software com­ 
piled the genotypes of each plate and the data was transferred to a Microsoft 
Access database constructed by Dr Kirk Rockett, Wellcome Trust Centre for 
Human Genetics, for analysis with clinical data.

2.5.3.5 Validation of genotypes

The company SEQUENOM claims MALDI-TOF to be a highly reliable 
method of genotyping detection with mass spectrometry being sensitive enough 
to differentiate between masses of 3 Daltons. There are now a large num­ 
ber of peer reviewed publications on this genotyping method indicating its 
outstanding accuracy and reliability (Tang et al., 1999; Jurinke et al, 2002; 
Reich et al., 2001; Gabriel et al., 2002; Sabeti et al., 2002). The accuracy 
of the in-house SEQUENOM technology was tested by Kate Rowlands and 
Neil Hanchard by direct sequencing of individuals genotyped for SNPs in 
the MHC region. In all, 12 SNPs were genotyped in 96 chromosomes and a 
further 20 SNPs were tested in 24 chromosomes by SEQUENOM, in most 
cases with representation of all 3 genotypes. There was 100% concordance 
between SEQUENOM genotypes and those found by direct sequencing.
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2.5.3.6 Primer Sequences
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Table 2.3: MALDI-TOF Primers. The table shows the 

name of the SNP typed, the name of the primer (whereby 

1st and ^ refer to the forward and reverse primer and 

"UEP" to the extension primer), the terminator mix used 

and the primer sequence. All primers were ordered from 

METABION, Germany.

SNP

IFNg-1616

IFNg-1616

IFNg-1616

IFNg-308

IFNg-308

IFNg-308

IFNg-280

IFNg-280

IFNg-280

IFNg+874

IFNg+874

IFNg+874

IFNg+2200

IFNg+2200

IFNg+2200

IFNg+3163

PRIMER TERMINATOR
1 St

2nd

UEP ACT
1 St

2nd

UEP CGT
I st

2nd

UEP ACT
1 St

2nd

UEP CGT
1 St

nnd
£

UEP ACT
1 St

SEQUENCE

ACGTTGGATGACAGGTAAGGAGACTGAGTC

ACGTTGGATGGGGCAAACTTGATTCCTGAC

TCTAGCTATATGATTGTGAGTTA

ACGTTGGATGGTGGGCATAATGGGTCTGTC

ACGTTGGATGGTGGCATTTGGGTGTTGTAG

TCCTTTAGACTCCTTGGGTC

ACGTTGGATGGGTTTTGTGGCATTTGGGTG

ACGTTGGATGAATGGGTCTGTCTCATCGTC

AAGGAGTCTAAAGGAAACTCTA

ACGTTGGATGAGTTCCAAACATGTGCGAGT

ACGTTGGATGTATTCAGACATTCACAATTG

ATTCTTACAACACAAAATCAAATC

ACGTTGGATGATGAATCACATGGCTGGCTG

ACGTTGGATGTTGGAGCAAAGAAGGTCATC

GGTCATCAAACTTATACAGTGA

ACGTTGGATGTTTAGCTGTAATCCCCCAGC

continued on next page
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continued from previous page

SNP

IFNg+3163 

IFNg+3163

IFNg+3234 

IFNg+3234 

IFNg+3234

IFNg+3686 

IFNg+3686 

IFNg+3686

IFNg+4640 

IFNg+4640 

IFNg+4640

IFNg+5173 

IFNg+5173 

IFNg+5173

IFNg+5612 

IFNg+5612 

IFNg+5612

IL26-11252 

IL26-11252 

IL26-11252

IL26+28001 

IL26+28001

PRIMER TERMINATOR
2nd 

UEP ACG

1 St

2nd 

UEP ACT

1 St

2nd 

UEP ACT

1 St

2nd 

UEP ACT

1 St

2nd 

UEP ACT

1s* 

2nd 

UEP ACT

1 St

2nd 

UEP ACT

1st 

2nd

SEQUENCE

ACGTTGGATGTTACCTTCCTCTTGGCTCTG 

CTTGGGAACACTATGGCTAC

ACGTTGGATGTGTAATGGCAGAGCCAAGAG 

ACGTTGGATGTCACTCTAACCAATAGGGCC 

GCCATTTAGATGATGCTTCATAA

ACGTTGGATGCCTCTCTATCATCAATCTACC 

ACGTTGGATGCAACAGTGAGAATCATTGACC 

TAGTTACTCATTTGATGCATACAG

ACGTTGGATGTACTATCCAGTTACTGCCGG 

ACGTTGGATGCAAGTTCTGTCTGACATGCC 

GCACTGGCTCAGATTGCAG

ACGTTGGATGGTGTTTGCCAGCATTGGATG 

ACGTTGGATGATTTCTAGCCCCTTCTCCAC 

CACCTTCCTATTTCCTCCTTC

ACGTTGGATGTCCACCATACATAGGACTCC 

ACGTTGGATGGCATGGCATTCTCTAAGGTG 

GGTGTCATGGAAAAATAGTTAAAG

ACGTTGGATGAAGGACCCAGATGAGCAAAG 

ACGTTGGATGTCTAGCCACACGGACTTGTG 

CTTGTGGCCCTCGCCTGA

ACGTTGGATGGTGCAATGCAAGCGATCATG 

ACGTTGGATGTTTTCTCAAGGCTCACCTCC

continued on next page

KOCH 2003



CHAPTER 2. METHODS 57

continued from previous page

SNP

IL26+28001

IL22-1394 

IL22-1394 

IL22-1394

IL22-485 

IL22-485 

IL22-485

IL22+708 

IL22+708 

IL22+708

IL22+1254 

IL22+1254 

IL22+1254

IL22+2611 

IL22+2611 

IL22+2611

IL22+4582 

IL22+4582 

IL22+4582

IL22+5697 

IL22+5697 

IL22+5697

PRIMER TERMINATOR

UEP ACT

ist 

ond

UEP ACT

1-* 

2nd 

UEP ACG

1 St

2nd 

UEP ACG

1 St

ond
£i

UEP ACT

1 St

2nd 

UEP CGT

1* 

2nd 

UEP ACG

1 St

2nd 

UEP CGT

SEQUENCE

CCACGTCGCTGCACTTTGCAC

ACGTTGGATGTCTGGCCACCTTCACAAATG 

ACGTTGGATGATGGCACAGACCTAAGCAAG 

ACAGACCTAAGCAAGGTGCCACTGC

ACGTTGGATGTTTGTCTTAGTAGAGTTCAG 

ACGTTGGATGATGAGTCCGTGACCAAAATG 

CCGTGACCAAAATGCTTACTCAG

ACGTTGGATGGGAGTCAGTGTAAGCTACAG 

ACGTTGGATGAAACCATCATCACCACCACC 

TGGACGGCACACGGCCC

ACGTTGGATGCTCAGGTTGCGTAAGATGAG 

ACGTTGGATGCCCCTCAACAACTTAGACTC 

CTCAATGGATCCATTTCCACA

ACGTTGGATGCCCGATCTCTTTTATACAGG 

ACGTTGGATGGCTTACCAATTCAGACTTCC 

CCAATTCAGACTTCCATTTAACT

ACGTTGGATGGAAAACATGGCATAAATGCTC 

ACGTTGGATGCCAGTTCTCCAATTGCTTTG 

CAATTGCTTTGATCTCTCCAC

ACGTTGGATGAAGGAAAGCTGTGTTTTGGG 

ACGTTGGATGCCATCTTCCACCTATGAGAC 

CAGTGCCAAACTTACTAGTAGG

continued on next page
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continued from previous page

SNP

IFNGR1-1882 

IFNGR1-1882 

IFNGR1-1882

IFNGR1-611 

IFNGR1-611 

IFNGR1-611

IFNGR1-470 

IFNGR1-470 

IFNGR1-470

IFNGR1-72 

IFNGR1-72 

IFNGR1-72

IFNGR1-56 

IFNGR1-56 

IFNGR1-56

IFNGR1+130 

IFNGR1+130 

IFNGR1+130

IFNGR1+20876 

IFNGR1+20876 

IFNGR1+20876

IL22BP-1755

PRIMER TERMINATOR
1 St

2nd 

UEP ACT
1 St

2nd 

UEP ACG
1 St

2nd 

UEP ACT
1 St

2nd 

UEP ACG
1 St

2nd 

UEP ACT
1 St

fynd
£

UEP ACG
1 St

ond
£j

UEP ACT
1*

SEQUENCE

ACGTTGGATGAACCCAGTCTTCTGTTCCTG 

ACGTTGGATGCTTCAGAAGGATACGTAGGG 

AGGATACGTAGGGTGGTGG

ACGTTGGATGCAAACCCAGAGAGGTAAGAG 

ACGTTGGATGCTTCTCAGCAATTCAGTGTC 

CAATTCAGTGTCAAATCAGTTTAT

ACGTTGGATGCTGTGGGAATCTGCACAAAC 

ACGTTGGATGAAAGCCATTTCCAGTCCCTG 

TCCCTGCTTTTTCATTTGAGG

ACGTTGGATGAGAGCCATGCTGCTACCGAC 

ACGTTGGATGACCCCGGTGACGGAAGTGAC 

GACGGAAGTGACGTAAGGC

ACGTTGGATGTGACGGAAGTGACGTAAGGC 

ACGTTGGATGAGAGCCATGCTGCTACCGAC 

TGCGGGACCAGCCCAGC

ACGTTGGATGCCGTCCTCAGGTACCGTCG 

ACGTTGGATGTAGGGCGACCTCGGAGAAG 

GGGCGGATCCCTCCCTC

ACGTTGGATGTCTTCAGTAGTCACCACTTC 

ACGTTGGATGGCATACCGAAGACAATCCAG 

TGGAACATACAGAAGAACTTTC

ACGTTGGATGTCACCTCCTTCATGTCTCTG

continued on next page
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continued from previous page

SNP

IL22BP-1755 

IL22BP-1755

IL22BP-1311 

IL22BP-1311 

IL22BP-1311

IL22BP-1119 

IL22BP-1119 

IL22BP-1119

IL22BP-1054 

IL22BP-1054 

IL22BP-1054

IL22BP-1014 

IL22BP-1014 

IL22BP-1014

IL22BP-679 

IL22BP-679 

IL22BP-679

IL22BP-308 

IL22BP-308 

IL22BP-308

6:144153554 

6:144153554

PRIMER TERMINATOR
2nd 

UEP ACT
1 St

2nd 

UEP ACG
1 St

2nd 

UEP ACT
1 St

2nd 

UEP ACT
I St

<~)nd
£

UEP ACG
1 St

<~)nd
£

UEP CGT
ist 

nnd

UEP CGT
!*

2nd

SEQUENCE

ACGTTGGATGGGACTGCTATTTTGGGTGTC 

GGGTGTCATAGAATTCACTGATAAG

ACGTTGGATGCCCATGCACCAGTATGTTTG 

ACGTTGGATGACAGTGGAGGAGGTGAAAAC 

GAGGTGAAAACCAGTTGGATT

ACGTTGGATGATTACTCGGGTAAGAGATGC 

ACGTTGGATGCTGTGCAATAGTGCAAGTGG 

TGGTTACCTGGATGGATTGC

ACGTTGGATGAACCACTTGCACTATTGCAC 

ACGTTGGATGACCAAAACATAAAGGAGTGG 

GGAGTGGTAACATTTAAAAAATAT

ACGTTGGATGCTGGATAAAAGATGCTATTG 

ACGTTGGATGAATGTTACCACTCCTTTATG 

CCACTCCTTTATGTTTTGGTTT

ACGTTGGATGCTGAATTCAAGTTCACAAACC 

ACGTTGGATGCATGTCCTTTAAGCAGTTCG 

AGCAGTTCGGCATTCTGGAA

ACGTTGGATGTCCATTGGCTTCTCGAATCG 

ACGTTGGATGATGTCTAACACAGTGCCTGG 

CTAACACAGTGCCTGGCATATA

ACGTTGGATGTAGGGTGCTGCTTCAGCTCAG 

ACGTTGGATGTGAGCTGGAGTGGTGTACTG

continued on next page
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continued from previous page

SNP

6:144153554

IL20RA-1620 

IL20RA-1620 

IL20RA-1620

IL20RA-1554 

IL20RA-1554 

IL20RA-1554

IL20RA-786 

IL20RA-786 

IL20RA-786

IL20RA-310 

IL20RA-310 

IL20RA-310

PRIMER TERMINATOR

UEP ACT
!*

2nd 

UEP ACG
1 St

ond
^

UEP ACT
1 St

2nd 

UEP CGT
1 st 

2nd 

UEP ACT

SEQUENCE

GTGGTGTACTGCTTCCCAG

ACGTTGGATGCTCTTAATTGCACCCTTCCC 

ACGTTGGATGTGTGTGGACTTCCACACAAG 

CCACACAAGGCGGTGGGT

ACGTTGGATGTTGTGTGGAAGTCCACACAC 

ACGTTGGATGGGCAAGGGAAACTCAGAAAG 

CTCAGAAAGTCTAGGAATCATCATG

ACGTTGGATGCTGTATTACACTTAGGCTATG 

ACGTTGGATGAAAGTAGAAAGTAAAAAATC 

GTAGAAAGTAAAAAATCATAGTAAG

ACGTTGGATGATACAGTTAGGCACTCAGCC 

ACGTTGGATGGTTCACACAAGAAACTCGCC 

CGCCTAAGACATTTCTCAGGAG

2.5.4 Microsatellite Typing

The microsatellite in the first intron of the Interferon7 gene was typed by 
PCR amplifying approximately HObp surrounding the multiallic marker us­ 
ing fluorescently labelled primer. The product was then run on an ABI3700 
Sequence Analyzer and analysed using the Genescan software (ABI). The 
following two primers were used:

1. 5'FAM-GTAGGGTATTATTATACGAGC

2. ATTTTATTCTTACAACACAAAATC

Primers were ordered from ABI and kept at a 100//M stock concentration. 
5//1 of each sample was amplified in 384 well plates (ABGene) by adding 5/ul
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of the following buffer mix and 5//1 of primer mix.

Buffer mix (1ml)

PCR gold buffer 300 pi 

50mM MgCl 180//1 

20mM dNTPs (5mM of each) 120//1 

PCR water 360/^1 

TaqGold 40/xl

Primer Mix

Water 940/ul 

fw primer (100//M) 30//1 

rv primer (100//M) 30//1

PCR program

94° C 10 mins

30 of cycles of

94°C 30sec

56° C 30 sec

72°C 30 sec

then

72° C 5 mins

After amplification samples were diluted 1:30 in water. IfA of the diluted 
sample was then transferred into 10/^1 of Hi-Di Formamide (ABI) and run 
on an ABI3700 Sequence Analyzer. Samples of known repeat length were
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included for validation. The analysis was then performed using the ABI 
Genescan software.

2.6 Cell Culture

The following cell lines were used: A549 (Giard et al., 1973), a lung carci­ 
noma cell line, RPMI 8226 (Matsuoka et al., 1967), a B lymphocyte cell line, 
Jurkat (Schneider et al., 1977), a T lymphocyte cell line, Raji (Pulvertaft, 
1964), a Burkitt's lymphoma B cell line, and MonoMac6 (Ziegler-Heitbrock 
et al., 1988), a monocytic cell line. All cell lines were obtained from the 
American Type Culture Collection (ATCC). All cells were grown in 75 cm2 
flasks at 37.0°C in a humidified 5% CO2 atmosphere. 
The MonoMac6 cell line was cultured in RPMI 1640, containing 10% fetal 
calf serum, lOOu/rnl penicillin, 100/^g/rnl streptomycin, 2mM L-glutamine, 
ImM pyruvic acid, ImM oxaloaceitic acid, Ix nonessential amino acids and 
9//g/ml insulin.
The A549 cells were cultured in F-12K (Kaighn's modification) Media, con­ 
taining containing 10% fetal calf serum, lOOu/ml penicillin, 100//g/ml strep­ 
tomycin and 2mM L-glutamine. Cells were passaged as follows. The medium 
was removed and the cells were washed with warm PBS. The cells were then 
incubated with 1ml trypsin-EDTA for 10 minutes at 37.0° until they de­ 
tached from the flask. Then 10ml warm PBS was added and the cells spun 
down at llOOrpm for 5 minutes. The supernatant was taken off and the cells 
resuspended in warm medium.
Jurkat, Raji and RPMI8226 cells were cultured in RPMI 1640, containing 
10% fetal calf serum, lOOu/ml penicillin, 100/^g/ml streptomycin, 2mM L- 
glutamine.

2.7 Cell Stimulation

For Northern Blot analysis activation of cells was attempted with various 
stimulants. This was done as a screening experiment in order to find an
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inducible system rather than investigating the response of each cell line to 
various concentrations of stimulants in great detail. A549 cells were stimu­ 
lated with 40ng/ml Tumour Necrosis Factor-Alpha (TNF-cv) (Sigma). RPMI 
8226, Jurkat and Raji cells were stimulated with either 1/^g/ml Bacterial 
Lipopolysaccharide (Serotype E.coli 055:B5) (LPS) (Sigma), 40ng/ml TNF- 
a (Sigma), 300U/ml IFN7 (Sigma), lOng/ml IL1/? (Roche), 250nM PMA 
/ 150nM lonomycin (Sigma), l//g/ml Prostaglandin E2 (PGE2) (Sigma) or 
50//g/ml Concanavaline A (ConA) (Sigma). MonoMacG were stimulated with 
all of the above apart from PMA/Ionomyciri. Unless where mentioned oth­ 
erwise cells were grown as described in section 2.6. Twenty four hours after 
resuspending the cells in fresh medium the stimulant was added and the cell 
eventually harvested a further 24 hours after that.

2.8 RNA Extraction

RNA extraction was carried out using the RNeasy Mini kit (Qiagen) accord­ 
ing to the manufacturer's instructions. Cells were harvested by centrifuging 
at 2000 rpm for 5 minutes and then suspended in 600/^1 of buffer RLT (Qi­ 
agen). Homogenization of the lysate was performed by loading the lysate 
directly onto a QIAGEN shredder spin column and centrifuging for 2 min­ 
utes at 12500 rpm. 600/^1 of 70% ethanol was mixed with the lysate before 
being loaded onto an RNeasy mini column (Qiagen) and centrifuged at 12500 
rpm for 15 seconds. To wash the RNA bound to the mini column membrane 
500^1 of Buffer RPE (Qiagen) was added and the column centrifuged for 
15 seconds at 12500 rprn; a further 500/^1 of buffer RPE was added to the 
column which was centrifuged for 2 minutes at 12500 rpm. To reduce the 
risk of Buffer RPE contamination the column was centrifuged for a further 
1 min at 12500 rpm. RNA was eluted by adding 50/^1 of RNase-free water to 
the membrane and centrifuging at 12500 rpm for Iminute. 
DNA contaminant was removed by DNase treatment by addition of 40000 
units of DNase I (Roche), 2.5mM Tris-HCl and 5%Glycerol, pH7.6, final vol­ 
ume 60/xl. RNA was precipitated by adding 150//1 of ice cold 100% ethanol
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with 0.5M NH4Acetate, 0.18//g of glycogen, final volume 160//1, and incu­ 
bating for 2 hours at — 80°C. Samples were ceritrifuged at 15000 rpm for 15 
minutes at 4°C, the supernatant aspirated and the pellet washed with 1ml of 
ice cold ethanol. The samples were centrifuged for 5 minutes at 15000 rpm, 
the supernatant aspirated and the resulting pellets were air dried before re- 
constitution in 10/ul of RNase-free water containing 8 units of RNAguard 
(Amersham Pharmacia Biotech), an RNase inhibitor. Samples were stored 
at -80°C.

2.9 Northern Blot

2.9.1 Design of IFNGR1 Probe

2.9.1.1 PCR

Two primers were designed that would amplify most of exon 7 of the IFNGR1 
gene. Primers were designed to incorporate an EcoRI site on the 5' end of 
one of the primers and a BamHI site on the 5' end of the other primer.

1.5'-AATGGATCCTGGTCTATAACCAATCAAGG 

2. 5'-AATGAATTCCTGTGGTAAGAAGTGCATCT

The PCR was performed using 2/^1 of each primer (5//M), 2/^1 of lOx 
Buffer, 2fjl 8mM dNTPs, 2//1 25mM MgCl2 , 5.75/zl H 2 O, 0.25//1 TagGold and 
2fjL\ of 100ng///l genomic DNA. The PCR program was as follows: 94°C for 14 
minutes, followed by 5 cycles of 94°C for 30 seconds, 55°C for 30 seconds and 
72°C for 45 seconds; followed by 5 cycles of 94°C for 30 seconds, 60°C for 30 
seconds and 72°C for 45 seconds; and finally 25 cycles of 94°C for 30 seconds, 
65°C for 30 seconds and 72°C for 45 seconds. The PCR product was run out 
on a 1% agarose gel. The band was cut out and the fragment purified from 
the gel using the QIAEXII kit as per manufacturer's instructions (QIAGEN).

KOCH 2003



CHAPTER 2. METHODS 65

2.9.1.2 Cloning

The fragment was cloned into DH5a competent E.coli cells using the TOPO 
Cloning Kit (Invitrogen) as per manufacturer's instructions. The cells were 
plated out on XGal agar plates and incubated at 37° C overnight. Positive 
colonies were picked and grown overnight in LB Broth (Sigma) containing 
ampicillin. The cells were harvested and the plasmid DNA extracted using 
the QIAPREP Spin Kit (Qiagen) as per manufacturer's instructions. A small 
amount of plasmid was digested with EcoRI and BamHI and run out on a 
1% agarose gel to check for the abundance of the expected fragment. The 
plasmid was was then sequenced using Ml3 dye primer sequencing to confirm 
that the correct fragment had been obtained.

2.9.2 Northern Blot

2.9.2.1 Formaldehyde Gel

2.1g Agarose were dissolved in 112 ml of RNAse free water and melted in a 
microwave oven. 15 ml of lOxMESA arid 22.5 rnl formaldehyde were added 
and the gel pored in a RNAse free gel mold. 5/xl of RNA were mixed 1:4 with 
RNA sample loading buffer (Total volume 25 ml). The mix was heated at 
65°C for 10 minutes and then immediately placed on ice for 5 minutes. The 
samples were then loaded onto the gel which was run at 25V overnight.

2.9.2.2 RNA Transfer

200 ml of lOxSSC were placed in both reservoirs of a BioRad gel tank (Bio- 
Rad). Three large 3M papers (30cm x 15cm) were wetted and placed across 
the bridge of the tank with both ends in SSC fluid. The gel was placed up 
side down on the large 3M papers. A Nylon transfer membrane (Hybond-N), 
10 cm x 15 cm, wetted in sterile Rnase free water was placed on top of the 
gel. Several small 3M papers were pla,ced on the membrane and 15 blotting 
paper sheets (Sigma) added on top. A 0.3-0.5 kg weight was placed on top
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and the transfer left overnight. Following the transfer the membrane was 
autocrosslinked in a Stratagene crosslinkiiig oven.

2.9.2.3 Labelling IFNGR1 Probe

5/ul of 25ng//d IFNGR1 DNA fragment was labelled with 32 P-dCTP using 
the MEGAPRIME DNA labelling kit (Amersham) as per manufacturer's 
instructions. The surplus free probe was removed by using Spin Columns 
TE-10 (Sigina). It was aimed for at least 70% incorporation.

2.9.2.4 Hybridisation

The membrane was placed in Hybaid bottle with RNA side facing inwards 
and with the edges not over lapping. 0.125ml/cm2 (about 15 ml) of Rapid- 
hyb buffer (Amersham) were pre-warmed at 65°C. The membrane was then 
immersed in rapid-hyb buffer ensuring that the membrane was completely 
covered. The labelled DNA probe was denatured at 95°C for 5 minutes and 
placed on ice immediately for 5 minutes. It was then added to the rapid-hyb 
buffer in the Hybaid bottle. The bottle was then stirred and incubated in a 
hybridisation oven at 65°C. The buffer was removed an the membrane washed 
in subsequent washes of 2x SSC (with 0.1% SDS), IxSSC (with 0.1% SDS), 
O.lxSSC (with 0.2% SDS) all at 65°C for 20 minutes respectively. The mem­ 
brane was exposed to a phosphor screen. Images were then analysed using a 
Cyclone Storage Phosphor Screen (Packard) using Optiquant v4.00 software 
(Packard). The membrane was stripped after use with boiling 0.1% SSC 
(with 0.2% SDS) and re-hybridised with a /3-Actin probe for normalisation.

2.10 EMSA

2.10.1 Preparation of Nuclear Extracts

Cells were grown as described before. One batch was left unstimulated while 
the second batch was activated with a stimultant. A549 cells were stimulated
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with 40ng/ml TNF-a for 24 hours. Raji, RPMI 8226 and Jurkat cells were 
activated with 250nM PMA / 150nM lonomycin. MM6 were stimulated with 
l//g/ml LPS. 5JQ06 cells were harvested and washed twice with chilled PBS. 
They were then resuspended in Buffer A (lOmM Hepes, pH 7.9, lOmM KC1, 
O.lmM EDTA, O.lmM EGTA) with ImM DTT, 0.5mM PMSF, 0.5/zg/ml 
leupeptin and 0.5//g/ml aprotinin, and divided into 1ml aliquots. These were 
incubated on ice for 15 minutes and 66//1 of 10% NP-40 (Sigma) was added 
to each 1ml of suspension and the tube vortexed for 10 seconds. Following 
incubation on ice for 2 minutes the samples were centrifuged for 30 seconds 
at 12000 rpm at 4°C.

Supernatant was aspirated and a further 500//1 of Buffer A was added. 
The pellet was vortexed for 10 seconds and a further 66/ul of 10% NP-40 
was added, agitated for 10 seconds, incubated on ice for 2 minutes and again 
centrifuged for 30 seconds at 12000rpm at 4°C.

The supernatant was aspirated and the pellet suspended in three times 
its volume Buffer B (20mM Hepes, pH7.9, 0.4M NaCl, ImM EDTA, ImM 
EGTA) with ImM DTT, 0.5mM PMSF, 0.5//g/ml leupeptin and 0.5//g/ml 
aprotinin. The volume of pellet was estimated by subtracting the weight of 
the empty tube. The suspension was centrifuged at 12000 rpm at 4°C and 
the supernatant collected in a pre-cooled tube. Protein concentration of the 
resulting nuclear extract was measured by spectrophotometer at wavelength 
595nM using the Biorad protein assay kit (Biorad) with bovine serum albu­ 
min standards at 0.5/ug//ul, 1.0//g///l and 2.0//g//ul. Samples were stored at 
-80°C.

2.10.2 DNA Probe Labelling

An oligonucleotide duplex was constructed as probe for the EMS A. Two 
complementary nucleotides were designed to incorporate the nucleotide vari­ 
ant under investigation (see table 2.4) and to have 5' overhang ends which 
would allow endlabelling with Klenow enzyme (DNA polymerase I) (Roche). 
10//1 of each 15//M complementary oligonucleotide was mixed with a buffer
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containing 2mM Tris-acetate, ImM magnesium acetate, 5mM potassium ac­ 
etate, O.lrnM DTT, pH 7.9, to a final volume of 100/^1. 50ml of mineral oil 
was then added to cover the surface. The tube containing the oligoduplex 
mix was then incubated in a water bath of boiling water and left to cool 
overnight in an insulating polystyrene container box. The resulting unla- 
belled annealed duplexes were stored at -20°C.

To radioactively label the annealed duplex, 3pmol (2/xl) was mixed with 
30/zCi 32P-dCTP, 0.15M each of dATP, dGTP, dTTP, 2/itl of Klenow buffer 
(130mM potassium phosphate, 6.5 mM MgCl2 , 33/iM dTTP, poly[d(A-T)], 
0.833 A26o/ml, 33//M[14C]dATP, ImM dithioerythritol, 0.032rng/ml bovine 
serum albumin, pH 7.4) and 5 units of Klenow enzyme. The reaction mix­ 
ture was incubated at room temperature for 40 minutes. The labelled probes 
were purified by spin column (Sigma S-1295) and incorporation of radioac­ 
tivity by the probe was measured by scintillation counting (LS 1800 counter, 
Beckman). Probes were diluted to a final concentration of 2000 CPM///1 and 
stored at -20°C.

2.10.3 Binding Reaction and Electrophoresis

2//1 of nuclear extract was mixed with 2/^1 of radiolabelled probe, lOmM 
HEPES, pH7.9, IrnM EDTA, ImM EGTA, 12.5% glycerol and O.Srrmg dl- 
dC polymer (Amersham Pharmacia Biotech) and left at room temperature 
for 15 minutes. To perform competition assays, lOx and lOOx molar excess of 
unlabelled probe was incubated with the crude nuclear extract for 10 minutes 
before addition of radiolabelled probe. Samples were then electrophoresed 
using a 5% polyacrylamide gel. This was made by adding 6.25 ml of 29:1 
acrylamide:bis-acrylamide solution (Bio-RAD), 0.5M TBE, 500 ml of 10% 
ammonium persulphate and 37/ul of TEMED, final volume 50ml. The gel 
was pre-run with 0.5M TBE buffer at 200V for 10 minutes before the samples 
were electrophesed at 200V for 2 hours at 4°C. Gels were vacuum-dried at 
80° C on 3M chromatography paper (Whatmann) and exposed to a phosphor 
screen. Images were then analysed using a Cyclone Storage Phosphor Screen 
(Packard) using Optiquant v4.00 software (Packard).
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Table 2.4: EMS A Probes. The polymorphic site is un­ 

derlined. All probes carry a four base 5' overhang (AGCT)

SITE ALLELE

-1882 G

A

-1804 G

T

-611 G

A

-470 ins

ddel

-270 T

C

DIRECTION

fw

rv

fw

rv

fw

rv

fw

rv

fw

rv

fw

rv

fw

rv

fw

rv

fw

rv

fw

rv

PROBE

AGCTGTAGGGTGGTGGGTGCTGTGATTGT

AGCTACAATCACAGCACCCACCACCCTAC

AGCTGTAGGGTGGTGGATGCTGTGATTGT

AGCTACAATCACAGCATCCACCACCCTAC

AGCTTGATGCTAGGAGGGCTGCCAGTAGA

AGCTTCTACTGGCAGCCCTCCTAGCATCA

AGCTTGATGCTAGGAGlGCTGCCAGTAGA

AGCTTCTACTGGCAGCACTCCTAGCATCA

AGCTGAGGCTGCCTGATAAACTGATTTGA

AGCTTCAAATCAGTTTATCAGGCAGCCTC

AGCTGAGGCTGCCTAATAAACTGATTTGA

AGCTTCAAATCAGTTTATTAGGCAGCCTC

AGCTCTAAGTCTCAGGTTCCTCAAATGAAA

AGCTTTTCATTTGAGGAACCTGAGACTTAG

AGCTCTAAGTCTCAGGCCTCAAATGAAA

AGCTTTTCATTTGAGGCCTGAGACTTAG

AGCTTGGGGTGCCAGGTTGAAAGACCT

AGCTAGGTCTTTCAACCTGGCACCCCA

AGCTTGGGGTGCCAGGCTGAAAGACCT

AGCTAGGTCTTTCAGCCTGGCACCCCA

continued on next page
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continued from previous page

SITE ALLELE DIRECTION

-72 C fw 

rv 

T fw 

rv

-56 T fw 

rv 

C fw 

rv

+95 T fw 

rv 

C fw 

rv

+130 G fw 

rv 

A fw 

rv

PROBE

AGCTGTGACGTAAGGCCGGGGCTGGAGGG 

AGCTCCCTCCAGCCCCGGCCTTACGTCAC 

AGCTGTGACGTAAGGCTGGGGCTGGAGGG 

AGCTCCCTCCAGCCCCAGCCTTACGTCAC

AGCTCTGGAGGGCAGTGCTGGGCTGGT 

AGCTACCAGCCCAGCACTGCCCTCCAG 

AGCTCTGGAGGGCAGCGCTGGGCTGGT 

AGCTACCAGCCCAGCGCTGCCCTCCAG

AGCTCAGGTACCGTCGlTCGCGGCAGGGCT 

AGCTAGCCCTGCCGCGAACGACGGTACCTG 

AGCTCAGGTACCGTCGCTCGCGGCAGGGCT 

AGCTAGCCCTGCCGCGAGCGACGGTACCTG

AGCTCGGGACGAGAGGGAGGGAGGGATCCG 

AGCTCGGATCCCTCCCTCCCTCTCGTCCCG 

AGCTCGGGACGAGAGAGAGGGAGGGATCCG 

AGCTCGGATCCCTCCCTCTCTCTCGTCCCG

2.11 Western Blot

2.11.1 Protein gel running using NOVEX NuPAGE

system

A 10% NuPAGE Bis-Tris gel (NP0301, Novex/Invitrogen) and IxNuPAGE 
MOPS SDS running buffer (NP0001) were used. 10//1 of nuclear protein

KOCH 2003



CHAPTER 2. METHODS 71

extract in IxNuPAGE LDS Sample Buffer (NP0007) with NuPAGE Sample 
Reducing Agent (NP0004) was loaded and the gel run at 125V for 1.5 hours 
at room temperature.

2.11.2 Protein transfer to the membrane

11 of the protein transfer buffer containing Ix NOVEX Transfer buffer (LC3675) 
and 20% methanol was prepared. Blotting pads and pre-cut filter paper 
were soaked in the protein transfer buffer until saturated. The gel was 
soaked in the protein transfer buffer for 10-20 minutes. Hybond-P mem­ 
brane (RPN1416 Amersham) was Pre-wetted in 100% methanol for 10 sec­ 
onds, washed in distilled water for 5 minutes and equilibrated in the protein 
transfer buffer for 10 minutes. The transfer was then performed in an elec- 
troblotting cassette according to the manufacturer's instructions (Novex) at 
4°C for 1-2 hours at 25 Volts in the protein transfer buffer. After that the 
membrane was rinsed in PBS.

2.11.3 Immunodetection

Non-specific binding sites on the membrane were blocked using 5% Marvel 
dried skimmed milk in PBST (PBS with 0.1% Tween) for 1 hour at RT. The 
blot was washed in PBST three times for 5 minutes each time. Incubation 
with primary antibodies in 1% milk in PBST was then performed. The an­ 
tibody concentration was found to work optimally at a dilution of 1:1000. 
The blot was washed in PBST three times for 5 minutes each time. This 
was followed by incubation with secondary antibodies in 0.2% milk in PBST 
[anti-rabbit Ig horseradish peroxidase (NA934, Amersham), antibody dilu­ 
tion 1:5000]. The blot was again washed in PBST for three times 5 minutes. 
The signal was detected using cheiluminescense ECL Plus kit (Amersham) 
according to the manufacturer's instruction. A X-ray film was exposed for 
various times (starting 10 seconds) to obtain optimal signal intensity.
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2.12 Immunocytochemistry

2.12.1 Cell culture

Adherent A549 cells were grown in sterile slide chambers (Lab-Tek Cat no. 
177372). An Aliquot of 1 ml of trypsinized cells were added to each chamber 
and 1 ml of fresh medium added (F12K, penicillin-streptomycin, glutamine, 
10% PCS) and placed at 37°C, 5%C02. The cells were incubated for 48-72 
hours.

2.12.2 Permeability procedure

The procedure was carried out at RT. 2 ml of medium were discarded and 
cells wash in PBS with gentle shaking for 5 minutes. The PBS was dis­ 
carded and 4% formaldehyde in PBS (freshly made) added for 10 minutes. 
The formaldehyde was discarded and two washes in PBS for 5 minutes were 
performed. The PBS was discarded and 0.5% Triton-XlOO in PBS (freshly 
made) added for 20 min. Then the Triton-XlOO was discarded and washed 
twice in PBS for 5 minutes.

2.12.3 Immunocytochemistry

The PBS was discarded and the chamber and glue carefully removed. In­ 
cubation in IQQfjtl of 10% goat serum (G9023 Sigma) in PBST (PBS +0.1% 
Tween) under cover slip followed. The slides were transfered to a coplin jar 
and washed in PBST three times for 5 minutes at room temperature. The 
slides were then incubated in 100 /A of primary antibodies at 37° C for 1 
hour. [1:200 dilution in 2% goat serum PBST of STAT-1 antibody raised in 
rabbit and ATF-1 antibody raised in mouse (Antibodies from Sigma)]. The 
slides were transferred to a coplin jar and washed in PBST three times for 5 
minutes at room temperature. This was followed by incubation in 100 /A of 
first secondary antibodies at 37° C for 30 minutes [1:200 dilution in 2% goat 
serum PBST of anti-rabbit-A488 raised in goat (A-11008 Molecular probes)].
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The slides were transferred to a coplin jar and washed in PBST three times 
for 5 minutes at room temperature. Then incubation in 100 //I of second sec­ 
ondary antibodies at 37°C for 30 minutes was performed [1:100 dilution in 
2% goat serum PBST of anti-mouse-Cy5 raised in rabbit (315-175-003 Jack­ 
son Immurioresearch Laboratories Inc)]. The slides were again transferred to 
a coplin jar and washed in PBST three for 5 minutes at room temperature. 
This was followed by counterstaining in Vectorshield mounting medium with 
propidium iodide (H-1300 Vector Laboratories Ins). The slides were then 
assessed by confocal microscopy.

2.13 IFNGR1 Promoter Reporter Assay

2.13.1 Amplification of promoter constructs

Based on results by Merlin et al. (1997) indicating the minimal length pro­ 
moter for full activity, constructs spanning from position -2 to -724 of the 
IFNGR1 promoter were generated. Using the following two primers the wild 
type construct, i.e. with no deletion at -470/-471 and the T allele at -56, was 
amplified: IFNGR1-724/-707 AGC TAG CGA GCA CAA GCG CTG AAG G which 
contains a 5' Nhel site and IFNGR1-2/-W AAT AGA TCT CTG CTA CCG ACG 
GTC GCT containing a 5' Bglll site. Using 20ng of Caucasian genomic DNA 
the fragment was amplified using the Expand Long Template Kit (Roche) 
according to the manufacturer's protocol using the following PCR program: 
94° C for 14 minutes, followed by 5 cycles of 94° C for 30 seconds, 55° C for 
30 seconds and 72°C for 45 seconds, followed by followed by 5 cycles of 94°C 
for 30 seconds, 60°C for 30 seconds and 72°C for 45 seconds, followed by 
followed by 25 cycles of 94°C for 30 seconds, 65°C for 30 seconds and 72°C 
for 45 seconds; finally 72°C for 2 minutes. The PCR product was then run 
out on a 1% agarose gel, cut out and purified with the QIAX II kit (Qiagen). 
The eluted fragment was then digested with Nhel and Bglll (both: New 
England Biolabs) for 2 hours at 37°C and subsequently purified using PCR 
purification spin columns (Qiagen). The fragment was then ligated into a

KOCH 2003



CHAPTER 2. METHODS 74

pGL3-Basic Vector (Promega) using the Rapid DNA Ligatioii Kit (Roche) 
according to the manufacturer's protocol (see Figure 2.7).
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After Ligation the plasmids were transformed into competent DH5a E.coli 
cells. 50/zl of competent cells were incubated with 5/ul of ligation product on 
ice for 30 minutes, followed by a heat shock for 2 minutes at 37°C. The mix­ 
ture was put back on ice for a few minutes. Then, 500/zl of SOC medium were 
added at the tube incubated in a shaker for 1 hour at 37°C. The tube was 
then spun at IS.OOOrpm for 30 seconds, the 50/xl of supernatant discarded 
and the pellet resuspended in the remaining 5//1 of medium and plated out on 
an agar plate. The plate was left overnight at 37° C. Colonies were picked and 
again grown overnight at 37° C in LB broth containing 50/^g/ml ampicillin. 
Minipreps were performed using the Qiaprep Spin Kit (Qiagen) according 
to the manufacturer's protocol and plasmid diluted to a concentration of

Using this construct as a template a construct containing the C allele at 
position -56 was amplified by using the IFNGR1-72A/-7Q7 as above and the 
following primer: IFNGR1-2/-61 AAT AGA TCT CTG CTA CCG ACG GTC GCT 
GGC TCC AAC CCC GAG CGC CTG CGG GAG GAG CCC AGC GCT GCC. The Ex­ 
pand Long Template Kit (Roche) was used with the following PCR program: 
94°C for 10 minutes followed by 6 cycles of 94°C for 30 seconds, 56°C for 30 
seconds and 68°C for 45 seconds; followed by 31 cycles of 94°C for 1 minute 
and 68° C for 1 minute.
A fragment containing the double deletion at -470/471 was constructed by 
initially amplifying two fragments using the conditions above, one by using 
the primer IFNGR1-724/-7Q7 and the primer IFNGR1-454/-4&7 GCT TTT 
TCA TTT GAG GCC TGA GAC TTA GCT AG, and the other one by using the 
primer IFNGR1-2/-19 and the primer IFNGR1-487/-454 CTA GCT AAG TCT 
CAG GCC TCA AAT GAA AAA GC; or using IFNGR1-2/-61 and IFNGR1-48 7/- 
454 in case of the fragment containing both the -56 C allele and the double 
deletion. These two fragments were then used as templates to amplify the 
larger fragment containing the double deletion by using the primers IFNGR1- 
724/-707 and IFNGR1-2/-W and the following PCR program: 92°C for 2 
minutes, followed by 6 cycles of 92° C for 1 minute, 55° C for 45 seconds and 
68°C for 90 seconds; followed by 26 cycles of 92°C for 30 seconds, 55°C for 30 
seconds and 68°C for 90 seconds. All products were then gel purified, ligated

KOCH 2003



CHAPTER 2. METHODS 77

arid transformed as before. All fragment were sequenced using DyePrimer to 
confirm the sequences.

2.13.2 Transfection of promoter constructs into human

cells lines

All cells were transfected were with three different IFNGR1 promoter con­ 
structs inserted into a pGL3 vector described above. Different transfection 
methods were optimised for the three different cell lines used.

2.13.2.1 A549 cells

A549 cells were plated out in 6 well plates (ABgene) at a density of 100.000/ml. 
After 24 hours the cells were washed once with PBS and 1.5ml of F12K 
Kaighn modified medium (GIBCO) replaced. The cells were then transfected 
using the Fugene Kit (Roche). Therefore, 0.5^g of DNA, 0.01/Ltg pRL-TK 
Renilla control vector and 1//1 of reagent were incubated in 50/-t basic medium 
for 30 minutes, after which 450/^1 full medium (inch 10% FCS) were added 
and the mixture added to the cells. The cells were incubated overnight. At 
this point half of the cells were stimulated with 40ng/ml TNF-a (SIGMA) 
and incubated for an additional 24 hours. The cells were harvested with 
the cell lysis buffer as described in the Dual-Luciferase Reporter Assay Sys­ 
tem (Promega) manual. The cells were processed and Renilla and Luciferase 
activities measured as described in the manufacturer's manual.

2.13.2.2 Jurkat cells

Jurkat cells were plated out in 6 well plates (ABgene) at a density of 2Mio 
cells/ml. The cells were transfected using the Superfect Kit (Qiagen). There­ 
fore, 1.0//g of DNA, 0.02/^g pRL-TK Renilla control vector and 10//1 of 
reagent were incubated in 50// basic medium for 30 minutes, after which 450//1 
full medium (incl. 10% FCS) were added and the mixture added to the cells.
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The cells were incubated overnight. At this point half of the cells were stim­ 
ulated with 250nM PMA and 150nM loriomycin (SIGMA) and incubated for 
an additional 24 hours. The cells were harvested with the cell lysis buffer as 
described in the Dual-Luciferase Reporter Assay System (Promega) manual. 
The cells were processed and Renilla and Luciferase activities measured as 
described in the manufacturer's manual.

2.13.2.3 RPMI 8226 B-cells

The RPMI8226 B-cells were tranfected using the DEAE-Dextran method. 
Cells were fed 24 hours prior to transfection (lOxlO6 cells per transfectiori). 
PBS and DEAE-dextran solutions were pre-warmed to 37°C. The cells were 
harvested in 50ml falcons. Cells were pelleted by centrifuging at 1200rpm for 
5 minutes. The cells were washed by resuspending the pellet in 5ml warm 
(37°C) PBS. A second wash step was performed with PBS and the cells 
aliquot into 15ml Falcon tubes. The cells were again spun down at 1200RPM 
for 5 min. 2//g DNA (luciferase construct) plus 0.2/ug pRL-TK DNA (renilla 
construct) in 0.5ml PBS-TR (Sigma) solution for each transfection point 
were added. 1.0ml of Img/ml DEAE-dextran solution (Sigma) was added 
and mixed gently by tapping the tube. The cells were resuspended at lOxlO6 
per ml by using 1ml of the 0.5mg/rnl DEAE-dextran/DNA solution. The 
tubes were placed at an angle on their sides in an incubator at 37°C for 
30 minutes and shaken gently every 15minutes. Then, cells were pelleted by 
centrifugation and the supernatant removed. Cells were washed with 5ml full 
medium (incl. 10%FCS). Cells were again pelleted by centrifugation and the 
supernatant removed. The cells were then resuspended in 5ml full medium 
and transferred to a medium tissue culture flask containing another 25ml 
full medium. Cells were incubated at 37°C. Half of the cells were stimulated 
with 250nM PMA and 150nM lonomycin (SIGMA) after 24 hours and the 
cells incubated at 37°C and harvested after an additional 24 hours. The cells 
were processed and Renilla and Luciferase activities measured as described 
in the manufacturer's manual for the Dual-Luciferase Reporter Assay System 
(Promega).
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2.14 Haplotype Construction

Haplotypes from unrelated individuals were constructed using PHASE, a pro­ 
gram written by Stephens et al. (2001b). PHASE is based on a Bayesian 
method, which uses ideas from population genetics and coalescent theory 
that make predictions about the patterns of haplotypes to be expected in 
natural populations. By continuously sampling from known haplotypes the 
program makes predictions about unknown haplotypes. Xu et al. (2002) 
found this approach to outperform other methods such as the subtraction 
method. PHASE has been extensively used by various authors since (New­ 
ton et al., 2003; Lin et al., 2002). Family data were analysed by entering 
the family genotypes into a program called PHAMILY written by Ackerman 
(2001) as part of a DPhil thesis. PHAMILY examines the genotypes of the 
family trios and assigns phase were this is unambiguously possibly. While 
this process would be possible by simple inspection this can be tedious for 
a large data set and PHAMILY automates this process. The data for the two 
parents were then treated as data from unrelated individuals and entered 
into PHASE. In addition PHASE was provided with the information about hap- 
lotypic phase that was gained by examining the family trios. The run pa­ 
rameters used were number of iterations = 10000, thinning interval = 100 
and burn-in = 10000. It was found that running the program longer using 
the data presented in this thesis did not significantly alter the final results. 
For the case control analysis case and control groups were run both sep­ 
arately and together which yielded similar results. PHASE is available at: 
http://www.stats.ox.ac.uk/mathgen/software.html 
For the family based association study the Transmission Disequilibrium Test 
(TDT) and haplotype construction were performed using the TRANSMIT pro­ 
gram by Clayton (Clayton, 1999), which can test for association between 
genetic markers and disease by examining the transmission of markers from 
parents to affected offspring even in the case of incomplete genotypic in­ 
formation. Documentation for this program can be found at the following 
website: http: //www. well. ox. ac. uk/docs/transmit. html.
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2.14.1 Fixation Index FST
The fixation index FST of Wright's F Statistic is a useful measure to esti­ 
mate genetic divergence amongst subpopulations (Hartl and Clark, 1997b; 
Wright, 1921). FST is based on the reduction of the average heterozygosity 
HS compared to the total heterozygosity H^:

JLl

According to Wright the range 0 to 0.05 may be considered as indicating 
little genetic differentiation for animal arid plant species in general (Wright, 
1978).

2.14.2 HKA Test

The Hudson, Kreitman and Aguade's test (HKA test) (Hudson et al., 1987) 
is based on the neutral theory of molecular evolution (Kimura, 1983) predic­ 
tion that regions of the genome that evolve at high rates will also present 
high levels of polymorphism within species. The test requires data from an 
interspecific comparison of at least two regions of the genome, and also data 
of the intraspecific polymorphism in the same regions of at least one species. 
If two genes are undergoing neutral evolution, so that the fate of new muta­ 
tions is determined entirely by genetic drift, and if their levels of interspecific 
divergence are similar (suggesting that the rates of mutation are the same), 
then their levels of intraspecific polymorphism likewise are expected to be 
similar. This is because under neutral model polymorphism is determined 
by the mutation rate and the effective population size. The HKA test was 
performed using the program DnaSP (Rozas and Rozas, 1999).
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2.15 Tests for Deviation from the Neutral Model
Several methods are used to estimate the population parameter 0 = 2M/J, 
where M is equal to 2N for diploid populations of the effective size Ne , and 
IJL is the overall neutral mutation rate per generation.

2.15.1 Nucleotide Polymorphism

The level of nucleotide polymorphism, symbolised 0, is the proportion of 
nucleotide sites that are expected to be polymorphic in any suitable sample 
from this region of the genome. The estimate 9 equals the proportion of 
nucleotide polymorphism observed in the sample, symbolised as S divided by

n-l

____ .A.

where n is the size of the sample. The variance of 0, per nucleotide site, is 
given by

where a\ is defined as above, k is the number of nucleotides in each sequence, 
and «2 is a function of the number of alleles n in the sample, namely

n-l

• 1 z—1

2.15.2 Nucleotide Diversity

Nucleotide Diversity, denoted as TT, is the average proportion of nucleotide 
differences between all possible pairs of sequences in the sample. In a sam­ 
ple of n sequences there are n(n — l)/2 pairwise comparisons. The average 
proportion of pairwise differences between the sequences in the sample is the 
estimate of the nucleotide diversity, TT. The variance of TT is estimated as

T7-~ "l-v ,7 ~9VTT = —TT + 62 7T k
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where k is the number of nucleotides in each sequence arid where
•4

U ' "
61 = 3(^1)

= 2(n2 +n + 3) 
2 ~ 9n(n - 1)

2.15.3 Tajima's D

The first test aimed specifically at testing neutrality in the context of infinite- 
sites models of sequence evolution was that of Tajima (1989). Two possible 
estimators of the population mutation rate, 0 , are the average pairwise 
differences in a sample, TT , and the number of segregating sites divided by 
the Watterson constant S/a\ , where &i = ^JT/ 1/i . Tajima suggested 
that the difference between these estimators could be used as the basis of a 
neutrality test

Where the difference is normalised by the expected standard deviation of the 
difference. The test has two particularly desirable properties; the expecta­ 
tion of the numerator is zero, and (because the difference is scaled by the 
variance) the critical region of the test is little affected by the sample size or 
number of segregating sites. Tajima (1989) derived the variance analytically, 
under the assumption of no recombination, and showed how it could be es­ 
timated from the data. Watterson's estimator of 0, is only influenced by the 
number of segregating sites. In contrast, TT is sensitive to allele frequencies 
at segregating sites, such that alleles at intermediate frequencies contribute 
more than alleles at low frequencies. Consequently, if a sample has an excess 
of rare variants, TT will be less than Watterson's estimator and D will be neg­ 
ative. In contrast, if there is an excess of intermediate frequency variants, 
TT will be greater than Watterson's estimator and D will be positive. While 
Tajima's D statistic was not designed to pick up any particular deviation 
from the null model, it will tend to be negative under selective sweeps (and 
population growth) and positive under balancing selection (or population 
structure with sampling from many populations).
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2.15.4 Fu and Li D and F Statistic

A second test was derived by Fu and Li (1993) who showed that the expected 
number of derived mutations that are present only once in a sample, r)e , is 
equal to 6 . Consequently, it is possible to construct a test statistic in a 
similar manner to Tajima's

S-

and a similar statistic (called D*) if the direction of mutations is not 
known (in which case the statistic is based on the number of segregating 
sites at which the rare allele is only represented once - often called singletons 
- the expectation of which is 6n/(n — 1). A negative value for the Fu and Li's 
D statistic indicates an excess of singletons (which would also give a negative 
Tajima D ), and a positive value indicates a lack of singletons (which would 
typically, though not necessarily, give a positive Tajima D). However, certain 
population genetic scenarios, particularly selective sweeps, tend to generate 
an excess of singletons, to which this test is more sensitive than Tajima's 
D. While the D statistic compares the number of derived nucleotide variants 
observed only once in a sample with the total number of derived nucleotide 
variants, the F statistic compares the number of derived nucleotide variants 
observed only once in a sample with the mean pairwise difference between 
sequences.
Tajima's D, Fu and Li's D* and F*, 0 and TT were calculated using Arlequin 
(Schneider et al., 2000) available at: http://lgb.unige.ch/arlequin/;and 
DnaSP (Rozas and Rozas, 1999) available at: http://www.ub.es/dnasp/.

2.16 Linkage Disequilibrium

Linkage Disequlibrium, LD, is defined as the non-random association of 
alleles at linked loci. The first commonly used LD measure, D, was de­ 
veloped by Lewontin (1964). For a pair of diallelic loci, A and B, this
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statistic measures the difference between two quantities: (l)the observed fre­ 
quency of the co-occurence of an allele of A (Ai) and an allele of B (Bi) on 
the same chromosome and (2) the expected frequency of the co-occurence 
under linkage equilibrium. The observed frequency, denoted by Pil, is 
the proportion of chromosomes on which alleles AI and BI co-occur in a 
population. The expected value of PI! under linkage equilibrium is the 
product of the alleles frequencies of AI and BI in the population. Thus, 
D — P\\ — piQi, where the allele frequencies are symbolised as follows: 
Pi = /(4i);p2 - 1 -Pi - /(A2 );fc = /(Bi);fc = 1 - 91 = /(B2 ). If D 
differs significantly from zero, LD is said to exist. The degree of LD be­ 
tween two loci is dependent on both the rcombination fraction, #, and time 
in generations, t since the first occurence of the mutation.

D is dependent on the allele frequencies in the population: its maxi­ 
mum value is given by Dmax = ram(pi#2,p2<?i)> whereas the minimum value, 
Dmin, is given by max(—piqi,—p2q2)- D can be scaled as D' = D/Dmax 
(Lewontin, 1964). Another common scaling of D is to devide it by
(Hill and Robertson, 1968). This quantity, commonly labelled as R or A, is 
equal to -\/x2 /-/V, where the x2 statistic can be obtained from the 2x2 table 
of the haplotype frequencies and N is the total number of haplotypes in the 
sample. In practice r2 or 62 are commonly used:

P1P2V1Q2
Linkage disequilibrium values were calculated by HaploXT, a program 

written by G.Abecasis, Wellcome Trust Centre for Human Genetics (Oxford, 
UK) , which generates calculates observed linkage disquilibrium by inputting 
a set of haplotypes for each individual. These haplotypes were generated 
by PHASE (Stephens et al, 2001b). Thompson et al. (1988) and Akey et al. 
(2001) describe that haplotypic data increase the power of LD calculation. 
The output file of HaploXT can then be used as an input for GOLD (Graph­ 
ical Overview of Linkage Disequilibrium) (Abecasis and Cookson, 2000) or 
MARKER version 1.0 , a graphical output program written by D.Kwiatkowski, 
Wellcome Trust Centre for Human Genetics (Oxford, UK). HaploXT is avail­ 
able at: http : //archimdes . well . ox . ac . uk/pise/haploxt-simple . html.
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GOLD is available at:
http://www.sph.umich.edu/csg/abecasis/GOLD/index.html.

2.17 Marker Selection

2.17.1 Entropy

In order to choose those markers which are best at capturing haplotypic 
diversity, marker selection by maximum entropy was used. The program 
ENTROPY, written by Dr Richard Mott (Wellcome Trust Centre for Human 
Genetics, Oxford, UK), examines each possible subset of markers that make 
up the haplotypes. The programme conveys numerically the entropy of each 
marker subset as an approximation to the haplotypic structure of the data. 
Each SNP contributes a varying amount of information to a haplotype ac­ 
cording to its allele frequency and uniqueness to the haplotype. The aim 
is, given a set of SNPs and associated haplotypes with haplotype population 
frequencies, to choose a subset of SNPs that best approximate the haplotypic 
diversity in the population. The informativeness of different combinations of 
SNPs within a haplotype can be formulated as an entropy value and values 
for various combinations of SNPs can be compared to determine which is 
optimal. For a haplotype composed of 5 SNPs the programme calculates the 
entropy value for the various combinations of 1 SNP, then 2 SNPs, etc to 5 
SNPs. The idea is to compute the SNP subset with maximum entropy, k 
is the number of diallelic markers typed across n individuals, producing 2n 
haplotypes, which are assumed known. There are Ik possible haplotypes, 
each of which may be represented as a binary number of length k. Haplotype 
i occurs with frequency f(i) in the sample. The objective is to find the sub­ 
sets of markers which capture as much of the haplotypic diversity as possible, 
weighted by the population frequencies of the haplotypes. If p^ = fi/1n, the 
entropy of the data is defined as
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The maximum entropy is achieved if all haplotypes are present at equal 
quantity. The program calculates the entropy if only a subset of the available 
markers are used and therefore gives a, measures how well haplotypic diversity 
can be captures by using less than the maximum number of available markers. 
When graphically presented (see results), the minimal number of SNPs nec­ 
essary to capture all common diversity can be determined. By incremeritally 
adding SNPs to form haplotypes of increasing diversity, the entropy value 
of the marker subsets will increase according to the combination of SNPs 
utilised. If after adding successive SNPs entropy fails to increase further, then 
using more SNPs to construct haplotypes adds no more information then suf­ 
ficient SNPs have been used in haplotype construction. The point at which 
most haplotype diversity is captured, is when the entropy graph reaches a 
plateau, i.e. adding further SNPs fails to increase the value of entropy for the 
haplotype. The minimal number of SNPs that makes entropy plateau can 
therefore be found and then the combination of SNPs that has the maximal 
entropy value. Haplotypes had been constructed using PHAMILY and PHASE. 
Only haplotypes with a minimal frequency of / > 0.05 were used. ENTROPY is 
available at: http: //www. well. ox. ac.uk/~rmott/SNPS/download. shtml.

2.17.2 HaploBlockFinder

This is a web-based utility for the identification of haplotype blocks based 
on a greedy algorithm. A greedy algorithm based approach was taken in 
Patil et al. (2001). The greedy algorithm is a step-by-step recipe for solv­ 
ing a problem. A greedy algorithm repeatedly executes a procedure which 
tries to maximize the return based on examining local conditions, with the 
hope that the outcome will lead to a desired outcome for the global prob­ 
lem. In some cases such a strategy is guaranteed to offer optimal solutions, 
and in some other cases it may provide a compromise that produces ac­ 
ceptable approximations. The program HaploBlockFinder is available at: 
http://cgi.uc.edu/cgi-bin/kzhang/haploBlockFinder.cgi.

KOCH 2003



CHAPTER 2. METHODS 87

Table 2.5 General 2x2 frequency table.

DISEASE TOTAL

Allele + a b a+b

Allele - c d c+d

Total a+c b+d N

2.18 Microsatellite Analysis

The distribution of the IFN7 microsatellite alleles was analysed using the 
computer program CLUMP, written by Dave Curtis, Genetics Section, Insti­ 
tute of Psychiatry, London. It is available at diamond. gene. ucl .ac.uk in 
/pub/packages/dcurtis. CLUMP uses a Monte Carlo simulation whereby re­ 
peated, random simulations of the n x 2 data are carried out. The x2 value 
from the real data is compared to the number of times it is reached in the 
simulated data. The resulting x2 value termed Tl compares the real data 
to that which may be expected by chance. 1000 simulations were performed 
in each case. A second statistic generated by CLUMP is the T4 value. This 
groups the columns of data into a 2x2 table by clumping the first unexpect­ 
edly high value into one group and all those with the second high value into 
another. A x2 statistic is obtained by comparing differences between groups 
following Monte Carlo simulation.

2.19 2x2 Frequency Tables
All x2 values were calculated with the program Epi Info version 6 (available 
from the Center for Disease Control, USA, at http://www.cdc.gov) using 
2x2 tables.

KOCH 2003



CHAPTER 2. METHODS 88

The x2 is calculated as x2 = EI(° ~ #)2 /#] , whereby O and £ rep­ 
resent the observed and expected frequencies respectively. This formular is 
mathematically identical to:

2 N(ad - be) 2

In this thesis most x2 are given as Yates' corrected values. This is ob­ 
tained with the following formula:

2 _ N(\ad-bc\-%) 2XY =

2.20 Statistical Analysis Software

Genotype frequency comparisons were carried out using the Statistical Pack­ 
age for the Social Sciences (SPSS© version 10.0) software and the EPI6 
program (available on the web at http://www.cdc.gov).
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Chapter 3

IFNGR1 promoter 

polymorphisms and 

susceptibility to severe malaria

3.1 Introduction

3.1.1 Background

1. As outlined in the introduction to this thesis, the cytokine IFN7 and 
its receptor are two key molecules in the host defence against an infec­ 
tion with the malaria parasite. Their roles are both in protection and 
development of the sequelae of the infection.

2. Previous studies have described coding polymorphisms in the IFNGR1 
gene that cause an abrogated receptor molecule to be transcribed and 
thereby lead to severe, often fatal infections with environmental my- 
cobacteria. These mutations, however, are rare.

3. In comparison, severe malaria, however, is common and a Mendelian
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pattern for susceptibility inheritance unlikely. The question therefore 
is whether there are common non-coding polymorphisms which are in­ 
volved in susceptibility to this disease. These common polymorphisms 
would be expected to contribute to disease susceptibility rather than 
being the sole determining factor.

4. There is only limited knowledge about the variability of the IFNGR1 
promoter. Resequencing this area might therefore uncover new variant 
sites in an area which has been found to be important for the tran- 
scriptional regulation of this gene.

3.1.2 Approach

The promoter region of the IFNGR1 was resequenced in order to search for 
variant sites in this area. An association study approach was used in order to 
test the variant sites found for their association with severe malaria. A case 
control study was carried out using DNA samples of 562 Gambian children 
with severe malaria. 569 DNA samples collected from cord blood were used 
as controls. The rational for using these samples as controls was the idea that 
they are likely to reflect the allele frequency of the general population. The 
samples were roughly matched for ethnicity although analysis was carried 
out for each ethnic group individually. Parental DNA for all cases was also 
available which did allow to carry out a family analysis with the Transmission 
Disequilibrium Test (TDT). It is worth noting that therefore the two studies 
were overlapping. As the TDT is a different form of analysis it would nev­ 
ertheless be possible to compare the two study designs to some extent. All 
samples were genotyped for the four IFNGR1 polymorphisms found by rese- 
quencing by the Amplification Refractory Mutation System (ARMS) method 
or by the Ligation Detection R,eactiori (LDR).
Out of a total of 562 cases, 68 had cerebral malaria (CM) plus severe malarial 
anaemia (SA), 308 had CM alone, and 186 had SA alone. 238 were Mandinka, 
112 Jola, 62 Fula, 67 Wollof and 83 of other ethnic origin. For case-control
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analysis, the population controls were 569 umbilical cord blood samples col­ 
lected at Garnbian health clinics: 174 were Mandinka, 89 Jola, 138 Fula, 92 
Wollof and 76 of other ethnic origin. For TDT analysis the controls were 
both parents of the affected child.

3.1.3 Aims

The aim of this preliminary study was to screen the part of the IFNGR1 
promoter that Merlin et al. (1997) suggested as being functionally important 
for common genetic variants. These were then tested for their association 
with susceptibility to severe malaria. While this localised approach has the 
risk that it initially might not identify any true functional variants, these 
variants might nevertheless be in linkage disequlibrium with the markers 
found in the IFNGR1 promoter. Further extendend studies would then be 
necessary to localise any putative effect found.
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3.2 Results

3.2.1 Mutation Detection

The first 500bp 5' of the translatioiial start site of the IFNGR1 gene had 
been screened for common mutations in 72 chromosomes of individuals with 
tuberculosis from The Gambia prior to my arrival in the host laboratory. Us­ 
ing ABI Dye Primer Sequencing three nucleotide polymorphisms had been 
found in this region: a T to C single nucleotide polymorphisms (SNP) at 
positions -56 and -270 and a double deletion of the bases at position -470/- 
471 (TT). As part of my project the sequencing was extended to the area 
between about -1400 of the promoter region and up to shortly beyond the 
first exon (+88). Therefore 68 chromosomes (34 individuals) from Gambian 
Cord Blood samples were sequericed using MegaBACE 1000 technology. This 
approach confirmed the three polymorphisms that had been described previ­ 
ously and detected a new single nucleotide polymorphism at position +95 (T 
to C) which is located in the first intron close to the splice site. Furthermore 
all samples differed at position -611 from the sequence that is published on 
the database of the National Center for Biotechnology Information (NCBI). 
They all had an A instead of a G at this position. No other polymorphisms 
were found. All polymorphisms were initially confirmed by sequencing of 
the reverse strand, arid further validated by genotyping a larger number of 
individuals as described below.

3.2.2 Allele Frequencies in Cord Blood controls
The allele frequencies of the polymorphisms observed in our control popula­ 
tion (cord blood) are given in Table 3.1. The allele frequencies in the four 
main ethnic groups in The Gambia, the Mandinka, the Jola, the Fula and the 
Wollof, vary for the IFNGR1+35C between 0.46 and 0.53, for the IFNGR1- 
56C between 0.48 and 0.52, for the IFNGR1-270C between 0.01 and 0.03 
and for the 7FMS^-470derTT between 0.10 and 0.14. The overall control 
population was in Hardy Weinberg equilibrium (HW) for the IFNGR1 +95
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(0.48), for the IFNGR1-56 (p=0.64) and the IFNGR1-47Q (p=0.06). For the 
rare IFNGR1-27Q, though, it was out of HW (p= 5 x 10~ 15 ) due to excess 
of homozygotes, though the numbers were too small to infer true deviation 
from equilibrium.

The population of the Gambia consists of several ethnic groups, the 
largest of which are the Mandinka, Jola, Fula and Wollof. Although they 
are clearly distinct groups, sources of information on their population his­ 
tory are limited. The Mandinka are thought to originate from Kangaba, a 
state of the ancient empire of Mali. About 700 years ago they expanded in 
the region which today is The Gambia and The Senegal. The Fula are phe- 
notypically distinct in that they have lighter skin and somewhat Caucasoid 
facial features. The Fula are believed to be of North-East African origin and 
are a subgroup of the nomadic pastoral Fulani who can be found throughout 
West-Africa. Although today the different ethnic groups live in close proxim­ 
ity to one another, the extent of intermarriage between them (Allsopp et al, 
1992) is limited, particularly in rural areas where they often live in separate 
villages.
The fixation index F$T of Wright's F Statistic is a useful measure to esti­ 
mate genetic divergence amongst subpopulations (Hartl and Clark, 1997b; 
Wright, 1921). ~F$T is based on the reduction of the average heterozygosity 
HS compared to the total heterozygosity HT-:

FST = (3.1) ~

If FST is calculated on this basis the values for the four different SNPs 
at this locus range from 0.002 to 0.007. According to Wright the range 0 to 
0.05 may be considered as indicating little genetic differentiation for animal 
and plant species in general (Wright, 1978) but one would want to use more 
subtle criteria in assessing the differentiation of human populations. It is
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clear from physical appearance that the ethnic groups that make up the 
Gambian population have significant genetic differences, and therefore the 
following analyses consider ethnicity as a significant factor.
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3.2.3 Case Control Study

The allelic association with susceptibility to severe malaria was investigated 
(Table 3.2). Considering all ethnic groups together in a stratified analy­ 
sis, there was no significant disease association for any of the four poly­ 
morphisms. In a subgroup analysis, the four main Gambiari ethnic groups 
were considered separately, i.e. Mandinka, Jola, Fula and Wollof. Amongst 
the Mandinka, who were the largest single group in this study, a loss of 
heterozygotes in the case group was observed and in fact heterozygosity for 
IFNGR1-56 was associated with protection against cerebral malaria (p=0.02; 
OR 0.54(0.31-0.92)) (Table 3.3). It is worth noting that the group of cases 
was out of Hardy-Weinberg Equilibrium (p=0.0049). Among Mandinka pa­ 
tients with cerebral malaria, IFNGR1-56 heterozygosity appeared to protect 
against fatal outcome (heterozygote frequency in survivors 33/76, in fatal 
cases 4/28: P=0.01; OR 0.22 (95% CI 0.06-0.75))(Table 3.4). When one 
compares those individuals who develop severe malaria, i.e. cerebral malaria 
or severe malaria anaemia, heterzygotes were less likely to develop cerebral 
malaria rather than severe anaemia (P=0.004; OR 0.40 (95%CI 0.21-0.75)). 
A similar trend of heterzygote reduction in the case group can also be seen in 
the Jola and Fula group. With the IFNGR1 +95 a similar trend can be ob­ 
served and heterozygosity of this polymorphism is associated with protection 
from death following cerebral malaria (P=0.01; OR 0.32 (95%CI 0.12-0.85)). 
In the Mandinka the double deletion at position IFNGR1-47Q was associated 
with protection against severe malaria in general (p—0.02; OR 0.58 (95%CI 
0.36-0.93)). No significant association of the IFNGR1-27Q C allele with se­ 
vere malaria in any of the ethnic groups could be found. The allele frequency 
for the IFNGR1-270 C allele is very low, though, and in order to detect any 
effect a far larger sample size would be necessary.
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Table 3.4 Relationship of IFNGR1-56C with death from severe malaria 

in Mandinka. Comparison of genotypes from Mandinka patients with cerebral 

malaria (CM), who died in course of the disease whilst in hospital, versus those 

with CM who survived. Heterozygotes were protected against fatal outcome 

following cerebral malaria (OR 0.22, P=0.01).

CM DEATHS CM SURVIVORS
IFNGR1-56TT

IFNGR1-56TC

IFNGR1-5QCC

15

4

9

22

33

21

3.2.4 Haplotype Construction

The effect found in the Mandinka raises the possibility of a haplotypic asso­ 
ciation, for which reason it was necessary to establish the haplotypes for this 
region. As optimal haplotype construction is facilitated by genotypic infor­ 
mation from relatives, a family analysis was performed in order to explore 
this further. This approach then also allowed to investigate the transmission 
of both markers and haplotypes from parents to their affected child. 
Complete Gambian family trios were typed, in which the offspring was af­ 
fected by severe malaria, for all four mutations that were found in the 
IFNGR1 promoter. Haplotypes were constructed using the TRANSMIT 
program (Clayton, 1999) which uses the pedigree data to infer haplotypes 
and test for association between genetic markers and disease by examining 
the transmission of markers from parents to affected children even in the case 
of incomplete genotypic information. Families with insufficient genotyping 
data and cases of non-paternity were excluded. Only six out of sixteen pos­ 
sible haplotypes were found at this locus to be present at a frequency ^1%. 
Two of these account for about 85% of all haplotypes. Haplotype frequencies
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Table 3.5 Estimated haplotype probabilities at the IFNGR1 promoter locus 

using TRANSMIT.

Estimated Haplotype Probabilities 

IDENTIFIER HAPLOTYPE ALL ETHNIC GROUPS MANDINKA

1
2

3

4

5

6

insTT T T T

insTT T C T

insTT T C C

insTT T T C

delTT T C C

insTT C C C

0.48

0.02

0.37

0.01

0.09

0.02

0.47

0.03

0.37

0.02

0.08

0.02

based on maximum likelihood calculations are shown in Table 3.5. Haplotype 
frequencies for Mandinka are similar to the general Gambian population. As

X

chapter 4 will show haplotype 3 is the ancestral haplotype. On its back­ 
ground the -56 and -95 mutations have occurred. The order in which these 
events occurred remains unclear as both intermediate haplotypes are at very 
low frequency. Therefore either of them could represent a spurious result due 
to genotyping error or in fact represent a recombination event between hap­ 
lotypes 1 and 3 (haplotype 4). The double deletion at IFNGR1-470 and the 
IFNGR1-27QC allele appear to be in absolute linkage with the IFNGR1-56C 
and the IFNGR1 +95C alleles and arose on the background of haplotype 3. 
Figure 3.1 shows a putative haplotype genealogy for this locus.
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Figure 3.1 Haplotype genealogy of four polymorphisms at 

the IFNGR1 locus. The figure shows a putative tree of the six 

haplotypes formed by four polymorphisms in the IFNGR1 pro­ 

moter region. The haplotype numbering refers to the haplotype 

identifiers in Table3.5. Only haplotypes with a probability ^1% 

are shown.
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3.2.5 Family analysis: disease association

Parental DNA samples were available for 483 of the severe malaria cases 
included in the case-control study with either severe malaria anaemia or 
cerebral malaria, allowing the reanalysis of these cases using the transmis­ 
sion/disequilibrium test (TDT) (Spielman et al., 1993). This provides a 
way of excluding potential ethnic artefacts that might have confounded the 
case-control comparison. The TDT was performed for all four polymor­ 
phisms individually. Transmission of alleles was riot significantly different 
from what would have been expected by chance alone. Among Mandinka 
families affected by cerebral malaria, 70 were informative for the IFNGR1- 
56C allele and the ratio of transmitted to non-transmitted alleles was 32:38; 
while among Mandinka families affected by severe malaria, 54 were infor­ 
mative for the IFNGRl-470de\TT allele and the ratio was 23:31. i.e. for 
both alleles there was a weak trend to protection, although this was not 
statistically significant. Given the strong protective effect that was found 
for heterozygotes for the IFNGR1-56, a variant of the TDT was used to 
investigate a similar effect in the family study. In cases where there was a 
theoretical 50:50 chance for the offspring to be either homozygote for either 
allele or heterozygote given the genotypes of the parents, it was analysed 
whether the offspring was more or less likely to be heterozygote from what 
would have been expected by chance alone. Parental genotypes for this sce­ 
nario would be: TCxTT, CCxTC and TCxTC. When looking at the first 
combination (TCxTT), a child of these two parents could either carry the 
genotype TT or CT. For the CCxTC it could be either CT or CC. And for 
two parents with each being TC the children could carry any of the three 
genotypes: TT, TC or CC. If we now consider genotypes instead of alleles, i.e. 
cases were the child is heterozygote, and call these "transmitted" in analogy 
to the traditional TDT we can calculate the x2 using Spielman's formula:

2 (T - NT? 
X (T + NT) ( }

were T would be "transmitted" and NT "non-transmitted".
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Table 3.6 Comparing the "transmission" of the heterozygote genotype in 

Mandinka Cerebral Malaria families. The table shows different genotype combi­ 

nations for parents and the genotype of their child. For all three parental genotype 

combinations there was a 50% chance of having a heterozygote child. In 19 cases 

the heterozygote genotype was "transmitted" while it was "non-transmitted" in 

33 cases.

GENOTYPE OF CHILD

TT CT CC

GENOTYPES TC X TT 12 5

OF BOTH CC X TC 6 11

PARENTS TC X TC 6 8 4

Within the Mandinka families with cerebral malaria there were 52 matings 
with a 50% chance to either produce a heterozygote or homozygote child. 
Only 19 children were heterozygote, whereas 33 children were homozygote 
for one of the alleles (OR 0.52, P=0.05) (Table 3.6).

Results of multiple marker haplotypes, i.e. considering all four variants 
in their genomic context, were analysed for cerebral malaria families using 
TRANSMIT v2.5. which examines haplotype transmissions from parents 
to affected offspring, even if phase is unknown and parental genotypes are 
incomplete. No significant disease association in the overall group and the 
Mandinka was found for any of the observed haplotypes (Table 3.7).

3.2.6 Adjustment for multiple tests

The question of whether or not one should take into account the number 
of tests performed on a given sample set when deciding whether a result is
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Table 3.7 Chi-squared test of transmission of multi-marker haplotypes using 

TRANSMIT for all ethnic groups and Mandinka only. The haplotype identifiers 

refer to the haplotypes given in Table 3.5. The computer program TRANSMIT 

calculates haplotype transmission and compares the observed number with the 

expected value based on random transmission.

Identifier Obs Exp 0-E Chisq(ldf) 

all ethnic groups

Cerebral Malaria

1 230.64 221.59 58.39 1.40

2 4.99 6.20 2.40 0.60

3 182.22 183.63 54.57 0.04

4 4.79 4.18 1.40 0.27

5 38.03 43.19 16.88 1.58

6 6.45 7.10 2.46 0.17

Mandinka

Cerebral Malaria

1
2

3

4

5

6

118.35

1.

79

2.

17

5.

27

.12

85

.90

18

108.88

2.

82

2.

21

5.

28

.39

66

.07

40

28

0.

26

0.

7.

1.

.38

82

.62

72

40

83

3

1

0

0

1

0

.16

.26

.40

.05

.36

.03
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statistically significant has been under much debate. It might appear that 
some studies analyse the available data in so many ways until a significant 
association can be found. When more than one statistical test is performed 
in analysing the data from a given study, some statisticians argue that a more 
stringent criterion be used for statistical significance than the conventional 
p< 0.05.

Bonferroni adjustments are based on the following reasoning. If a null hy­ 
pothesis is true a significant difference (p< 0.05) will be observed by chance 
one in 20 times. This is called type I error, or a. If multiple independent 
tests are performed and the null hypothesis holds for all of them than the 
chance of at least one test being significant is higher than 0.05. In order 
to avoid a lot of spurious positives, the alpha value needs to be lowered to 
account for the number of comparisons being performed. The formula for 
the error rate across the study is 1 — (1 — a)n , where n is the number of test 
performed. However, the Bonferroni adjustment deflates the a applied to 
each, so the study-wide error rate remains at 0.05. The adjusted significance 
level is 1 — (1 — a) 1/n . This is often approximated as a/n.

The current study suggests that Mandinka who carry the IFNGRl-47Qdde\ 
are protected against severe malaria with p = 0.02. However, if one corrects 
for the fact, that a total of four markers were typed and the results then 
analysed in five different ethnic groups (Mandinka, Jola, Fula, Wollof and 
others), i.e. a total of 9 tests, the alpha level for each test would have to 
be lowered to approximately 0.006. This correction would suggest that the 
result found is in fact not statistically significant.

While it seems conceivable that the number of independent tests per­ 
formed as part of a given study might increase the likelihood of finding a 
significant result, caution must equally be applied when adjusting for multi­ 
ple comparisons. The Bonferroni adjustments imply that a given comparison 
will be interpreted differently according to how many other test were per­ 
formed. However, this does riot always make sense. For example, in a clinical
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study the difference in remission rates between two chemotherapeutic treat­ 
ments could be interpreted as statistically significant or not depending on 
whether or not survival rates, quality of life scores, and complication rates 
were also tested. In genetics this is of particular relevance because an increas­ 
ing number of markers will be tested on the same sample set. Should results 
be adjusted for this? Should one correct just for the number of markers one 
investigator has looked at or for all the markers that have ever been typed 
in this study? Would p-values then need to be updated as more markers get 
typed? It becomes obvious that a whole genome screen would be likely to 
fail to yield any significant results if one corrected for several hundred thou­ 
sand markers. Another problem lies in the fact that genetic markers are not 
independent of each other as they might be in linkage disequilibrium with 
each other.

The other problem is that with Bonferrorii adjustments type II errors (the 
probability of accepting the null hypothesis when the alternative is true) are 
increased. True results might therefore be missed. One could imagine a clini­ 
cal scenario where the doctor has ordered 20 laboratory test and the troponin 
comes back as being abnormal. Based on the Bonferroni adjustment it was 
to be expected that one of the 20 tests was abnormal by chance alone and the 
wrong assumption could be made that the patient did not have a myocardial 
infarction and should therefore not be further investigated or treated. 
The Bonferroni adjustments should therefore be applied with some caution. 
It seems warranted to use the adjusted values when the same test is repeated 
in many subsamples, such as when stratified analyses (by age, sex, ethnic 
group, etc.) are conducted without an a priori hypothesis that the primary 
association should differ between these subgroups.

For the comparisons made for the different ethnic subgroups in the chap­ 
ter of this thesis this means that adjusting the levels of significance for the 
number of ethnic groups that were tested might seem warranted. The level 
of significance would therefore be p < 0.01. The association found for pro­ 
tection against severe malaria in Mandinka carrying the IFNGRl-47Qdde\
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allele would therefore not be signficant (p = 0.02). The protective effect of 
IFNGRl -56 heterozygosity would be borderline significant with p = 0.01. 
An adjustment for the number of markers does not seem appropriate. There 
was an a priori hypothesis that the two major phenotypes of severe malaria 
(cerebral malaria and severe malarial anaemia) might have different suscep­ 
tibility factors and an adjustment for looking at these two phenotypes was 
therefore not made either.

For confident rejection of the null hypothesis, it would be desirable to sat­ 
isfy the level of significance after applying the Bonferroni correction. However 
lesser P values are still of interest, as they signal trends that may be worth 
pursuing. Genetic associations for complex, i.e. multifactorial, diseases can 
be expected to be much weaker than for diseases of mendelian inheritance. 
Multiple weak effects might ultimately alter disease outcome. A strict cor­ 
rection for multiple comparisons might make these associations even harder 
to detect. It will therefore be crucial to establish larger studies of several ten 
thousand samples in order to eventually overcome these limitations.
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3.3 Discussion
With the sequencing of the human genome being almost completed, the best 
strategy for finding disease causing genes has been much debated. In gen­ 
eral there are two major stragies: Linkage analysis arid association mapping. 
Although it has been used for complex diseases, linkage analysis has been 
especially important in detecting disorders that follow a mendelian pattern 
of inheritance. Disadvantages are inconsistent and ambiguous results and a 
low resolving power for disease genes with a small relative risk. Association 
studies using a candidate gene approach have been proposed as a valuable 
alternative or addition. This approach focuses on genes that are known to 
play a role in the disease pathology. Here polymorphisms that are located in 
potentially functionally important areas of the genome are tested for disease 
association. Furthermore for diseases with a small relative risk the required 
sample size will be by far lower for an association study to detect the ef­ 
fect compared to a linkage study. Risch and Merikangas calculate that for 
a disease with a risk ratio of 2.0 and an allele frequency of even 50% one 
would still need 2498 families using a linkage study compared to only 340 
families with an association study in order to detect the effect with 80% 
power (Risch and Merikangas, 1996). There are several ways of designing 
an association study. The case control study is the simplest such design. 
Although it is a potentially very powerful tool in order to detect a disease 
association, it carries the risk of having confounding factors. Although a well 
designed study will try to match cases and controls as far as possible, it may 
be difficult to completely achieve this goal which makes case control studies 
susceptible to false positive results. A way to circumvent ethnic confounding 
is to use parents as controls. The Transmission Disequilibrium Test makes 
use of this. It is less powerful, though, i.e. a larger sample size is needed 
(Risch, 2000). This study provides the possibility to use both methods in 
order to investigate the relationship of polymorphisms in the IFNGR1 pro­ 
moter with susceptibility to severe malaria. Since IFN-7 has both beneficial 
effects (on microbial killing) and potentially deleterious consequences (such 
as severe inflammation) it is conceivable that natural selection might favour
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different levels of IFNGRAC expression depending on the type of infectious 
pathogens to which a population is exposed. Over time, this might be ex­ 
pected to cause genetic variation in IFNGR1. Consistent with this notion, 
the genomic region around IFNGR1 has been linked to severe hepatic fibro- 
sis in community-based studies of Schistosoma mansoni infection (Dessein 
et al., 1999) but thus far there is no clear evidence of association between 
any specific IFNGR1 polymorphism and susceptibility to common infections 
within the general population. In the present study four polymorphisms at 
the IFNGR1 locus in a West African population and their relationship to 
susceptibility to severe malaria are described. Merlin et al. (1997) have shown 
that the region extending -700 bp upstream of the IFNGR1 translation initi­ 
ation site has full promoter activity and at least two common polymorphisms 
that were identified in the present study in this region both have features of 
potential interest. The sequence around -56nt is reminiscent of an AP4 bind­ 
ing site: with the IFNGR1-56T allele, the essential CAGC motif is observed 
on the reverse strand only, while with iheIFNGRl-56C allele it is observed 
in both directions. It has been noted that the IFNGR1 gene has multiple 
transcriptional initiation sites, one of which lies at -55nt and might there­ 
fore be perturbed by the IFNGR1-56 polymorphism. Other transcription 
initiation sites lie at -21, -31, -37 -61 and -75nt, so the IFNGR1-56 poly­ 
morphism would lie within the 5' UTR of certain transcripts. The sequence 
around -470nt is reminiscent of a STAT1 binding site (TTCCtcaAA) and the 
IFNGRl-470de\TT allele abolishes the critical first two positions of this bind­ 
ing motif. The IFNGR1+95 lies at the beginning of intron 1 and in close 
proximity to a splice site. These observations suggest possible mechanisms 
by which these SNPs might exert a direct functional effect and further inves­ 
tigations on a cellular level seem warranted. Both, the IFNGR1-47Q and the 
IFNGR1-56, show preliminary evidence of association with severe malaria 
in Mandinka, the major Garnbian ethnic group. In a case-control analysis 
heterozygotes for the IFNGR1-56 polymorphism showed a two-fold protec­ 
tion against cerebral malaria and a four-fold protection against death due to 
cerebral malaria. The IFNGRl-47QdelTT allele was associated with two-fold
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protection against severe malaria in general. In case of the IFNGR1-47Q this 
association was, however, not significant after Bonferroni correction.

In a subset of these Mandinka cases there also was DNA available from 
both parents allowing TDT analysis to be performed. For the IFNGR1-47Q 
this showed a weak trend in the same direction as the case-control analy­ 
sis, so that further studies in a larger sample size are warranted. For the 
IFNGR1-56 it was found that the heterozygote genotype was less likely to 
be "transmitted" from parents to their child with cerebral malaria. Thus 
both the case-control and family analyses suggest a significant protective ef­ 
fect of the heterozygous genotype at the IFNGR1-56 locus. Although this 
is an unusual finding and associations are generally described with alleles 
rather than genotypes, a heterozygote advantage is a common phenomenon 
in nature. Haldane (1949) was the first to propose the concept of a balanced 
polymorphism, whereby at certain loci heterozygotes may be fitter than ei­ 
ther of the homozygous genotypes. This was first proven to be true for the 
haemoglobin AS genotype in Africa, which provides about tenfold protection 
against severe malaria than the AA genotype, without incurring the poten­ 
tially fatal complications of sickle cell disease that are associated with the 
SS genotype. Heterozygote advantage seems to be a strong selectional force 
at the major histocompatibility complex (MHC) where it is thought that 
individuals heterzygote at HLA (human leukocyte antigen) loci are able to 
present a greater variety of antigenic peptides than are homozygotes (Doherty 
and Zinkernagel, 1975). More recent examples of heterozygote advantage in­ 
clude HLA class I alleles in HIV-infected individuals (Carrington et al., 1999) 
, and a non-sense mutation at the Cd36 locus in severe malaria (Pain et al., 
2001). It is open to speculation why heterozygote advantage should exist at 
the IFNGR1 locus: a possible explanation is that one of homozygous geno­ 
types fails to mount a sufficiently strong immune response to control the 
parasite, and that the other homozygous genotype has an excessive inflam­ 
matory reaction, while the heterozygous genotype has an optimally balanced 
response. This is clearly an issue that will require detailed functional investi­ 
gation if the present finding is confirmed in independent studies. It is worth 
noting that heterozygote advantage can easily be overlooked in standard tests
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for allelic association, including the conventional form of the TDT, unless it 
is specifically examined.
There are other ways in which an apparent loss of heterozygotes in the case 
group could have occurred. It is conceivable that the genotype frequencies 
in this group are different from the general population for reasons other than 
disease association but were introduced by ascertainment of the samples. 
This scenario could for example arise if within the Mandinka case group 
there was a population substructure that consisted of two groups. If we 
consider the following: one group was homozygote for one of the two alleles 
at a high frequency and the other group mainly homozygote for the other 
allele and these two groups would not intermarry. If we were not aware 
of this underlying population substructure and would collect samples from 
both groups and calculate the general genotype frequency, we would see an 
apparent loss of heterozygotes. There is a particular risk for this if sam­ 
ples were collected at different locations and if the results were pooled in 
the analysis. All of the case samples for this study, though, were collected 
in one hospital in The Gambia which should minimize these effects. With 
current sample sizes, spurious associations might arise due to sampling error 
and these data should be interpreted cautiously. However it is important 
to note that, if there was a true biological difference between allelic or gen- 
toypic associations at a given locus, then it is the largest ethnic group (in 
this case the Mandinka) which would be most likely to give a significant 
result. Even when two different ethnic groups share the same disease al­ 
lele, migration and other population changes may lead to different patterns 
of linkage disequilibrium with surrounding marker alleles. If this were the 
case at the IFNGR1 locus, it would imply that the IFNGR1-56 and -470 
polymorphisms are not themselves disease alleles, but are in linkage dis­ 
equilibrium (LD) with neighbouring disease alleles that are either absent, 
or in different patterns of LD, in other ethnic groups. Alternatively, these 
polymorphisms may act in conjunction with other genetic or environmental 
factors possessed by Mandinka but not other ethnic groups. This is not the 
first study to find that the Mandinka population of the Gambia have spe­ 
cific genetic and phenotypic features: for example, the association of certain
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IL10 promoter polymorphisms with trachoma appears to be specific to the 
Mandinka group (Mozzato-Chamay et al., 2000), while previous studies in 
rural parts of The Gambia have observed that childhood splenomegaly and 
malaria are less prevalent in Mandinka than their neighbours (Greenwood 
et al., 1987). The notion that either genetic or environmental differences 
between West African ethnic groups may make a substantial contribution to 
malaria susceptibility is bolstered by evidence of strong protection against 
malaria among the Fulani of Burkina Faso (Modiano et al., 1996).

Although case control analysis is a powerful method of screening for dis­ 
ease associations (Morton and Collins, 1998; Risch, 2000), the result found 
for both IFNGR1-56 and -470 should be interpreted with caution because, 
firstly, TDT analysis in a subset of the index cases showed only weak trends 
in the same direction, and secondly, the association for IFNGR1-470 was 
not significant after applying the Boriferroni correction. These data high­ 
light the need to amass DNA collections that are much larger than currently 
available, to assess with confidence relatively modest genetic effects that, 
owing either to gene-environment interactions or population differences in 
haplotypic structure, may manifest only in a specific ethnic group. 
It would be wrong to assume that the null hypothesis could be rejected with 
confidence. However, despite the weak associations found it seems warranted 
to pursue these results further as both the IFNGR1-470 and -56 are sites of 
potential regulatory significance.

With the possibility that the markers found are in fact in linkage disequi­ 
librium with functional alleles elsewhere in the region, one possible approach 
is to analyse the patterns of LD in this genetic region. IFNGR1 has two 
neighbouring genes that are potentially involved in the inflammatory host 
response. As a first step it will therefore be interesting to assess whether LD 
spans beyond the borders of each gene or whether in fact LD reaches as far 
as the neighbouring genes. A systematic sequencing approach to each of the 
three genes will furthermore allow to analyse signs of natural selection based 
on deviation from the neutral model.
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3.4 Summary
1. The region between -1400nt to +100nt of the promoter of the IFNGRl 

gene was resequenced. A total of four variant sites were found at posi­ 
tions -470, -270, -56 and +95.

2. In a case-control analysis of severe malaria in Gambian children, no 
association was found for the above polymorphisms when all ethnic 
groups were combined.

3. In Mandinka, the largest ethnic group in The Gambia, heterozygosity 
at position IFNGRl -56 was associated with protection against cerebral 
malaria and protection against fatal outcome of cerebral malaria.

4. The IFNGRl -470ddel allele was associated with protection against se­ 
vere malaria in Mandinka.

5. Family-based association analysis showed similar trends.

6. If multiple comparisons are taken into account the above associations 
cannot be considered definitive, but they are of sufficient interest to jus­ 
tify further analysis of the genetic diversity of the genomic region sur­ 
rounding IFNGRl, and of the functional significance of the IFNGRl -56 
and IFNGRl-47Qdde\ polymorphisms.
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Chapter 4

Genetic Diversity at the 6q23 

locus

4.1 Introduction

The initial association study at of single nucleotide polymorphisms found in 
the first 1.4kb of the IFNGR1 promoter region yielded an encouraging asso­ 
ciation for two of the four polymorphisms found in this region.

The gene for the a chain of the Interferon-7 receptor is located on the 
long arm of chromosome 6. The gene consists of seven exons and spans 
a total of 21kb. The nearest neighbouring genes are IL22BP (interleukin 
22-binding protein) and IL20RA (interleukin 20 receptor alpha) spanning 
a total region of 176kb. Given the association found in the earlier study 
further investigations in this regions seemed warranted. It was chosen to 
systematically resequence the promoter regions of all three genes for the 
following reasons:

1. It was important to establish the extent of linkage disequilibirum (LD) 
in this region and to further dissect haplotypes on which the associ­ 
ated markers lie on. If sufficient linkage disequilibrium exists between
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neighbouring genes associations found in one gene might in fact only 
pick up an event that is happening in another gene. In order to be 
able to calculate linkage disequilibrium for a given region one requires 
information about other genomic markers, i.e. SNPs, in this region. 
Although the 240kb sequence surrounding the three genes, IFNGR1, 
IL22BP and IL20RA, contained a total of 296 reported SNPs, only 10 
of those were validated. Several papers have reported on the problem 
of the usefulness of SNPs in the public database that have not been val­ 
idated (Douabin-Gicquel et al, 2001; Marth et al, 2001). Firstly these 
SNPs have often been found by investigating overlapping clones, their 
existence has not been proven by an independent genotyping method. 
Secondly SNPs that are not validated do not carry any information on 
allele frequency, which population they were found in and whether they 
are common to more than one population. In terms of economical fea­ 
sibility selecting SNPs that are not validated may turn out expensive 
if subsequent genotyping fails to detect them in the population under 
investigation. Furthermore although public databases contain a vast 
number of SNPs the density for a particular region of interest might 
not be sufficient. Investigation of linkage disequilibrium in the 6q23 
region will be the subject of the next chapter.

2. IL22BP and IL20RA are coding for proteins that are potentially in­ 
volved in the inflammatory host response and could therefore indepen­ 
dently play a role in the infection with the malaria parasite.

3. There is another advantage of having sequencing information. Detailed 
information obtained from resequencing one or more populations pro­ 
vides a convenient way of measuring genetic diversity for any given 
locus. Human genetic variation is natural, created by mutation and 
shaped over history by biological, demographic and historical processes. 
Natural selection can have a marked effect on levels of nucleotide vari­ 
ability. While a balancing selection might be able to maintain allelic 
diversity within a population, directional selection may result in reduc­ 
tion in nucleotide variability and increased linkage disequilibrium when
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compared to what would be expected under the neutral model (see be­ 
low). Information for more than one population allows for comparisons 
between them especially as they might have been exposed to different 
selective pressures.

4. With the view to facilitate studying the genetic susceptibility to other 
infectious diseases in Caucasians (RSV bronchiolitis in a UK popula­ 
tion) it was important to establish allele frequencies for this population 
and search for population specific markers.

5. The total region spanning these three genes is 176kb. In the time 
frame of this project in was neither feasible nor economically possible 
to resequence the whole region. As an initial approach it therefore 
seemed reasonable to resequence 2kb of the promoter region of each of 
the three genes. Firstly there is evidence for all of these three genes 
to be involved in the inflammatory host response. Secondly one would 
be able to establish whether significant LD exists between these three 
gene regions, IFNGR1, IL22BP and IL20RA.

4.1.1 The 6q23 locus

The gene for the a chain of the Interferon 7 receptor is located on the long 
arm of chromosome 6. gene consists of seven exons and spans a total of 21kb. 
The nearest neighbouring genes are IL22BP and IL20RA.

4.1.1.1 IL22BP

IL22 encoded on chromosome 12ql5 (see chapter on IFN7 and 12ql5 locus) 
has been shown to induce acute phase reactant proteins suggesting that this 
cytokine contributes to the inflammatory response in vivo (Dumoutier et al, 
2000a,c). By DNA database screening for sequences with homology to the 
extracellular domain of ILIORB and analysis of 6q24 BAG clone, Dumoutier 
et al. (2001) identified a cDNA encoding IL22BP, which they designated 
CRF2X. Sequence analysis predicted that the 231-amino acid protein was
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approximately 33% identical to the extracellular domains of IL20RA and 
IL22R. But it seems to lacks a transmembrane domain. RT-PCR analysis 
detected expression in breast, lungs, and intestinal tract, with lower levels 
in skin, testis, brain, heart, and thymus. ELISA showed that IL22BP does 
indeed bind IL22. Functional and luciferase reporter analysis indicated that 
IL22BP specifically blocked IL22-induced STAT3 activation in an intestinal 
epithelial cell line. Using similar methods, Kotenko et al. (2001) also cloned 
and characterized IL22BP, which they initially designated CRF2-10. Western 
blot analysis showed expression of a 34- to 35-kD glycosylated secreted pro­ 
tein. Crosslinking and autoradiographic analysis confirmed the interaction of 
IL22 arid IL22BP. Functional analysis indicated that IL22BP inhibited IL22- 
mediated MHC class I antigen expression. EMSA analysis demonstrated 
inhibition of STAT1 and STATS DNA-binding complexes. Northern blot 
analysis showed blocking of SOCS3 expression.

Xu et al. (2001) obtained a cDNA encoding IL22BP, which they termed 
IL22RA2. IL22RA2 effectively inhibited proliferation of a mouse pre-B cell 
line in response to IL22. Northern blot analysis revealed expression of 1.6- 
and 3.0-kb transcripts in placenta and spleen, but not in other tissues. RT- 
PCR analysis extended the range of tissues expressing IL22RA2 to skin and 
lung, with lower levels in heart, pancreas, and prostate, as well as the diges­ 
tive and female reproductive systems. In situ hybridization analysis demon­ 
strated expression in monocytes, activated B cells, and epithelium. Xu et al. 
(2001) concluded that IL22RA2 may be important as an IL22 antagonist in 
the regulation of inflammatory responses.

4.1.1.2 IL20RA

IL20 is homologous to 3 members of the IL10 family, IL19 (40% identity), 
MDA7 (33% identity), and IL10 (28% identity). Blumberg et al. (2001) found 
that overexpression of IL20 in transgenic mice caused neonatal lethality with 
skin abnormalities, including aberrant epidermal differentiation. Blumberg et 
al. identified the receptor for interleukin-20 as a heterodimer of 2 orphan class 
II cytokine receptor subunits, IL20RA, also called ZCYTOR7, and IL20RB,

KOCH 2003



CHAPTER 4. GENETIC DIVERSITY AT THE 6Q23 LOCUS 118

also called DIRS1. Binding assays using radiolabeled ligand demonstrated 
that IL20 bound to BHK transfectants expressing both IL20RA and IL20RB, 
but not to untransfected cells nor to transfectants expressing either recep­ 
tor subunit alone. Both receptor subunits were expressed in skin and were 
dramatically upregulated in psoriatic skin.

4.1.2 The Neutral Theory

The null model in population genetics describes a world in which natural 
selection has played no role. A world in which genetic drift, mutation, and 
recombination are the only forces that influence patterns of genetic diversity 
(Kimura, 1968). A primary focus of population genetics is to make inferences 
about each of these evolutionary forces to produce the patterns of molecular 
sequence variation observed in a given sample set.

If unexpected patterns are observed one can introduce other parameters 
into the model and see whether the data fit under the new model. For 
example one can directly compare the likelihood of observing the data under 
models that ignore and include natural selection. If the model that includes 
selection is more likely than the one that ignores it, one might claim evidence 
for the action of natural selection. Several tests have been established to 
calculate deviation from the neutral theory although it might be difficult to 
establish which parameter was responsible.

4.1.3 Approach

Diversity was assayed in the 6q23 region using a resequencing approach. A 
comprehensive picture of total haplotypic sequence diversity was produced 
by a large-scale sequencing survey of the IFNGR1, IL22BP and IL20RA loci. 
The first aim was to generate new markers at these three loci to enable LD 
calculations. The second aim of this investigation was to identify the relative 
effects that evolutionary processes such as mutation, recombination, natu­ 
ral selection, genetic drift and migration have had on patterns of diversity in
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these loci. About 2kb of promoter region of each of the three genes was there­ 
fore sequenced in 48 Gambian chromosomes and 48 Caucasian chromosomes. 
The analysis of a chimp diploid sequence in this region enabled the deter­ 
mination of the ancestral states of each human polymorphism. Comparisons 
of divergence and diversity data yield valuable insights into the evolutionary 
process and form the basis of an important test of selective neutrality.

4.2 Results

4.2.1 Sequence Analysis of DNA variations at 6q23

Human IFNGR1, located on chromosome 6q23, is neighboured by IL22BP 
and IL20RA (Figure 4.1). Approximately 2kb of each of the three promoters 
were sequenced (total of 6.4kb) in 48 chromosomes from Caucasians from 
Utah, USA, (CEPH) and in a further 48 chromosomes from Africans (The 
Gambia). In total 2413bp were sequenced in IFNGR1, 1945bp in IL22BP 
and 2005bp in IL20RA. Using the PolyPhred program a consensus sequence 
was generated and variants sites tagged. PolyPhred identifies heterozygote 
sites by scanning the assembled sequence traces for: firstly the presence of a 
drop in normalized fluorescence peak height at the position when compared 
to the respective peak height for all individuals that are homozygous at the 
position, and secondly the the presence of another peak that accompanies 
the drop in fluorescence peak height. Sequencing results were confirmed by 
sequencing the reverse strand, although full coverage was not always achieved 
(see Table 4.1). Any discrepancies between the two reads were resolved by 
manual inspection of the traces. Reads that were of low quality were marked 
as failed by the software. It is worth noting that the software marked all 
reads containing heterozygotes for the double deletion at IFNGR1-47Q/-471 
as failed most likely because the reads downstream of the deletion would have 
had a frame shift. Here all genotypes had to be called by manual inspection 
of the trace files, similarly for the IFNGR1-27Q which was located on the 
same sequencing fragment as the IFNGR1-
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A total of 28 variants sites were detected in 6.4kb of sequence. Nine of these 
markers were in IFNGR1, 8 in IL22BP and 11 in IL20RA. There was one 
double deletion (IFNGR1-47Q), which had been found earlier, and 27 single 
nucleotide polymorphisms. For the further analysis the double deletion at 
IFNGR1-470/-471 was regarded as one single event. Seven markers had 
also been reported in the public database although none of them had been 
validated. The average coverage of reads, i.e. how many reads for each SNP 
for each individual were obtained, was 1.4.
In IFNGR1 4 markers had been found in the previous sequencing analysis 
of the promoter. By extending the sequencing region another 5 markers 
could be found. The IFNGR1+IW, IFNGR1-18Q4 and IFNGR1-1882 lay 
outside the area previously sequenced. In this sample set the IFNGR1-611 
was only found in Caucasians. The IFNGR1-72 had a low allele frequency 
in Gambians and had not been found previously. Both the IFNGR1+13Q 
and the IFNGR1+95 are located in the first iritron of the IFNGR1 gene. 
In order to facilitate calculating the distance between markers each SNP 
was named by its chromosomal position according to the September 2002 
freeze. Although chromosomal positions change rapidly when the databases 
are updated the positions of the markers can easily be updated by referencing 
them to the SNPs that have an entry in the public database. The position 
of each SNP was also calculated in relation to the start of the first exon (as 
reported in the Ensembl database) of each gene respectively.
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4.2.2 Sequence Diversity at the 6q23 locus

The visual presentation of the sequence diversity is shown in Figure 4.3. Ho- 
mozygotes for the most common allele across the two populations are shown 
in blue, homozygotes for the alternative allele in yellow and heterozygotes 
in red. Twenty of the 28 variants were identified in the Caucasian (CEPH) 
samples while 26 variants were present in the Gambian samples. Two vari­ 
ants were unique to Caucasians while 8 were unique to Gambians (Figure 
4.4. In all 20 variant sites were found in Caucasians and 26 in Africans. In 
Africans 18 out of 26 variants sites had a minor allele frequency above 10%. 
In Caucasians 14 sites were above 10%. It is interesting to note that the mi­ 
nor allele of the IFNGR1-611 had a frequency of 0.39 in Caucasians while it 
was absent in this set of Gambiari samples. The frequency distribution of the 
minor alleles are shown in Figure 4.2. One way of quantifying the degree of 
population diversity is with the FST statistic (Wright, 1921, 1978). The FST 
values for IFNGR1, IL22BP and IL20RA were 0.12, 0.17 and 0.41 indicating 
significant genetic divergence between the two populations, i.e. Africans and 
Caucasians.

Most of the genotype frequencies fitted the Hardy-Weinberg expectation 
and the overall distribution of p-values was close to uniform (Figure 4.5B). 
In only four instances (two with low allele frequencies) was the test for statis­ 
tical significance of deviation from the Hardy-Weinberg Equilibrium p < 0.05.

Two estimates of nucleotide diversity are commonly used. The level of 
nucleotide polymorphism, 0, is the proportion of nucleotide sites that are 
expected to be polymorphic in any suitable sample from this region of the 
genome (Hartl and Clark, 1997a; Watterson, 1975). The second measure of 
sequence variability is TT, the nucleotide diversity. The average proportion of 
pairwise differences between sequences in a given sample set is the estimate, 
TT, of the nucleotide diversity. The nucleotide diversity (TT) in the three pro­ 
moter regions of IFNGR1, IL22BP and IL20RA were 0.00070, 0.00034 and 
0.00138 respectively in Caucasians. In Gambians the values were 0.00042,
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0.01-0.09 0.1-0.19 0.2-0.29 0.3-0.39 

Minor Allele Frequency
0.4-0.5

Figure 4.2 Minor allele frequencies of markers found at 

6q23. Blacks bars represent the frequencies in the Gambian sam­ 

ples while the grey bars represent the Caucasian samples.
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0.00139 and 0.00131 respectively. While the number of segregating sites in 
the IFNGR1 promoter was lower in Caucasians TT was slightly higher and 6 
slightly lower. This reflects the ancestral population having a higher num­ 
ber of low frequency variants. The most significant difference of rmcleotide 
diversity was found in IL22BP. Twice the number of markers were found 
in Africans and the nucleotide diversity was four times as high as in Cau­ 
casians. Three out of the 4 markers found in IL22BP in Caucasians occurred 
only once (singletons). In IL20RA both number of segregating sites and nu­ 
cleotide diversity are similar for both populations.
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4.2.3 Genetic Variation and the Neutral Model

The estimators for 0 and TT assume neutral mutations. Any deviations from 
what would be expected under this neutral model might indicate natural 
selection. Tajima (1989) derived a method which utilizes the differences be­ 
tween the average number of pairwise differences (TT) and 0 estimated from the 
number of segregating sites. The expectations of TT and 6 are both — ^Nen 
under the assumption that mutations are selectively neutral and that the 
population is at equilibrium, i.e. 0 — TT. Tajima's D tests for deviation from 
this assumption. Wattersons estimator of 0, is only influenced by the num­ 
ber of segregating sites (Watterson, 1975). In contrast, n is sensitive to allele 
frequencies at segregating sites, such that alleles at intermediate frequencies 
contribute more than alleles at low frequencies. Consequently, if a sample 
has an excess of rare variants, TT will be less than Wattersons estimator and D 
will be negative. In contrast, if there is an excess of intermediate frequency 
variants, TT will be greater than Wattersons estimator and D will be positive. 
A second test was derived by Fu and Li (1993) who showed that the expected 
number of derived mutations that are present only once in a sample is equal 
to 0. For the Gambian chromosomes in this study Tajima's D did not reject 
the null hypothesis in all of the three investigated genes. In the Caucasian 
chromosomes, though, Tajima's D bordered on significance (0.10 > p > 0.05) 
when looking at the total sequence length of 2413bp in IFNGR1. When inves­ 
tigating the 3' ISOObp (using a sliding window approach) Tajima's D turned 
significant (D = 2.28; p < 0.05) indicating potential balancing selection at 
this this locus.

Other tests were derived by Fu and Li (1993) who showed that the ex­ 
pected number of derived mutations that are present only once in a sample 
is equal to 6. Their F statistic based on the differences between the num­ 
ber of singletons (mutations appealing only once among the sequences) and 
the average number of nucleotide differences between pairs of sequences. In 
Caucasians F = 1.68 (p < 0.05) was observed for IFNGR1 indicating a lack 
of singletons.
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-IFNGR1 IL22BP- -IL20RA-

>
T3

• Homozygote-Conmon Allele 
DHomozygote-Rare All el e 
0Heterozygote 
DUndetermined

Variable Sites

Figure 4.3 Comparison of the 48 individuals to the refer­ 

ence sequence for IFNGRl, IL22BP and IL20RA for the 28 vari­ 

ant sites. Homozygotes for the allele with highest relative fre­ 

quency across the two populations (most common allele) for the 

variable site (blue), homozygotes for alternative alleles (yellow) 

and heterozygotes (red) are indicated. Grey denotes positions 

were genotypes were not obtained. The first 24 samples are from 

Caucasians individuals from Utah (CEPH), the other 24 samples 

are from African individuals from the Gambia. The picture was 

generated with Visual Genotype (VG), Version 2 (available at: 

http://pga.gs.Washington.edu/examples/servlet/ 

edu.Washington.gs.pga.tools.vg.VG2Web)

KOCH 2003



CHAPTER 4. GENETIC DIVERSITY AT THE 6Q23 LOCUS 132

B

0.6-,
x 0.5 - 

8 _ 0.4 - 

f| 0.3

« 0.2

i 0.1
0 ill ll l.ll.l

1 3 5 7 9 11 13 15 17 19 21 23 25 27

1 35 7 9 11 13 15 17 19 21 23 25 27

0.6 -,

> 0.5 - 
^ a 
O 2 0.4

N <8 0.3 - o
« 5 0.2

Jll
1 3 5 7 9 11 13 15 17 19 21 23 25 27

Figure 4.4 A plot of the heterozygosity for the 28 variants 

sites found in three promoters of IFNGR1, IL22BP and IL20RA. 

One-half in Caucasians (B) and more than two-thirds of the vari­ 

ant sites in Africans (C) exceed a heterozygosity of 10%. The av­ 

erage heterozygosity across 28 markers is H=0.204 in Caucasians 

and H^O.255 in Africans.
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populations. Black squares represent the Caucasian (CEPH) sam­ 

ples while the grey triangles refer to African (Gambian) samples. 

B. Distribution of of p-values for the significance tests of departure 

from Hardy Weinberg Equilibrium.
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In Gambians none of the statistical tests rejected the null hypothesis of the 
neutral model.
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4.2.4 Comparison of Human Polymorphism versus Di­ 

vergence from Chimpanzee

One Chimpanzee was sequericed for the same genomic regions in order to es­ 
tablish the ancestral haplotype. For IFNGR1 2327bp of non-coding sequence 
was analysed, 1872bp for IL22BP and 1961bp for IL20RA. In the non-coding 
regions Chimpanzee and human IFNGR1 differed at 26 sites, IL22BP at 16 
sites and IL20RA at 17 sites. In IFNGR1 there were 14 transitions and 11 
transversions and one insertion/deletion. In IL22BP there were 12 transi­ 
tions, 3 transversions and one insertion/deletion. Arid in IL20RA there were 
14 transitions, 2 transversions and 1 insertion/deletion. Another way of de­ 
tecting natural selection is by comparing the levels of polymorphism within 
a species versus the divergence between species (Hudson et al., 1987). The 
HKA test was therefore applied to IFNGR1, IL22BP and IL20RA sequence 
data from 24 Caucasians and 24 Africans and one chimpanzee with published 
data from the LPL gene serving as a reference locus (Clark et al., 1998). In 
Caucasians there were 6 segregating sites for IFNGR1, 4 for IL22BP and 
10 for IL20RA. In Africans there were 7 segregating sites for IFNGR1, 8 
for IL22BP and 10 for IL20RA. In LPL there were 108 fixed differences in 
726Ibp non-coding sequence. In 94 Caucasian chromosomes there were 61 
segregating sites in 8736bp non-coding sequences. In 48 African-American 
chromosomes there were 74 segregating sites in 8736bp non-coding sequence. 
In Caucasians the p values for IFNGR1, IL22BP and IL20RA were 0.35, 0.48 
and 0.50 respectively. In Africans they were 0.21, 0.82 and 0.95 respectively. 
The HKA test therefore did not reject the hypothesis that either IFNGR1, 
IL22BP or IL20RA and LPL have evolved under the same parameters. The 
genes have similar patterns of polymorphism and diversity: this implies that 
variation is neutral, or that it is undergoing the same patterns of natural 
selection in each of the three genes.
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GENE POSITION
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GENE POSITION
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GENE POSITION
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4.3 Discussion

In this study approximately 2kb segments of the promoter regions of IFNGR1, 
IL22BP and IL20RA were sequenced in 48 African and 48 Caucasian chro­ 
mosomes. In these three regions on chromosome 6q23 a total of 28 variant 
sites were found. DNA sequencing is the most sensitive method for finding 
DNA polymorphisms and mutations (Eng and Vijg, 1997). In the present 
study only 7 of the 28 variant sites had been reported on the public databases. 
None of these 7 SNPs had been validated. In all 20 variant site were found 
in Caucasians and 26 in Africans. In Africans 18 out of 26 variants sites 
had a minor allele frequency above 10%. In Caucasians 14 sites were above 
10%. Medium and high frequency markers might potentially be more use­ 
ful for subsequent association studies as the power to detect an association 
is not only dependent on the relative risk and the sample size but also on 
the allele frequency. However, it could equally be the case that rarer alleles
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that might have arisen more recently have a larger effect on an individual's 
risk. Therefore markers that are in LD with the disease causing mutation 
and have a similar allele frequency would have the greatest power to detect 
the effect. On the other hand LD is likely to extent a long way from mu­ 
tations that have arisen recently and it might therefore be more difficult do 
narrow down the region. Given the cost of current genotyping methods it 
will not be feasible to type all available makers. It will therefore be crucial 
to establish the haplotype structure of the region under investigation and to 
pursue haplotype based association studies. The increased marker density 
that could be established in the current study will aid further genetic analy­ 
ses such as calculations of linkage disequilibrium and haplotype construction.

Nucleotide Diversity is hugely variable throughout the genome. The nu­ 
cleotide diversity in the three promoter regions analysed varied considerably. 
Nickerson et al. (1998) found a nucleotide diversity of TT = 0.0021 in the 
non-coding region of the LPL gene. Angrist et al. (1998) have described 
a nucleotide diversity of TT = 0.0008 in the non-coding region of GFRA1. 
In a large analysis Li and Sadler (1991) described a nucleotide diversity of 
TT = 0.0003. The nucleotide diversities of IFNGR1, IL22BP and IL20RA 
lie within the range previously found. Several previous studies have shown 
that Africans are genetically more variable than people from other regions 
of the world (Cavalli-Sforza et al., 1994). The most significant difference 
of nucleotide diversity was found in IL22BP. Twice the number of markers 
were found in Africans and the nucleotide diversity was four times as high as 
in Caucasians. Three out of the 4 markers found in IL22BP in Caucasians 
occurred only once (singletons). However, the nucleotide diversities of the 
other two genes were similar.

The tests for deviation from the neutral model indicated possible evidence 
for a balancing selection at IFNGR1 in Caucasians while the tests were not 
significant at all other loci and in Africans. It is worth noting, though, that 
Tajima's test can detect a selective sweep or bottleneck only if it has occurred 
within a specific interval of time in the recent past. Simulation studies (Fu,
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1997; Przeworski, 2002) have shown that tests often have little power to de­ 
tect the deviations they were designed to pick up. Although Tajima's test is 
generally considered to be the most powerful test it also relies on a sufficient 
sample size. Simonsen et al. (1995) suggested a sample size of at least 50-100 
in order to have reasonable. Pluzhnikov and Donrielly (1996) suggested on 
the other hand that an increase in the region sequenced, rather than the 
number of chromosomes, is more likely to identify new mutations. There­ 
fore the present study which was primarily designed to detect new genetic 
markers for LD calculations and association studies might not have the power 
to make a final statement on deviation from neutral genetic drift at this locus.

Early comparative studies of the human and chimpanzee genomes estab­ 
lished that the extent of DNA sequence difference is in the order of 1.6% 
(King and Wilson, 1975; Sibley and Ahlquist, 1984; Goodman et al., 1990; 
Bailey et al., 1991). More recent two large studies estimated divergence 
at about 1.24% (Chen and Li, 2001; Ebersberger et al., 2002). The cur­ 
rent study investigated only a limited area of 6.4kb non-coding promoter 
sequence. This showed a sequence divergence for IFNGR1, IL22BP and 
IL20RA of 1.12%, 0.85% and 0.87% respectively. It has however been shown 
that different regions of the human genome differ significantly in the extent 
of divergence from the chimpanzee. For example, the intron of the ZFY gene 
shows only 0.69% divergence between human and chimpanze (Dorit et al., 
1995), whereas the olfactory receptor OR1D3P pseudogene shows a diver­ 
gence of 3.04% (Glusmari et al., 2000). On comparing variation between 
specific proteins in humans and chimpanzees, King and Wilson (1975) found 
a low diversity within each species and a high similarity between them. Given 
the significant phenotypic differences between human and chimpanzees, they 
suggested that regulatory mutations may be the prime cause for biologi­ 
cal differences. It will be of interest to further investigate the potentially 
functional implications of divergence in promoter regions and further studies 
looking at expression using chimp promoter constructs are currently ongoing.
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4.4 Summary

1. Approximately 2kb of the promoter regions of IFNGR1, IL22BP and 
IL20RA were sequenced respectively (a total of 6.4kb).

2. A total of 28 SNPs were found in the tliree promoter regions sequenced.

3. The level of nucleotide polymorphism (0} was higher in Africans than 
in Caucasians.

4. The overall nucleotide diversity across the three gene regions was higher 
in Africans than in Caucasians.

5. FST values indicate a significant divergence between Africans and Cau­ 
casians.

6. In Africans no deviation from expections under the neutral model, i.e. 
evidence of natural selection, was found using the standard tests of 
neutrality.
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Chapter 5

Linkage Disequilibrium and 

Haplotypes in the 6q23 region

5.1 Introduction

1. The initial case-control study looking at the the association of poly­ 
morphic markers in the promoter of IFNGR1 yielded a potentially in­ 
teresting association. The IFNGRl-47Qddel allele was associated with 
protection against severe malaria in the Mandinka ethnic group. In 
the same ethnic group heterozygosity at position IFNGR1-56 was as­ 
sociated with protection against cerebral malaria and fatal outcome of 
cerebral malaria.

2. However, so far it remains unclear whether this represents an effect 
due to these markers themselves or due to markers that are in linkage 
disquilibirum with IFNGR1-47Q and -56.

3. In order to further localise the associations, arid therefore the true func­ 
tional variant, extended haplotypes needed to be created. If multiple 
haplotypes can be found that carry the associated alleles of IFNGR1- 
470 and -56, only one might be found to be associated with disease,
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thereby giving further clues about the location of the functional variant.

4. Calculating linkage disequilibrium (LD) and identifying haplotype blocks 
can furthermore help in localising the area in which to look for the true 
functional variant.

5. Typing a many SNPs in a large number number of samples is expensive. 
However, not all SNPs are in fact informative. Identifying haplotype 
tagging SNPs (htSNP) allows faster and cost efficient typing of a par­ 
ticular region.

5.1.1 Background

Genetic markers that are close to each other are often not randomly asso­ 
ciated. When a mutation occurs it is initially associated with all markers 
on this particular chromosome, i.e. in complete linkage with all other mark­ 
ers. Over time this association is broken down by recombination. Depending 
on the chromosome 0.5 to 2 recombination events occur in each meiosis. A 
genetic distance at which the chance for recombination to occur equals 1 is 
called 1 Morgan. Although genetic distance is not equal to physical distance 
1 centiMorgan approximately corresponds to 1Mb. Over subsequent genera­ 
tions the association between markers will be broken down until theoretically 
all markers are randomly associated. In practice one can observe that mark­ 
ers that are close to each other are often not randomly associated, i.e. they 
are in linkage disequilibrium.
Linkage disequilibrium (LD), or the non-random association of alleles, is 
poorly understood in the human genome. Population genetic theory sug­ 
gests that LD is determined by the age of the markers, population history, 
recombination rate, selection and genetic drift. There are an estimated 3 
million SNPs throughout the human genome. Given the cost and through­ 
put of current genotyping methods it would be an impossible task to type all 
of these markers and test their association with a certain disease phenotype. 
Thanks to the association between markers it will be possible to reduce the 
number of necessary typings. An understanding of the patterns of linkage
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disequilibrium will be crucial in designing association studies and detecting 
disease causing alleles.

Linkage Disequilibrium can vary significantly throughout the genome (Re­ 
ich et al., 2001). Simulations using simplified assumptions regarding popula­ 
tion demography and the spatial distribution of recombination rates suggest 
that useful LD is not expected to be found at physical distances over 3 kb 
in the human genome (Kruglyak, 1999). Empirical studies of LD in human 
populations often report far higher levels of LD than those predicted by 
Kruglyak's study, in some cases greater than 100kb (Abecasis et al., 2001; 
Taillon-Miller et al., 2000; Collins et al., 1999). In addition the distance that 
LD spans varies in different populations. Reich et al. (2001) found that LD 
extended 60kb from common alleles in a United States population of Euro­ 
pean descend, while in Nigerians LD extended markedly less far.

As markers in close physical proximity are correlated due to linkage dis­ 
equilibrium genetic variability is reduced. While a set of N markers could in 
theory generate 2^ different haplotypes, in practice this is rarely the case. 
Often a limited number of haplotypes can be defined in a block of SNPs. 
These blocks of haplotypes are regions over which there is little evidence 
for recombination. Several recent studies have described haplotype blocks 
ranging from about 5kb to 100kb (Patil et al., 2001). The majority of chro­ 
mosomes in each block could be assigned to a limited number of haplotypes. 
There is also growing evidence that the haplotype blocks are interspersed 
with recombination hotspots (Jeffreys et al., 2001). This knowledge has con­ 
tributed to the identification of genes involved in susceptibility to complex 
diseases (Rioux et al., 2001; Hugot et al., 2001; Ogura et al., 2001). But 
given the significant variation of the length of blocks the general properties 
of haplotype blocks will remain unclear until dense genome wide haplotypic 
maps are available.

From the above it becomes clear that a mere association for the associa­ 
tions found for the SNPs in the IFNGR1 promoter does not provide evidence 
that they are the functional variants themselves. The limited haplotype anal­ 
ysis presented in the initial case control study gave only limited insight into
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the haplotype structure at this locus. As the the SNPs themselves might be 
non-functional and solely act as markers for other functional SNPs in this 
region it was important to investigate this genetic region more closely. 
It was therefore important to establish the extent of LD in this region and 
to further dissect haplotypes on which the associated markers lie on. 
This is of particular interest as the gene under investigation is neighboured 
by other immune genes. If sufficient linkage disequilibrium exists between 
neighbouring genes associations found in one gene might in fact only pick up 
an event that is happening in another gene. As presented in the previous 
chapter two other genes that seem to be involved in host immune response 
are located near to IFNGR1: IL22BP and IL20RA.

5.1.2 Approach

By resequencing approximately 2kb of the promoter regions of IFNGR1, 
I122BP and IL20RA 28 markers could be identified. For the further study of 
linkage disequilibrium in this region only markers that had an allele frequency 
above 10% in at least one of the two populations were selected. This was 
done for several reasons. First, medium and high frequency markers might 
potentially be more useful for subsequent association studies as the power 
to detect an association is not only dependent on the relative risk and the 
sample size but also on the allele frequency. Second, high frequency markers 
tend to be of high allele frequency in all populations, facilitating comparison 
between different populations. Third, low frequency variants tend to be 
younger and therefore there would have been less time to break down LD. 
Using higher frequency markers the chance of overestimating LD might be 
less. Using the SNPs detected by resequencing it was possible to calculate 
LD between markers, construct haplotypes, define haplotype blocks, and to 
select haplotype tagging SNPs that were used for a large case control study.

KOCH 2003



CHAPTER 5. LINKAGE DISEQUILIBRIUM AND HAPLOTYPES IN THE 6Q23 REGION 149

5.1.3 Marker Selection

Of the 28 variant sites that were detected by resequencing the promoter 
regions of IFNGR1, IL22BP and IL20RA only markers that had an allele 
frequency above 10% in at least one of the two populations were selected. 
In the 48 African chromosomes that were sequenced 18 out of 26 variants 
sites had a minor allele frequency above 10%. In Caucasians 14 sites were 
above 10%. In total the allele frequencies of 21 markers were above 10% 
in either one or both of the populations. Two validated markers from the 
public databases were added. One of these markers (named 6:144218683) is 
a synonymous change in exon 7 of IFNGR1. The other (named 6:144153554) 
is located in the intergenic region between IL22BP and IL20RA. Of these 23 
markers 4 could not be typed by Sequenom. The assays for IFNGRl-\-95, 
6:144066115, 6:144241363 and for 6:144066037 had a failure rate above 25% 
and were therefore excluded from the analysis. The remaining 19 markers 
were typed in 32 UK Caucasian family trios and 32 Gambian trios. This 
approach enabled the integration of family and population data in order to 
generate efficient haplotypic reconstruction from genotypic data. This was 
implemented by using the program PHAMILY to parse pedigrees for phase in­ 
formation before sending the genotypes to the program PHASE to reconstruct 
haplotypes.

5.1.4 Haplotype Construction
To determine haplotypes in families and unrelated individuals, a novel method 
for haplotype construction was employed using the programs PHAMILY (Hans 
Ackerman, DPhil thesis, University of Oxford, Oxford, UK, 2001; contact 
Hans Ackerman (ackermanOf as. harvard. edu) for information regarding PHA­ 
MILY) and PHASE (Stephens et al., 2001b)). The PHASE program is produced 
by the Mathematical Genetics Group, University of Oxford, Oxford, UK. 
The software is available online at:
http://www.stats.ox.ac.uk/mathgen/software.html. 
PHASE uses a Bayesian method which is based on a coalescent model. PHAMILY
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reconstructs parental haplotypes only at unambiguous sites given the pedi­ 
gree information. These data can be used as an additional input file for PHASE 
to increase the accuracy of haplotype reconstruction by using all available 
information. The remaining ambiguous sites are assigned by PHASE, and the 
uncertainty associated with each PHASE assignment is calculated. Analyses 
using PHASE were repeated a minimum of 8 times. No significant interrun 
variability was observed.

5.1.5 Determination of Haplotype Blocks

The program HaploBlockFinder version 0.5 by Zhang (available at: 
http://cgi.uc.edu/cgi-bin/kzhang/haploBlockFinder.cgi) was used for 
this approach. The program uses a greedy algorithm similar to that used pre­ 
viously to discern block structure (Patil et al., 2001; Zhang et al., 2002).

5.1.6 Database Search

The following public databases were searched for validated SNPs:

1. Ensembl
http://www.ensembl.org

2. National Center for Biotechnology Information 
http://www.ncbi.nlm.nih.gov/SNP/index.html

3. Human Genome Variation Database 
http://hgvbase.cgb.ki.se/

Although the 240kb sequence surrounding the three genes, IFNGR1, IL22BP 
and IL20RA, contained a total of 296 reported SNPs, only 10 of those were 
validated.
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5.2 Results

5.2.1 Allele Frequencies

Parental alleles were counted to calculate their frequencies in 128 chromo­ 
somes. Frequencies of the minor alleles ranged from 0-.42 in Africans and 
0.0 - 0.48 in Caucasians (Figure 5.1). In Caucasians 11 SNPs were found at 
a frequency greater than .10 (Table 5.2). In Africans 12 SNPs had a minor 
allele frequency greater than .10 (Table 5.1). The IFNGR1-611 had not been 
found in the 24 African samples that were originally sequenced but was found 
in this larger set of African samples at frequency of .03. The IFNGR1-72 
had a minor allele frequency less than .10 in both populations, i.e. .05 in 
Caucasians and .00 in Africans, while it had been found at a frequency of .15 
and .04 respectively in the samples that had been sequenced.

5.2.2 Haplotypes

A total of 34 different haplotypes were observed in 128 Gambians chromo­ 
somes. Eight of these haplotypes were also found in 128 Caucasian chromo­ 
somes in addition to 27 further haplotypes. These eight haplotypes that were 
present in both populations account for 33% of all haplotypes in Africans and 
of only 25% of haplotypes present in Caucasians. The allelic composition and 
frequency of each haplotype is illustrated in tables 5.3 and 5.4.
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Figure 5.1 Frequency distribution of individual SNPs in 

Africans (A) and Caucasians (B). 95% confidence intervals are 

indicated with error bars.

KOCH 2003



CHAPTER 5. LINKAGE DISEQUILIBRIUM AND HAPLOTYPES IN THE 6Q23 REGION 153

Table 5.1 Frequencies of 19 SNPs in an African (Gambian) population

IDENTIFIER

1
2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

POLYMORPHISM

IFNGR1-1882

IFNGR1-611

hIFNGRl-470

IFNGR1-72

hIFNGRl-56

IFNGR1+130

IFNGR1+20876

IL22BP-1755

IL22BP-1311

IL22BP-1119

IL22BP-1054

IL22BP-1014

IL22BP-679

IL22BP-308

intergenic

IL20RA-1620

IL20RA-1554

IL20RA-767

IL20RA-310

POSITION

6:144241441

6:144240170

6:144240029

6:144239631

6:144239615

6:144239429

6:144218683

6:144195503

6:144195059

6:144194867

6:144194802

6:144194762

6:144194491

6:144194056

6:144153554

6:144066816

6:144066750

6:144065963

6:144065506

FREQUENCY

0.024

0.026

0.090

0.000

0.424

0.045

0.024

0.194

0.195

0.188

0.242

0.156

0.195

0.195

0.373

0.117

0.117

0.100

0.069

95% C.I.

0.027

0.028

0.050

0.000

0.086

0.036

0.027

0.069

0.069

0.068

0.074

0.063

0.069

0.069

0.084

0.056

0.056

0.052

0.044
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Table 5.2 Frequencies of 19 SNPs in a UK Caucasian population

IDENTIFIER POLYMORPHISM

1
2
3
4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

IFNGR1-1882

IFNGR1-611

hIFNGRl-470

IFNGR1-72

hIFNGRl-56

IFNGR1+130

IFNGR1+20876

IL22BP-1755

IL22BP-1311

IL22BP-1119

IL22BP-1054

IL22BP-1014

IL22BP-679

IL22BP-308

intergenic

IL20RA-1620

IL20RA-1554

IL20RA-767

IL20RA-310

POSITION FREQUENCY 95% C.I.

6:144241441

6:144240170

6:144240029

6:144239631

6:144239615

6:144239429

6:144218683

6:144195503

6:144195059

6:144194867

6:144194802

6:144194762

6:144194491

6:144194056

6:144153554

6:144066816

6:144066750

6:144065963

6:144065506

0.123

0.479

0.000

0.046

0.333

0.163

0.131

0.016

0.016

0.016

0.381

0.016

0.016

0.016

0.463

0.451

0.446

0.429

0.284

0.057

0.087

0.000

0.037

0.082

0.064

0.059

0.022

0.022

0.022

0.085

0.022

0.022

0.022

0.087

0.087

0.087

0.086

0.079
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Table 5.3: Frequencies of 34 haplotypes in a Gambian 

population sorted by the IFNGRl, IL22BP and IL20RA

SNPs. To facilitate viewing allele 2 is symbolised by '-'

and allele 1

and 34 were

IDENTIFIER

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

by 'o'. Haplotypes 1, 4,

also found in Caucasians.

HAPLOTYPE

oooo o oo
—— oo-oo-o — ooooo-

o ————— oooo — ooo-

o ———— oo-o — o-ooo-

o —— o —— oooo — oooo

o —— o-oo —— o-ooo-

o —— o-oo —— ooooo-

o —— o-oo-o — o —— —

o —— o-oo-o — o-ooo-

o —— o-oo-o — ooooo-

o —— o-oo-o — oooooo

o —— o —— oooo — ooo-

o —— o — oo-o — o-ooo-

o —— oo —— o-o — ooo-

o —— oo —— oo-o — ooo-

o —— oo —— oooo — ooo-

o —— oo —— oooo — oooo

10, 16,

No.

3

1
1
1
3

10

2

2

13

3

3

1
3

1
4

9

1
continued

24, 25, 33

FREQUENCY

0.02

0.01

0.01

0.01

0.02

0.08

0.02

0.02

0.10

0.02

0.02

0.01

0.02

0.01

0.03

0.07

0.01

on next page
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continued from

IDENTIFIER
18
19
20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

previous page

HAPLOTYPE
o — oo — oooo-oooo-
o —— oo — o-o — o-ooo-

o —— oo-o-oooo — ooo-

o —— oo-oo —— o-ooo-

o —— oo-oo-o — o —— —

o —— oo-oo-o — o-ooo-

o —— oo-oo-o — oo —— -

o —— oo-oo-o — ooooo-

o —— oo-oo-o — oooooo

o-o — o —— oooo — ooo-

o-o — o-oo —— o-ooo-

o-o — o-oo —— ooooo-

o-o — o-oo-o — ooooo-

o-o-oo —— oooo — ooo-

oo —— o —— oooo — oooo

oo — oo-oo —— o-ooo-

oo — oo-oo —— ooooo-

No.

1
1
1
5

7

11
3

20

1
1
1
9

1
1
1
1
2

FREQUENCY
0.01

0.01

0.01

0.04

0.05

0.09

0.02

0.16

0.01

0.01

0.01

0.07

0.01

0.01

0.01

0.01

0.02
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Table 5.4: Frequencies of 34 haplotypes in a UK Cau-

casian population sorted by the IFNGR1,

IL20RA SNPs. To facilitate viewing allele

ised by '-' and allele 1 by 'o'. Haplotypes 1,

25, 33 and

IDENTIFIER

35

36

37

38

1

39

40

41

42

43

44

45

4

46

47

10

16

34 were also found in Afrk

HAPLOTYPE
——— oooo —— o ———

——— oooo-o — o ———

——— oooo-o — o-ooo-

0000 0 O 0000

——— oooo-o — oo ——

—— ooooo-o — o ———

—— ooooo-o — o-oooo

-o —— oooo-o — o ———

o ———— oo —— o ———

o ———— oo —— o-ooo-

o ———— oo —— oo ——

o ———— oo —— oooooo

o ———— oo-o — o-ooo-

o ———— oo-o — oo ——

o —— o-oo —— oooooo

o —— o-oo-o — ooooo-

o —— oo —— oooo — ooo-

:ans.

No.

1

9

1

2

1

1

2

1

3

1

1

7

1

6

2

1

2

IL22BP and

2 is Symbol-

4, 10, 16, 24,

FREQUENCY

0.01

0.07

0.01

0.02

0.01

0.01

0.02

0.01

0.02

0.01

0.01

0.05

0.01

0.05

0.02

0.01

0.02

continued on next page
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continued from

IDENTIFIER

48

49

24

25

50

51

52

53

54

55

33

56

57

58

34

59

60

61

previous page

HAPLOTYPE
o — oo-oo —— o — —

o — oo-oo —— ooooo-

o —— oo-oo-o — oo —— -

o —— oo-oo-o — ooooo-

o — o —— oo —— o — ——

o — o —— oo —— o-oooo

o — o —— oo-o — oo — —

oo —— o-oo —— oo — —

oo — oo-oo —— o — ——

oo — oo-oo —— o — o —

oo — oo-oo —— o-ooo-

oo — oo-oo —— o-oooo

oo — oo-oo —— oo —— -

oo — oo-oo —— oooo-o

oo — oo-oo —— ooooo-

oo — oo-oo —— oooooo

oo — oo-oo-o — o —— —

oo — oo-oo-o — oooooo

No.

2

1
11
1
1
2

2

1
17

1
4

10

9

1
9

8

4

2

FREQUENCY

0.02

0.01

0.09

0.01

0.01

0.02

0.02

0.01

0.13

0.01

0.03

0.08

0.07

0.01

0.07

0.06

0.03

0.02

5.2.3 Linkage Disequilibrium

Pairwise measures of linkage disequilibrium (D, D', %2 , A2 ) were calculated 
for all pairs of markers using the program Haploxt. Figure 5.4 and 5.5 rep­ 
resent linkage disequilibrium between 19 markers. The absolute values of D'

KOCH 2003



CHAPTER 5. LINKAGE DISEQUILIBRIUM AND HAPLOTYPES IN THE 6Q23 REGION 159

B

0.16
0.14

0.12
o 0.1

| 0.08

£ 0.06

0.04
0.02

0

0.16
0.14
0.12

« 0.1
| 0.08

£ 0.06
LL.

0.04

0.02
0

III IIIIIIINllllllllllllllll
Haplotype

Illlllllllllllllllllllll

Haplotype

Figure 5.2 Frequency distribution of haplotypes in Africans 

(A) and UK Caucasians (B).
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Figure 5.3 Scatterplot of frequency distribution of haplotypes 
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and A2 are represented as different colours in the output of the graphical 
overview of linkage disequilibrium (GOLD) program. The statistical signif­ 
icance of the x2 values was calculated by Haploxt and significant p-values 
represented as circles are shown in Figures 5.4A and 5.5A. High values of D' 
were found across large regions both in Africans and Caucasians while high 
A2 values which take the sample size into account are mostly confined to each 
of the three promoter regions. Significant x2 values were mostly confined to 
each promoter region in Caucasians. There are some exceptions, though. 
Significant LD based on x2 was found for some markers that were more than 
120kb apart. For example the high frequency marker 6:144194802 was signifi­ 
cantly associated with all four markers in IL20RA which are located at 127kb 
distance. Markers 6:144241441 (IFNGR1-1882) and 6:144240170 (IFNGR1- 
611) are associated with markers in IL22BP and beyond. In Africans the 
pattern for D' and A2 is similar to that seen in Caucasians. Significant x2 
values can be found between all markers of IL22BP and IL20RA, a region 
spanning 120kb. It is also of note that significant x2 values were also seen 
for IFNGR1-47Q and IFNGR1-56 with markers that are at over 85kb and 
170kb distance respectively.

The pairwise measures of linkage disequilibrium D' and A2 were also 
plotted against physical distance (Figure 5.6). As expected for both D' and 
A2 a decline can be observed with increasing distance both in Caucasians 
and Gambians. Nevertheless individual values deviate from this trend and 
several high D' values could be observed over large distances. It was found 
that the average D' and A2 facilitate the comparison of LD for Caucasians 
and Gambians. Therefore all D' and A2 were averaged up to the distance 
plotted. Here is was seen that the extent and decline of LD was very similar 
in Caucasians and Gambians.
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5.2.4 Haplotype Blocks and Marker Selection

After haplotype reconstruction with PHAMILY / PHASE the haplotype infor­ 
mation was analysed using the greedy algorithm as described by Patil et al. 
(2001) and discrete blocks of limited haplotype diversity were obtained. The 
program HaploBlockFinder was used for this approach. In order to obtain 
useful information only variants with an allele frequency of / > 0.05 were 
used. The chromosomal coverage that was aimed for in each haplotype block 
was 0.90. The haplotype blocks obtained were mostly confined to individual 
promoter regions (Figure 5.7 and 5.8). Choosing chromosomal coverage of 
> 0.90 or D' > 0.80 gave similar results (data, not shown). Where haplotype 
blocks with several markers had been created the frequencies of the haplo- 
types within these block were then analysed by ENTROPY in order to define 
haplotype tagging SNPs. A cutoff of 0.05 for the minimum haplotype fre­ 
quency was used. In Gambians the IL22BP block consists of 8 SNPs. In 
order to describe over 90% of haplotypes within this block only 3 of these 
SNPs (6:144194867, 6:144194802 and the intergenic SNP 6:144153554) need 
to be typed (Figure 5.9A). Only two out of four SNPs need to be typed in 
the IL20RA block to describe more than 90% of haplotypes (Figure 5.9B). 
In Caucasians all IFNGR1 markers need to be typed to achieve maximal 
haplotype coverage while two out of four IL20RA are sufficient for this block 
(Figure 5.10).

KOCH 2003



CHAPTER 5. LINKAGE DISEQUILIBRIUM AND HAPLOTYPES IN THE 6Q23 REGION 166

"£ Q.
"•> m
> X
<L> 
Q.

<u

Q.ro (U 
(/)

6144065506

I OJ

C 
00

£-£
00

c
00

la
E
00

CO
CM
CT

o
1/5

u _o
CD

_o
Q. 
00
X

00
c
00

c o>

T3
£1
ro

LU 
CO

X 
CL

-o
O)

O>
c
O)
bo 
<u

I
in (U
Q.

Q- -Q̂. 
CO

T3 
(U 
(/I

O 
O
-M

in

bO ro
o>

u 
"oo

I 
O
E o

E 
ro
bb 
O

LT>

3
bO

(L> 
O>

O
O

<u
T3
C

Al ^
Uo

DO 
O

KOCH 2003



o I (O o
 

o
 

u

i.e 0
.9

11
12

2
;f 

,,-
-,;

, 
V2

2
2

1
/ 

^
'

a.
2

0
.1

 
8

.8

F
ig

u
re

 5
.8

 
H

ap
lo

ty
pe

 B
lo

ck
s 

of
 m

ar
ke

rs
 i

n 
6q

23
 i

n 
U

K 
Ca

uc
as

ia
ns

. 
O

nl
y 

m
ar

ke
rs

 w
ith

 /
 >

 0
.0

5 

we
re

 u
se

d.
 

H
ap

lo
ty

pe
s 

we
re

 g
en

er
at

ed
 b

y 
PH

AM
IL

Y 
/ 

PH
AS

E 
an

d 
th

en
 a

na
lys

ed
 b

y 
th

e 
H

ap
lo

Bl
oc

kF
in

de
r 

pr
og

ra
m

 w
ith

 c
hr

om
os

om
al

 c
ov

er
ag

e 
se

t t
o 

0.
90

.

o X -3 a 33 £ z X > o B
 

D 55 E3
 

.D G ? s 2 c a O Z -3
 

^C
 

B 05 S3
 

B
 

O O
 

Z os



CHAPTER 5. LINKAGE DISEQUILIBRIUM AND HAPLOTYPES IN THE 6Q23 REGION________________168

5.3 Discussion

There has been great interest in describing the patterns of linkage disequi­ 
librium in the human genome. In spite of an increasing number of studies 
becoming available it turns out that only few predictions can be made from 
these for other regions. Theoretical predictions and values of LD obtained by 
real data also seem to differ greatly. Choosing the most informative mark­ 
ers to calculate LD is crucial but can also introduce bias to the values of 
LD observed. Although high frequency markers will be particularly useful 
for a small sample set in which power is limited, these markers also tend 
to be the oldest and recombination events will have broken down their re­ 
lationships with other markers. Linkage disequilibrium might therefore be 
underestimated. Particularly for markers which have been found to be asso­ 
ciated with a given disease this might not be helpful as the actual functional 
variant might be further away than estimated by calculating LD. Low fre­ 
quency marker on the other hand tend to be younger and LD might therefore 
extend a long way from them and it might be harder to localise the area in 
which the true functional variants should be sought. While Mendelian dis­ 
ease mutations are highly penetrant and under strong selection which keeps 
allele frequency low, some authors suggest that most of the genetic risk for 
common, complex diseases is due to disease loci where there is one or few 
common variants (Reich and Lander, 2001; Lander, 1996; Chakravarti, 1999) 
as selection and penetrance are less strong. On the other hand, some pa­ 
pers indicate that this hypothesis was dependent on the assumed level of 
allelic heterogeneity and it might rather be that intermediate frequency vari­ 
ants were responsible for susceptibility to complex diseases (Pritchard, 2001; 
Pritchard and Cox, 2002).

For the present study a resequencing approach was taken and markers 
with a range of allele frequencies described. In order to establish a compre­ 
hensive assessment of LD in any given genomic region the markers should 
be evenly spaced throughout the region of investigation and have similar al­ 
lele frequencies in all populations. However, there were only few validated
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SNPs in the public databases for the regions surrounding IFNGRl. The 
time frame and financial resources of this project would not have allowed a 
resequencing approach for the entire 180kb spanning the three genes. The 
approach to resequence the promoter regions only and calculate LD between 
genes must therefore be taken as a first approximation to mapping a poten­ 
tial disease locus. But the present study was also designed with two aims in 
mind in particular. Firstly it should be established whether LD from vari­ 
ants in IFNGRl which had been found to be associated with malaria extends 
as far as the neighbouring genes (IL22BP and IL20RA). Secondly SNPs in 
IL22BP and IL20RA, two genes with potentially important functions in the 
inflammatory host response, should also be tested for their association with 
malaria. In order to decrease the number of markers necessary to map an 
association it was important to establish LD patterns and define blocks of 
haplotypes. Haplotypes were established by using two steps. First some in­ 
formation about phase was obtained by using family trios. Together with 
this information the parental genotypes were then run through PHASE which 
constructs haplotypes from unrelated individuals. Thompson et al. (1988) 
found that haplotypic data halves the sample size requirements (as compared 
to genotypic data) for LD calculations.

It was found that different measures for LD give different estimates of 
the extent of LD. While D' values were generally high throughout the 6q23 
region in both populations the measure A2 indicated that LD would not 
spread across several genes. There has been much debate as to which is the 
most appropriate representation of LD (Devlin and Risch, 1995; Jorde, 2000; 
Pritchard and Przeworski, 2001; Weiss and Clark, 2002; Ardlie et al., 2002).
A2 is derived by dividing D by \/ (pipiqiqz) where pi,p%, qi and q^ represent 
the allele frequencies of the two markers. In the case of no recombination 
between two markers and equal allele frequency A2 = 1. A2 is also equal 
to x2 IN where N is the total number of haplotypes. It therefore takes the 
sample size into account and provides a means of testing the statistical sig­ 
nificance of A. Both the p- value (as derived from x2 ) and A2 indicate that
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LD is strongest within each of the promoter regions. As indicated by x2 sev~ 
eral markers, though, are associated with markers in the neighbouring gene. 
Most strikingly in Gambians where all IL22BP markers are strongly associ­ 
ated with markers over 120kb away in the IL20RA promoter. Most inter­ 
estingly IFNGR1-56 and IFNGRl -470 are strongly associated with markers 
that are located at a distance of over 80kb and 170kb respectively. Increased 
linkage disequilibrium can be a sign of recent natural selection whereby asso­ 
ciations with all markers on the same haplotype as the one causing selection 
is maintained. Ardlie et al. (2002) note, however, that p-values can create 
a misleading impression that LD extends over great distances. Reich et al. 
(2001) describe that LD tends to extend further in northern Europeans than 
in Africans. This is coherent with an out-of-Africa bottleneck model whereby 
a relatively small founding population left Africa approximately 50,000 years 
ago. In the present study no significant difference in the extent of LD be­ 
tween Africans and Caucasians could be observed. There could be several 
reasons for this observation. First, the number of available markers in this 
region is limited. Apart from two markers, one in the last exon 7 of IFNGRl 
and an intergenic SNP between IL22BP and IL20RA, all markers used were 
located in the promoter regions of the three genes. Therefore even coverage 
of the region was not given. Second, the markers used were mostly found by 
resequencing the promoter regions. Their frequencies in the two populations 
vary significantly. This might lead to bias of LD calculation. Third, it is 
conceivable that selective pressure maintains a beneficial mutation and all 
markers on its background at a higher frequency level, therefore leading to 
higher LD in Africans in this regions than would be expected. Despite the 
obvious shortcomings of this study in terms of a general statement about LD 
in this region it is nevertheless interesting that LD could potentially extent 
far from the variant sites in the IFNGRl promoter which were found to be 
associated with severe malaria. Assuming that these variants were merely 
markers for truly functional polymorphisms this could make it more difficult 
to localise the effect. It also adds weight to the need of functional investiga­ 
tions of the IFNGRl promoter polymorphisms. By describing the haplotype
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structure of this regions in more detail is was also possible to define haplo- 
type blocks and identify tagging SNPs within each block that describe the 
great majority of all haplotypes thereby significantly reducing the number of 
markers that need to be typed in a subsequent association study.

5.4 Summary

1. A family based method was used to construct haplotypes for an ex­ 
tended region covering IFNGR1, IL22BP and IL20RA and for each 
gene respectively.

2. Most markers were only in high LD with markers nearby, i.e. LD was 
highest within each of the three genes. In some instances, however, LD 
was spanning the entire region.

3. Although haplotypes in Gambians and Caucasians were different (only 
eight overlapping haplotypes), based on the number of haplotypes ob­ 
served both populations appear to have similar levels of haplotypic 
diversity.

4. The range and decline of LD with distance was similar in Caucasians 
and Africans.

5. Haplotype blocks were defined using the greedy algorithm. None of the 
blocks reached across two genes.

6. Haplotype tagging SNPs (htSNP) were defined. These capture the ma­ 
jority of haplotypes observed for this region and allow fast and efficient 
future genotyping.
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Chapter 6

Common variants of 

chromosome 6q23 and 

susceptibility to severe malaria

6.1 Introduction

1. The previous case control analysis of four polymorphisms in the pro­ 
moter and first intron of the IFNGR1 gene had yielded a potential 
genetic association of the IFNGR1-56 variant with susceptibility to 
cerebral malaria in Mandinka, the largest ethnic group in The Gam­ 
bia, whereby heterozygote individuals were protected against cerebral 
malaria. Furthermore a TT double deletion at nucleotide positions 
-470/-471 was protective against severe malaria, i.e. either cerebral 
malaria or severe malarial anaemia, in this ethnic group.

2. Resequencing a larger region of the IFNGR1 promoter and furthermore 
the promoter regions of the neighbouring genes, IL22BP and IL20RA, 
yielded further variant sites which could firstly be tested for their as­ 
sociation with malaria, and secondly be used to further expand the
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haplotypes that were found to be associated with the disease.

3. It was hereby of particular interest on which extended haplotypes the 
two markers IFNGR1-56 and IFNGR1-47Q lie on as means to further 
establish whether they might just be markers for other functional vari­ 
ants elsewhere. Linkage disequilibrium analysis had indicated that both 
markers might be in strong LD with other markers which were located 
in neighbouring genes, a significant genetic distance away. By analysing 
extended haplotypes it might therefore become apparent whether the 
associations found are dependent on these two markers or any partic­ 
ular haplotypes which they can be found on.

6.2 Approach

Meanwhile mass spectrometry had become available for high-throughput 
genotyping and my own intention to extend the case control analysis to 
further markers in this region coincided with the group's effort to set up 
a case-control sample collection that could be used as a resource for other 
projects as well. Although there was a significant overlap with the sample 
collection used for the case-control study presented in chapter 3, some of 
the samples could not be used again due to a lack of DNA while additional 
samples were added. The new study contained 114 more cases. In order 
to analyse the clinically distinct phenotypes more clearly, most of the cases 
used for the new study had either cerebral malaria or severe malarial anaemia 
alone. While slightly less controls were used all samples now were from sub­ 
jects belonging to either the Mandinka, Jola, Fula or Wollof ethnic group. 
This setup would allow rapid screening of a large number of markers. 
The analysis of haplotype blocks had indicated that the IFNGR1-56 and 
IFNGR1-47Q are sufficient to describe 88% of all haplotypes found in the 
IFNGR1 promoter using the SNPs available. For further association studies 
in other diseases it might therefore be sufficient to initially only type these 
two markers. However, in the case of severe malaria there is already some 
indication of an association at this locus, therefore all available markers were
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typed to further describe and dissect the haplotypes at this locus. It was 
nevertheless decided to not type IFNGR1+95 as it is in complete LD and 
has the same allele frequency as IFNGR1-56 and therefore would not add any 
additional information. Furthermore IFNGR1-27Q was not typed due to its 
low allele frequency. As mentioned in section 5.1.3 the marker IFNGR1-1804 
could not be successfully typed using mass spectrometry. In the IL22BP and 
IL20RA promoter regions two markers were used respectively as defined by 
the haplotype block analysis. One further marker was used in the intergenic 
region between IL20RA and IL22BP.

6.2.1 Subjects

Children with cerebral malaria (CM) and/or severe malaria anaemia were 
prospectively recruited at the Royal Victoria Hospital, Banjul, The Gambia. 
Cerebral malaria (CM) was defined as a Blantyre coma score of 2 or less 
(Molyneux et al., 1989) persisting for more than SOmin after any convul­ 
sions had ceased in a child with Plasmodium falciparum parasites on thick 
blood film and no evidence of meningitis or any other cause of coma. Severe 
malaria anaemia (SA) was defined as a PCV less than 15% in a child with P. 
falciparum parasites on thick blood film. Out of a total of 676 cases, 13 had 
CM plus SA, 400 had CM alone, and 263 had SA alone. 306 were Mandinka, 
159 Jola, 104 Fula, 107 Wollof.
The average coma score was 1.5 in the CM patients and 4.5 in the SA pa­ 
tients. The average PCV was 29.6% in the CM group and 12.7% in the SA 
group. Out of the 400 cases with CM 122 died during hospital admission 
while out of 263 cases with SA 9 patients died. There were 194 female and 
205 male patients in the CM group and 126 female and 137 male patients in 
the SA group.
For case-control analysis, the population controls were 459 umbilical cord 
blood samples collected at Gambian health clinics: 174 were Mandinka, 84 
Jola, 117 Fula, 84 Wollof. 
This sample size would enable detection of an effect of a discrete trait with
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Wollof
16%

Mandinka
45%

B
Wollof 
18%

Mandinka 
39%

Figure 6.1 Distribution of ethnic groups amongst cases (A) 

and controls (B).

a high risk allele frequency (A) of 10% with a relative genotypic risk for AA 
of 2.0 with 80% power, p<0.05.

6.2.2 Genotyping

Case and control samples were plated out together on 384 well plates (AB- 
gene) and genotyping was performed by mass spectrometry as described be­ 
fore. All typings were performed on the same day with the same batch of 
reagents.
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6.3 Results

6.3.1 Investigation of Association of Individual Mark­ 

ers

This study investigated the association between alleles and susceptibility to 
severe malaria. Tables 6.1 to 6.11 show the genotypes of individuals with 
cerebral or severe malarial anaemia or cord blood controls for the 11 markers 
typed on chromosomes 6q23. Discrepancies in sample size are due to geno- 
typing failures. Within the the total study population there were two asso­ 
ciations with severe disease observed. While having a low allele frequency, 
the IFNGR1-611G allele was found to be associated with protection against 
severe malaria (p=0.03; OR=0.49 (0.25-0.95 95%CI)), and against cerebral 
malaria in particular (p=0.04; OR=2.32 (1.02-5.40 95%CI)). The frequency 
of the G allele was 3% in the control group while it was just over 1% in the 
cerebral malaria group. The IL20RA-162QC allele was weakly associated with 
protection against severe malarial anaemia with an allele frequency of 14% 
in the controls group and 10% in the case group (p=0.05; OR=0.69 (0.48- 
1.00)). The IFNGR1-1S82A allele was only detected once in the whole study 
population. Out of the 306 Mandinka patients with severe malaria 184 had 
cerebral malaria and 122 severe anaemia. As found in the previous study the 
IFNGRl-470ddel was associated with protection against severe malaria in 
this ethnic group (p=0.01; OR=0.56 (0.36-0.88 95%CI), i.e. cerebral malaria 
(p=0.02; OR 0.54 (0.32-0.92)) and severe anaemia (p=0.07; OR-0.58 (0.32- 
1.04 95%CI)). Statistical significance is hereby based on uncorrected values 
(for Bonferroni correction see section 3.2.6). This result remained significant 
after correcting for comparison of four different ethnic groups. The thresh­ 
old for significance after this correction would be p ^ 0.013. However, if 
additionally all markers typed were taken into account the threshold for sig­ 
nificance after correction would be p ^ 0.003 to bring the alpha level overall 
back to 0.05.
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Table 6.1 IFNGR1-1882 (6:144241441); all ethnic groups

Genotypes Allele 1 vs. 2

aa ag gg HWE p OR 

cord blood controls 0 1 365 0.98

cerebral malaria only 

severe anaemia only

total no. patients

0 

0

0

0 

0

0

356 

222

586

NA 

NA

NA

NA 

NA

NA

NA 

NA

NA

Unlike previous observations there was no significant association for the 
IFNGR1-56 with severe malaria in Mandinka. There was a trend for the 
IFNGR1-56T allele for susceptibility with cerebral malaria (p=0.12; OR=1.29 
(0.94-1.77 95%CI)) which was slightly stronger for TT homozygotes (p=0.07; 
OR=1.60 (0.96-2.68 95%)). While there were slightly less heterozygotes in 
the cerebral malaria group than expected this was not statistically signifi­ 
cant with p=0.07 testing for deviation from Hardy-Weinberg Equilibrium. 
In the subgroup of those cerebral malaria Mandinka patients who died of 
their disease there was a significant reduction (p=0.05; OR 0.47 (0.22-1.00 
95%CI)) of heterozygotes (14 out of 45) compared to the control group (79 
out of 161) similar to what had been found previously. However, this was 
not significant after applying the Bonferroni correction. Figures 6.2 and 6.3 
give an overview of the p values and odds ratios found for all markers.
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Table 6.2 IFNGRl-611 (6:144240170); all ethnic groups

Genotypes Allele 1 vs. 2

aa ag gg HWE p OR

cord blood controls 395 22 1 0.25

cerebral malaria only 348 9 0 0.81 0.04 2.32

severe anaemia only 225 7 0 0.82 0.18 1.93

total no. patients 580 17 0 0.72 0.03 2.05

Table 6.3 IFNGR1-470 (6:144240029); all ethnic groups

Genotypes Allele 1 vs. 2

dd id ii HWE p OR

cord blood controls 3 93 346 0.22

cerebral malaria only 4 63 316 0.67 0.23 0.81

severe anaemia only 2 47 203 0.69 0.59 0.89

total no. patients 6 113 528 0.99 0.28 0.85

KOCH 2003



CHAPTER 6. COMMON VARIANTS OF CHROMOSOME 6Q23 AND SUSCEPTIBILITY TO SEVERE MALARIA181

Table 6.4 IFNGR1-56 (6:144239615); all ethnic groups

Genotypes Allele 1 vs. 2

cc tc tt HWE p OR

cord blood controls 107 194 116 0.16

cerebral malaria only 102 160 108 0.01 0.96 1.01

severe anaemia only 60 122 65 0.85 0.97 1.00

total no. patients 165 288 177 0.03 0.99 1.01

Table 6.5 IFNGR1+130 (6:144239429); all ethnic groups

Genotypes Allele 1 vs. 2

aa ga gg HWE p OR

cord blood controls 1 43 375 0.84 ____

cerebral malaria only 0 45 326 0.21 0.63 1.14

severe anaemia only 0 23 219 0.05 0.72 0.88

total no. patients 0 70 555 0.14 0.90 1.05
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Table 6.6 IFNGR1+20876 (6:144218683); all ethnic groups

Genotypes Allele 1 vs. 2

aa ac cc HWE p OR

cord blood controls 419 26 0 0.53

cerebral malaria only 375 15 1 0.05 0.42 1.35

severe anaemia only 236 17 0 0.58 0.77 0.87

total no. patients 621 35 1 0.49 0.99 1.04

Table 6.7 IL22BP-1119 (6:144194867); all ethnic groups

Genotypes Allele 1 vs. 2

aa ag gg HWE p OR

cord blood controls 245 122 18 0.58

cerebral malaria only 207 101 21 0.08 0.62 0.93

severe anaemia only 140 67 17 0.78 0.45 0.89

total no. patients 355 173 38 0.01 0.48 0.92
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Table 6.8 IL22BP-1054 (6:144194802); all ethnic groups

Genotypes Allele 1 vs. 2

gg tg tt HWE p OR

cord blood controls 26 134 275 0.08

cerebral malaria only 24 119 236 0.09 0.80 1.04

severe anaemia only 11 78 160 0.70 0.62 0.92

total no. patients 35 203 403 0.16 0.99 0.99

Table 6.9 6:144153554; all ethnic groups

Genotypes Allele 1 vs. 2

aa ag gg HWE p OR

cord blood controls 179 184 37 0^9_________

cerebral malaria only 172 160 39 0.84 0.99 1.01

severe anaemia only 118 89 33 0.02 0.96 l.QQ

total no. patients 296 252 74 0.07 0.99 1.00
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Table 6.10 IL20RA-1620 (6:144066816); all ethnic groups

Genotypes Allele 1 vs. 2

cc ct tt HWE p OR

cord blood controls 11 97 314 0.29

cerebral malaria only 6 85 281 0.88 0.59 0.91

severe anaemia only 3 43 195 0.72 0.05 0.69

total no. patients 9 137 479 0.82 0.29 0.86

Table 6.11 IL20RA-310 (6:144065506); all ethnic groups

Genotypes Allele 1 vs. 2

cc tc tt HWE p OR

cord blood controls 342 96 10 0.30_________

cerebral malaria only 301 84 6 0.96 0.73 1.06

severe anaemia only 204 43 10 0.00 0.77 1.06

total no. patients 515 130 16 0.03 0.68 1.06
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Table 6.12 IFNGR1-470; Mandinka

Genotypes Allele 1 vs. 2

dd id ii HWE p OR

cord blood controls 1 43 123 0.18

cerebral malaria only 1 26 152 0.92 0.02 0.54

severe anaemia only 0 20 101 0.32 0.07 0.58

total no. patients 1 46 253 0.47 0.01 0.56

Table 6.13 IFNGR1-56; Mandinka

Genotypes Allele 1 vs. 2

cc tc tt HWE p OR

cord blood controls 44 79 38 0.83_________

cerebral malaria only 41 72 56 0.07 0.12 0.78

severe anaemia only 26 66 24 0.14 0.88 0.96

total no. patients 67 138 80 0.62 0.26 0.85
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CHAPTER 6. COMMON VARIANTS OF CHROMOSOME 6Q23 AND SUSCEPTIBILITY TO SEVERE MALAR1A188

6.3.2 Haplotype Analysis

Haplotypes were constructed for the haplotype blocks as determined in the 
previous chapter. Table 6.14 shows the haplotypes found using 6 markers in 
the IFNGR1 gene, 4 of which in the promoter, one in the first intron and 
one in the last exon. As described earlier almost 90% of all haplotypes are 
determined by just the IFNGR1-5Q and IFNGR1-470 polymorphisms. The 
IFNGRl-47Qddel lies on the background of the IFNGR1-56C as shown ear­ 
lier. The IFNGR1+13QA allele lies on the background of the IFNGR1-56C 
allele. The C allele of the the exonic marker 6:144218683 which is located 
about 21kb downstream has an allele frequency of about 3% and always 
occurs on the background of IFNGR1-56C allele. The IFNGR1-611G alle- 
les lies on the background of the IFNGR1-56T allele and therefore defines 
this haplotype. As seen in the analysis of individual markers the haplotype 
bearing the IFNGR1-611G allele is associated with protection against se­ 
vere malaria (p=0.02; OR=0.44 (0.22-0.88 95%CI)). In Mandinka the only 
haplotype bearing the IFNGRl-47Qdde\ (haplotype 212121 in table 6.15) 
was associated with protection against severe malaria (p=0.02; OR=0.59 
(0.37-0.92 95%CI)). However, this was not significant after correction for 
multiple comparisons (four ethnic groups; level of significance p < 0.12). 
This haplotype consists of the alleles IFNGR1-1S82G, -611A, -470ddel, - 
56C, +130G and +20876A. The haplotype bearing the IFNGR1-56T allele 
(haplotype 211221) was overrepresented in Mandinka patients with cerebral 
malaria (p=0.05; OR=1.36 (1.00-1.84 95%CI)) which was dose dependent as 
the effect was stronger in homozygotes for this haplotype. Fifty three out 
184 Mandinka cerebral malaria patients were homozygote for this haplotype 
while there were only 32 out 174 in the control group (p=0.03; OR=1.80 
(1.06-3.05 95%CI)).
For the haplotype analysis of IL22BP three SNPs were used, IL22BP-U19 
and -1054 and a SNP located between IL22BP and IL20RA, 6:144153554. 
These form five major haplotypes. The IL22-1119G allele which has about 
21% allele frequency always occurs on the background of the IL22BP-W54T
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allele (79%) and the A allele of 6:144153554 (68%). As a sign of recombina­ 
tion all combinations of alleles occurred for IL22BP-1Q54 and 6:144153554, 
a marker 40kb away. Surprisingly in Mandinka the control group has a much 
higher frequency of the '112' haplotype (18.1%) than in all of the case 
groups (11.9-13.0%) and is thereby protective against severe malaria (p=0.04; 
OR=0.67 (0.46-0.98 95%CI)) (table 6.17). This difference was not statisti­ 
cally significant, however after applying the Bonferroni correction. Those 
Mandinka patients who were carrying the ' 221 ' haplotype were more likely 
to develop severe malarial anaemia (24.2%) than cerebral malaria (16.3%) 
(p=0.02; OR=0.61 (0.40-0.93 95%CI)).
In IL20RA two markers were typed in this case control analysis, IL20RA-162Q 
(6:144066816) and IL20RA-3W (6:144065506). The IL20RA-1620C allele al­ 
ways occurred on the background of the IL20RA-31QC allele. A reduction 
of the IL20RA-162QC allele in the severe anaemia group with borderline 
significance had been observed. This was reflected by a trend for showing 
fewer '11' haplotypes in the severe anaemia group (10.5%) than in controls 
(13.7%).

Haplotypes were also constructed using all available 11 markers spanning 
the entire 176kb. The most common haplotype with / > 0.05 in at least 
one of the groups are presented in table 6.19 for all ethnic groups and ta­ 
ble 6.20 for Mandinka. The six haplotypes shown account for 55-59% of all 
haplotypes found. On comparison of cases and controls for the abundance 
of those six haplotypes, haplotype 2 was found to be significantly underrepe- 
sented in the cerebral malaria group. Haplotype 6 on the other hand which 
differs from haplotype at 2 positions (IL22BP-U19 and 6:144153554) was 
significantly overrepresented in this group. Furthermore, those individuals 
with severe malaria who carried haplotype 2 were significantly more likely to 
develop severe malarial anaemia than cerebral malaria (p=0.0002; OR=0.50 
(0.34-0.73 95%CI)). Both haplotype 2 and 6 are on the background of the 
IFNGR1-56T allele. In Mandinka haplotype 5 which differs by one allele 
from haplotype 2 (IL22BP-1119) is overrepresented in the cerebral malaria 
group and underrepresented in the severe malarial anaemia group (p=0.02;
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Table 6.14 All ethnic groups. Haplotypes of IFNGR1 using the following 

markers: IFNGR1-1SS2 (A=l; G=2), IFNGR1-611 (A=l; G=2), IFNGR1-470 

(ins=l; ddel=2), IFNGR1-S6 (C=l; T=2), IFNGR1+130 (A=l; G=2) and 

/FA/G/?J +20876 (6:144218683) (A=l; C=2).

HAPLOTYPES

211221

211121

212121

211111

211122

221221

212221

111121

221111

211222

221222

211211

221121

total

CONTROLS

441 (48.0%)

283 (30.8%)

97 (10.6%)

44 (4.8%)

26 (2.8%)

23 (2.5%)

2 (0.2%)

1 (0.1%)

1 (0.1%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

918

ALL CASES

657 (48.6%)

444 (32.8%)

125 (9.2%)

70 (5.2%)

30 (2.2%)

15 (1.1%)

0 (0%)

0 (0%)

0 (0%)

7 (0.5%)

2 (0.1%)

1 (0.1%)

1 (0.1%)

1352

CM

393 (49.1%)

262 (32.8%)

72 (9.0%)

46 (5.8%)

14 (1.8%)

8 (1.0%)

0 (0%)

0 (0%)

0 (0%)

3 (0.4%)

1 (0.1%)

1 (0.1%)

0 (0%)

800

SA

256 (48.7%)

172 (32.7%)

51 (9.7%)

23 (4.4%)

14 (2.7%)

7 (1.3%)

0 (0%)

0 (0%)

0 (0%)

3 (0.6%)

0 (0%)

0 (0%)

0 (0%)

526
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Table 6.15 Mandinka. Haplotypes of IFNGR1 using the following mark­ 

ers: IFNGR1-1832 (A=l; G=2), IFNGR1-611 (A=l; G=2), IFNGR1-470 

(ins=l; ddel=2), IFNGR1-S6 (C=l; T=2), IFNGR1+13Q (A=l; G=2) and 

/FA/G/?J+20876 (6:144218683) (A=l; C=2).

HAPLOTYPES

211221

211121

212121

211111

211122

221221

111121

211222

221121

total

CONTROLS

158 (45.4%)

102 (29.3%)

45 (12.9%)

21 (6.0%)

9 (2.6%)

11 (3.2%)

1 (0.3%)

0 (0%)

1 (0.3%)

348

ALL CASES

303 (49.3%)

196 (32.0%)

49 (8.0%)

36 (5.9%)

15 (2.5%)

11 (1.8%)

0 (0%)

3 (0.5%)

0 (0%)

612

CM

195 (53.0%)

109 (29.6%)

29 (7.9%)

22 (6.0%)

7 (1.9%)

5 (1.4%)

0 (0%)

1 (0.3%)

0 (0%)

368

SA

112 (45.9%)

83 (34.0%)

20 (8.2%)

13 (5.3%)

8 (3.3%)

6 (2.5%)

0 (0%)

2 (0.8%)

0 (0%)

244
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Table 6.16 All ethnic groups. Haplotypes of IL22BP using the fol­ 

lowing markers: //.228P-1119 (A=l; G=2), IL22BP-WS4 (G=l; T=2) and 

6:144153554 (A=l; G=2)).

HAPLOTYPES CONTROLS

1

1

1

2

1

2

1

2

2

2

1

2

2

1

2

1

1

2

127

397

164

166

62

2

total

(13.8%)

(43.2%)

(17.9%)

(18.1%)

(6.8%)

(0.2%)

918

ALL CASES

168

544

265

260

(12.4%)

(40.2%)

(19.6%)

(19.2%)

107 (7.9%)

8 (0.6%)

1352

106

332

147

145

66

4

CM

(13.3%)

(41.5%)

(18.4%)

(18.1%)

(8.3%)

(0.1%)

800

58

207

108

104

45

4

SA

(11.0%)

(39.

(20.

(19.

4%)

5%)

8%)

(8.6%)

(0.1%)

526
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Table 6.17 Mandinka. Haplotypes of IL22BP using the following markers: 

IL22BP-UIQ (A=l; G=2), //.22BP-1054 (G=l; T=2) and 6:144153554 (A=l; 

G=2)).

HAPLOTYPES CONTROLS

1
1
l
2

1
2

1

2

2

2

1

2

2

1

2

1

1

2

63

140

58

67

19

1

total

(18.1%)

(40.2%)

(16.7%)

(19.3%)

(5.5%)

(0.3%)

348

ALL CASES

79

242

121

120

48

2

(12.9%)

(39.5%)

(19.8%)

(19.6%)

(7.8%)

(0.3%)

612

48

153

75

60

30

2

CM

(13.0%)

(41.6%)

(20.4%)

(16.3%)

(8.2%)

(0.5%)

368

29

90

47

59

19

0

SA

(11.9%)

(36.9%)

(19.3%)

(24.2%)

(7.8%)

(0.0%)

244

Table 6.18 All ethnic groups. Haplotypes of IL20RA using the following 

markers: IL20RA-162Q (C=l; T=2) and IL20RA-31Q (C=2; T=2).

HAPLOTYPES

2 1

l 1
2 2

total

CONTROLS

675 (73.5%)

126 (13.7%)

117 (12.7%)

918

ALL CASES

1030 (76.2%)

160 (11.8%)

162 (12.0%)

1352

CM

598 (74.8%)

105 (13.1%)

97 (12.1%)

800

SA

408 (77.6%)

55 (10.5%)

63 (12.0%)

526
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OR=1.77 (1.08-2.91 95%CI); and p=0.007; OR=0.36 (0.17-0.78 95%CI) re­ 
spectively). Furthermore, those Mandinka patients who carried haplotype 5 
were significantly more likely to develop cerebral malaria than severe malarial 
anaemia (p=0.000002; OR-4.86 (2.36-10.22 95%CI)). This was statistically 
significant even after allowing for 11 comparisons (four ethnic groups, six 
haplotypes and cerebral malaria versus severe anaemia). Haplotype 4 carries 
the IFNGRl-470ddel. It was overrepresented in the control group (p—0.008; 
OR—0.52 (0.31-0.85 95%CI)). However, if one corrects for comparing four 
different ethnic groups and six different haplotypes the threshold of signifi­ 
cance would be at p < 0.005.

As has been noted in the previous chapter long ranging LD was observed 
from the marker IFNGR1-470. Haplotypes were constructed using all 11 
markers spanning 176kb in the 6q23 region. It was found that the IFNGR1- 
470ddel allele which has a frequency of about 10-12% was predominantly 
observed on one haplotype only. This haplotype accounts for more than 
86% of all haplotypes bearing the IFNGRl-47Qddel allele. This is a further 
indicator that this marker is in high linkage disequilibrium with markers at a 
considerable physical distance. In order to establish how this relates to other 
markers in the same region the haplotypic structure of two markers with 
similar allele frequencies were used for comparison. IL20RA-1620 and -310 
both have a minor allele frequency of about 12%. The frequency distribution 
of haplotypes that carry each of these three markers are shown in Figure 6.4. 
Both the IL20RA-W20C allele and the IL20RA-3WT allele are distributed 
across several haplotypes with the major haplotypes accounting for just 29% 
and 30% respectively in cord blood controls. The structure of haplotypes 
bearing the IFNGRl-47Qddel is highly conserved for all IFNGR1 markers in 
addition to the marker IL22BP-1119, a region spanning almost 47kb.
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Figure 6.4 Haplotype frequency distribution in the cord 

blood control sample collection of extended haplotypes bearing 

the following alleles: IFNGRl-47Qdde\ (A), /L20&4-1620C (B) 

and IL20RA-3WT (C).
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6.4 Discussion

The previous case control study had yielded two potentially interesting asso­ 
ciations for IFNGR1-56 and -470. This additional study extended the area 
under investigation by using markers in neighbouring genes. This approach 
allowed to test markers in two further immune genes for association with 
disease and enabled the construction of longrange haplotypes. It was hoped 
that this might facilitate localising the association with severe malaria fur­ 
ther. The markers had been chosen by constructing haplotype blocks and 
calculating the minimum number of markers needed in order to achieve the 
maximum entropy, i.e. information about the haplotype structure of the 
markers given. It was found that the low frequency allele IFNGR1-611G was 
associated with protection against severe disease in all ethnic groups, i.e. in­ 
dividuals carrying the G allele were half as likely two develop severe malaria. 
This allele is common in Caucasians but must have arisen before humans 
left Africa. Its significant increase in frequency in the Caucasian population 
is of note. While this could be simply due to genetic drift it might equally 
represent the sign of a selective advantage. Transcription factor prediction 
analysis using TRANSFAC suggests that the G allele might disrupt a theoret­ 
ical GATA1 binding site. But given its low allele frequency in Africans the 
G allele is in high linkage disequilibrium with most other IFNGR1 markers. 
Only one IFNGR1 haplotype carrying the IFNGR1-611G allele was observed 
and not surprisingly this haplotype was found to be protective against se­ 
vere disease (OR=0.44). The IFNGR1-6UG allele lies on the background 
of the IFNGR1-56T allele and is therefore on a different background as the 
IFNGRl-tfQddel allele.

In the first case control study Mandinka individuals heterozygote for the 
IFNGR1-56 were protected against cerebral malaria. This association could 
not be replicated in the repeat study. Although there were less heterozygotes 
in the cerebral malaria group than expected this was not significant. How­ 
ever, in the subgroup who died as a consequence of cerebral malaria there 
was still a reduction of in the number of heterozygotes. There was a trend 
for the IFNGR1-56T allele to be associated with susceptibility to cerebral
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malaria. The two genotyping methods for the IFNGR1-56, ligation detection 
reaction (LDR) and mass-spectrometry, were compared. The first case con­ 
trol study contained 174 Mandinka controls and 123 Mandinka with cerebral 
malaria. The second case control study contained 174 Mandinka controls and 
184 Mandinka with cerebral malaria. There was an overlap of 152 controls 
and 92 cerebral malaria cases in the two studies, i.e. only half of the cerebral 
malaria cases in the second study had been used in the first study. It was 
found that the two genotyping methods showed matching results in 94% and 
95% for cases and controls respectively. This was similar to what had been 
found by other members of the research group when comparing genotyping 
methods for other assays. It is therefore likely that the altered result is due 
to the fact that the second study used 92 cerebral malaria cases that had not 
been used previously.

An association of the IFNGRl-470ddel with protection against severe 
malaria in Mandinka was confirmed in this study. Individuals carrying the 
deletion were about half as likely to develop the severe form of the disease. 
This was statistically significant after correcting for comparison of four dif­ 
ferent ethnic groups, but not if corrected for the 11 different markers used. 
Therefore, one has to be cautious when rejecting the null hypothesis. These 
results are, however, of sufficient interest to justify further analysis the func­ 
tional significance of the IFNGR1-56 and IFNGRl-47Qddel polymorphisms.

The first association study had already indicated that the IFNGR1 hap- 
lotype carrying the IFNGRl-47Qddel allele was equally associated with pro­ 
tection against severe disease. With the additional markers in the two neigh­ 
bouring genes haplotypes were now constructed comprising of a region of 
almost 180kb. Interestingly the IFNGRl-47Qdde\ allele was still predomi­ 
nantly found on one haplotype only. This is surprising despite the fact that 
its allele frequency is only about 10%. While two different markers with 
a similar allele frequency in the same region fall onto multiple haplotypes 
there is hardly any sign of the extended IFNGRl-47Qdde\ haplotype being 
broken up by recombination. This could be a signature of natural selection 
as markers that rise in frequency within a relatively short time span due
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to a selective advantage tend to be in higher linkage with their surrounding 
genetic region. Reich et al. (2001) studied the decay of D' for 19 different 
genomic regions and found that in a European population the half-length 
of D' (the distance at which the average D' drops below 0.5) is typically 
60kb, while in an African population the half-length of D' is 5kb (Reich 
et al., 2001). Other studies have also revealed lower levels of linkage dis­ 
equilibrium in African populations compared with non-African populations 
(Tishkoff et al., 2001). Sabeti et al. (2002) make use of long-ranging LD by 
applying their method of extended haplotype homozygosity. This method is 
unfortunately of only limited help in this case as the IFNGRl-47Qddel is not 
a high frequency allele and only few homozygotes would be expected in the 
sample set used. Furthermore, the haplotypic diversity of the core IFNGR1 
haplotype is limited with the IFNGR1-56T and the IFNGRl-47Qdde\ alone 
accounting for almost 90% of all haplotypes at this locus. Nevertheless, a 
similar phenomenon to the one Sabeti et al. (2002) described for the G6PD 
locus might be present in the IFNGR1 region with the core haplotype as 
defined by the IFNGRl-47Qdde\ allele extending in fact at least 180kb. It is 
worth noting, though, that the IFNGRl-47Qdde\ might be in greater LD than 
the two markers used for comparison due to a different genetic history. The 
other two markers might be much older than the IFNGRl-47Qddel. Their 
frequency might now be decreasing due to genetic drift after they might have 
reached their peak frequency some time ago in history. The fact that both 
markers have high allele frequencies in Caucasians and must therefore have 
arisen before humans left Africa might add weight to this argument. The 
IFNGRl-47Qdde\ on the other hand could neither be found in Caucasians 
nor in 400 samples from Vietnam (data not shown). It is therefore possi­ 
ble that it has arisen only recently which would explain its high LD with 
neighbouring markers. PHASE was used for the constructing of extended hap­ 
lotypes. It must be noted that it is not clear yet as to how well this method 
performs over large distances although Stephens et al. (200Ib) found their 
program to perform well in the presence of moderate amounts of recombina­ 
tion.
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Nevertheless, this result might be encouraging as there was not only an 
association with this marker but also evidence of long-ranging LD. If on the 
other the hand IFNGRl-470dde\ was not the functional allele itself and just 
a marker for another allele somewhere on this haplotype it might be hard 
to localise the association any further. It is therefore crucial to undertake 
functional analysis of this locus and investigate whether the alleles found 
thus far might be involved in altering expression of the genes.
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6.5 Summary
1. The association of IFNGR ./-470 with severe malaria in Mandinka was 

replicated in this new case-control study using a different genotyping 
method.

2. The association for IFNGR1-56 heterozygosity in Mandinka, however, 
was not replicated. Although genotyping error cannot be entirely ex­ 
cluded, this might be due to a difference in the sample collections. 
Haplotype analysis, however, showed a significant association for the 
haplotype carrying the T allele with cerebral malaria.

3. In the overall group, the low frequency IFNGR1-611G allele was asso­ 
ciated with protection against severe malaria.

4. Overall no strong association was found for individual markers with 
severe malaria.

5. Several long range haplotypes showed significant association with dis­ 
ease.

6. The IFNGRl-47Qdde\ allele is in strong LD with markers which are a 
considerable distance away.

7. The IFNGRl-47Qdde\ allele was predominantly observed on one hap­ 
lotype only spanning the entire region of 176kb. This could represent 
a signature of natural selection.

8. The IL20RA-I62QC allele was weakly associated with protection against 
severe malarial anaemia.

9. None of the IL22BP SNPs and haplotypes were associated with sus­ 
ceptibility to disease.

10. None of the above results would be statistically significant if full correc­ 
tions were made for multiple comparisons, and so should be regarded 
as tentative rather than definitive associations.
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Chapter 7

Functional Investigations of 

IFNGRl promoter 

polymorphisms

7.1 Introduction

Previous chapters have focussed on the genetic analysis of the of common 
variants, i.e. single nucleotide polymorphisms, in promoter regions of IFNGRl, 
IL22BP and IL20RA. These genetic regions were screened for common vari­ 
ants. These variants were then genotyped in cases with severe malaria and 
controls. Frequencies of either individual alleles or haplotypes were com­ 
pared. While this approach might detect variants that might influence re­ 
sponse to and outcome of a given disease, it can however not prove function­ 
ality of the respective variant site. This can lead to problems particularly in 
regions of high linkage disequilibrium (LD). Functional analysis is therefore 
crucial in advancing the knowledge about the effects a given polymorphism 
might have on a cellular system. For the associations found for the IFNGRl 
SNPs this seemed a logical way to progress.
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1. The association studies presented in chapters 3 and 6 have indicated a 
possible link between the IFNGR1-47Q polymorphism and susceptibil­ 
ity to severe malaria.

2. LD studies and haplotype analysis, however, failed to localise the effect 
as the IFNGRl-47Qdde\ occurs on an extended haplotype spanning 
more than 176kb.

3. Similarly, weak associations were observed for IFNGR1-611 in the over­ 
all Gambian group and IFNGR1-56 in the Mandinka ethnic group.

4. The effects observed may be due to a functional variation of these sites 
themselves or of other markers located on the same haplotypes.

5. In order to establish whether these sites, and IFNGR1-470 in particu­ 
lar, have functional properties themselves, functional analysis seemed 
warranted.

7.1.1 Background

As outlined in chapter 1 IFN7 plays a central role in the host immune re­ 
sponse. There is growing evidence that its action is at least in part deter­ 
mined by the expression of the its receptor, IFN7 receptorl (IFN7R1) and 
IFN7 receptor2 (IFN7R2).

While there have been mulitple reports of cases with complete or partial 
IFN7R1 deficiency due to coding mutations of the IFNGR1 gene (Newport 
et al., 1996; Jouanguy et al, 1996, 1997, 1999), little is known about how 
changes in expression of the non-mutated receptor may alter response to 
infection and other inflammatory stimuli. IFN7R1 has been shown to be 
expressed constitutively in many tissues.

Valente et al. (1992) have shown that most B lymphocytes are IFN7R 
positive, whereas T lymphocytes are negative. However, after in vitro ac­ 
tivation, peripheral blood T cells become IFN7R+. Although the role of 
IFN7R1 has been best described in lymphatic cells and macrophages it has
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been shown to be expressed in a large variety of cells such as endothelial cells, 
trophoblastic epithelium of the placenta, glandular cells of stomach, ileum 
and colon, lung alveolar cells, salivary duct cells, renal tubular cells, and 
endometrial mucosa cells, hepatocytes (Valente et al, 1992). This suggests 
that the role of interferon and its receptor is not limited to the lymphatic 
tissue alone.

Several studies have furthermore shown that IFN7R1 expression underlies 
significant regulation leading to different cellular responses. A change in the 
cell membrane expression of both chains greatly transforms the results of 
IFN-7's influence on T lymphocyte behavior. Flow cytometry indicates that 
Rl and R2 can be expressed at low (20% positive cells) or high (from 20 to 
100% positive cells) levels. When it interacts with T cells expressing high Rl 
and low R.2 membrane levels, it promotes their proliferation (Novelli et al., 
1994, 1996). By contrast, when high levels of both chains are expressed, it 
induces T cell apoptosis (Novelli et al., 1996, 1997). /?galactoside-binding 
protein, a negative regulator of the cell cycle, up-regulates the expression of 
both the alpha- and the beta-chains of the IFN7R on activated T lymphocyte 
membrane (Allione et al., 1998) which renders T lymphocytes sensitive to 
IFN-7 induced apoptosis.

The LPS activation of conventional and CD5+ B cells resulted in in­ 
creased IFN7R1 expression and increased the ability of IFN-gamma to in­ 
hibit LPS-induced B cell differentiation correlated with increased IFN7R1 
expression. Increased B cell IFN7R1 expression was detected 12 h after acti­ 
vation, and maximal IFN7R1 expression was observed at 24 h (Abed et al., 
1994b,a).

Stimulation of human blood monocytes and the monocytic cell line, THP- 
1, by IL-1 or TNF-alpha leads to the up-regulation of IFN-7 receptors. The 
data suggest that the immunopotentiating effects of IL-1 and TNF-alpha are 
mediated in part by enhancing IFN-7 receptor expression on monocytes and 
macrophages. (Krakauer and Oppenheim, 1993).
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In Raji, IM9, and THP-1 cells, IFN-7 had no effect on its receptor gene 
expression. In Raji and IM9 cells, PMA had no or few effects on the cell 
surface receptor number and no detectable effect on the receptor protein or 
on mRNA levels. In contrast, in THP-1 cells, PMA treatment induced a 
time and dose-dependent five- to sixfold increase of the cell surface receptors 
(Mao et al., 1990).

Nakagawa et al. (1989) demonstrated IFN7R1 to be present on normal 
human B-cells as well as four Epstein-Barr virus transformed B-cell lines. In 
this study activation of normal B-cells in vitro with Staphylococcus aureus 
Cowan Strain resulted in a decreased receptor number and density.

Tumor necrosis factor-a and IL-6 up-regulate IFNGR1 gene expression 
in human rnonocytic THP-1 cells by affecting transcriptional regulation and 
effecting mRNA stability respectively (Sanceau et al., 1992).

Despite intense studies of the general patterns of expression of the IFNGR1 
only little work has been done on the molecular basis of expressional regu­ 
lation. The exon-intron organisation of the IFNGR1 resembles the mouse 
Ifngrl (Raval et al., 1995), the human IFNGR2 (Rhee et al., 1996), and the 
mouse Ifngr2 genes (Ebensperger et al., 1996). All these genes have multi­ 
ple transcription initiation sites preceded by many potential binding sites for 
different transcription factors including Spl and AP-2. The first paper to 
investigate the 5' flanking region of the gene was done by Raval et al. (1995). 
They investigated 480bp of DNA upstream from the ATG start codon of the 
mouse Ifngrl gene. The 5' sequence was found to lack a TATA box. It was 
furthermore G+C rich and multiple putative SP1 sites and multiple tran­ 
scription start points were found. These are characteristics of the promoters 
of other constitutively expressed genes (Dynan, 1986; Boisclair et al., 1993) 
including several other receptors with growth or immune regulatory activ­ 
ity, including the p55 tumor necrosis factor receptor (Kemper and Wallach, 
1993), the interleukin 1 type-I receptor (Ye et al., 1993), epidermal growth 
factor (Ishii et al., 1985), nerve growth factor (Sehgal et al., 1988), insulin 
(Sibley et al., 1989) arid thyrotropin (Ikuyama et al., 1992). Raval et al.
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(1995) also suggested that the 5' flanking region of IFNGR1 contained puta­ 
tive responsive elements for transcription factors AP2, NF1 and ATF/CREB 
that could potentially modulate expression of the IFNGR1 gene.

Merlin et al. (1997) characterized 4kb of the 5' flanking region of the 
human IFNGR1 gene. No TATA or CAAT boxes were found. Potential 
binding sites for Spl, AP-1, AP-2, and CREB nuclear factors were identified. 
Similar to the mouse promoter multiple transcription initiation sites were 
found. The strongest sites were observed at positions around -21, -31, -37,
-55, -61 and -75. In Cos-1 cells the smallest 5' region that still had full 
promoter activity was 692 bp in length.

Sakamoto and Taniguchi (2001) reported a TPA responsive element in the
-128 to -109 base pair region. Induction of this element lead to enhancement 
of human leukocyte antigen-DRa expression (Sakamoto et al., 1999). They 
suggested that Spl is binding to this site.

T.I.2 Aim

Although studies have looked at theoretical predictions of transcription fac­ 
tor binding sites in the IFNGR 1 promoter, so far only few studies have 
investigated binding to specific sites in vitro. As presented earlier putative 
associations with susceptibility to malaria was found for some of the poly­ 
morphisms. Although clearly of interest this does not prove that any of those 
SNPs are functional and play a role in IFNGR1 gene regulation. The aim of 
this study was to specifically focus on the polymorphic sites of the IFNGR 1 
promoter and investigate their role in the context of IFNGR1 gene expres­ 
sion in different cell types.
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7.2 Results

7.2.1 IFNGR1 mRNA expression

Expression of IFNGR1 was initially investigated in five different cell lines. An 
EBV-immortalized B-cell line derived from Burkitt lymphoma cells (Raji), 
a B-cell line derived from myeloma cells (RPMI 8226), a lymphoblastic T- 
cell line (Jurkat), a monocytic line (MonoMacG), and an epithelial cell line 
derived form lung carcinoma cells (A549) were used to represent a range 
of different tissue in which IFNGR1 is expressed in vivo. In order to ob­ 
tain a crude estimate in which cell lines IFNGR1 gene expression could 
be induced, all cell lines were subjected to a range of different stimuli and 
mRNA expression measured by Northern blot hybridization. Four of the 
cell lines were stimulated with a range of different stimuli for 2, 24 and in 
some occasions for 48h. A fifth cell line, A549, was stimulated with TNFa 
over a time course of 48h. mRNA expression was determined by Northern 
blot hybridisation. All values were normalised by hybridisation with /5-actin 
cDNA. There was significant induction of mRNA expression in Raji 24h af­ 
ter simulation with PMA and ionomycin (Figure 7.1). In the other B-cell 
line, RPMI8226, a less pronounced induction was seen after 48h of stimu­ 
lation with PMA/ionomycin while all other stimuli did not induce IFNGR1 
mRNA expression (Figure 7.2). Both in Jurkat T-cells and MonoMacG no 
induction of IFNGR1 mRNA expression was observed at the investigated 
time points (Figure 7.3, (Figure 7.4)). The epithelial cell line, A549, was 
stimulated with TNF lOng/ml over 0, 0.5, 2, 4, 8, 16, 24 and 48 hours. A 
moderate induction was seen after 8 hours that lasted at least until 48 hours 
(Figure 7.5).

7.2.2 Protein Binding to Polymorphic Sites of IFNGR1

Initially the 5' flanking region of the IFNGR1 gene was analysed using tran­ 
scription factor binding site prediction software, TRANSFAC (Wingender et al., 
2000). This suggested the IFNGR1-611 site as a potential GATA binding
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Figure 7.1 IFNGR1 mRNA expression in Raji B-cells as 

determined by Northern Blot. Expression is shown as a relative 

value in comparison with non-activated cells. Light grey bars = 2h 

after stimulation; dark bars = 24h after stimulation; white bars = 

48h after stimulation. Cells were stimulated with either l//g/ml 

IPS, 40ng/ml TNF-a, 300U/ml IFN7l lOng/ml 111/?, 250nM 

PMA / 150nM lonomycin, 1/xg/ml PGE2 or 50//g/ml ConA.
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Figure 7.2 IFNGR1 mRNA expression in RPMI8226 B-cells 

as determined by Northern Blot. Expression is shown as a relative 

value in comparison with non-activated cells. Light grey bars — 2h 

after stimulation; dark bars = 24h after stimulation; white bars = 

48h after stimulation. Cells were stimulated with either 1/zg/ml 

LPS, 40ng/ml TNF-a, 300U/ml IFN7, lOng/ml IL1/3, 250nM 

PMA / 150nM lonomycin, l//g/ml PGE2 or 50//g/ml ConA.
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Figure 7.3 IFNGR1 mRNA expression in Jurkat T-cells as 

determined by Northern Blot. Expression is shown as a relative 

value in comparison with non-activated cells. Light grey bars = 2h 

after stimulation; dark bars = 24h after stimulation; white bars = 

48h after stimulation. Cells were stimulated with either l/^g/ml 

LPS, 40ng/ml TNF-a, 300U/ml IFN7, lOng/ml IL1/3, 250nM 

PMA / 150nM lonomycin, 1/ug/ml PGE2 or 50/^g/ml ConA.
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Figure 7.4 IFNGR1 mRNA expression in MonoMac6 as 

determined by Northern Blot. Expression is shown as a relative 

value in comparison with non-activated cells. Light grey bars = 2h 

after stimulation; dark bars = 24h after stimulation; white bars = 

48h after stimulation. Cells were stimulated with either 1/ug/ml 

LPS, 40ng/ml TNF-a, 300U/ml IFN7> lOng/ml 111/?, 

PGE2 or 50//g/ml ConA.
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Figure 7.5 IFNGR1 mRNA expression in A549 stimulated 

with TNF 40ng/ml as determined by Northern Blot. Expression is 

shown as a relative value in comparison with non-activated cells.
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site. The site surrounding IFNGR1-56 resembles an AP4 binding site. It was 
furthermore predicted that STAT1 might bind to the IFNGRl-47Qius allele 
while this binding would be abrogated in the variant containing a double dele­ 
tion. To investigate the interactions of nuclear proteins with the polymorphic 
sites found in the IFNGR1 promoter in vitro, electrophoretic mobility shift 
assays were performed using nuclear extracts from five different cell lines. 
It was hereby of particular interest whether potential transcription factors 
might bind to the sites surrounding the polymorphisms and whether binding 
would be different between the wild type and the mutant allele. For each 
polymorphism two double stranded oligonucleotide probes that encompassed 
the SNP of interest were used, one for each allele respectively. Binding to 
IFNGRl-m2, -1804, -611, -270, -72, +95 and +130 is shown in Figures 7.6, 
7.7 and 7.8 using nuclear extract from Raji cells. No differential binding was 
detected for all of these polymorphisms. The seemingly stronger binding to 
the G-variant of IFNGR1-611 was due to slightly unequal amounts of nu­ 
clear extract as a consecutive competition assay failed to confirm differential 
binding (data not shown). Similar binding patterns were obtained for A549, 
Jurkat, RPMI 8226 and MM6 cells (data not shown). Binding of proteins 
from all of the five investigated cell lines to IFNGR1-56 is shown in Figure 
7.9. There was no differential binding to this site. At all sites there were no 
significant differences in binding between stimulated and unstimulated cells. 

Binding of proteins from all of the five investigated cell lines to IFNGR1- 
470 is shown in Figure 7.10. Differential binding was detected in all five cell 
lines. In A549 a protein/DNA complex was detected running in the upper 
quarter of the gel (see arrow no. 1 in Figure 7.10) that was strongly present 
with the ins variant probe. This complex was hardly detectable with the ddel 
probe. Binding of this complex was stronger with nuclear extracts from TNF 
activated A549 cells. In Raji, RPMI8226 and MonoMac6 a protein/DNA 
complex was seen further down on the gel (see arrow no.2). This complex 
was present with the ins variant while absent with the ddel variant. In Jurkat 
multiple bands were seen amongst them the two bands detected in A549 and 
Raji/RPMI8226/MM6. Most of these were only present with the ins allele. 
Differential binding to IFNGR1-47Q was confirmed by competition assays.
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|—IFNGRl-1882

i— G —ir~ A ~
NA A NA A

|-IFNGR1-1804- 

I—— G —I I—— T ~

NA A NA A

——IFNGR1+130-
— G —1|—— A —

NA A NA A

Figure 7.6 EMSA for IFNGR1-1382, -1804 and +130 for 

the two alleles respectively. Nuclear extract from Raji cells. NA = 

non-activated cells; A = cells activated for 24 hours with 250nM 

PMA / 150nM lonomycin.
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I——IFNGRl-270—|

r T nr c n
NA A NA A

-IFNGR1-72
c ~i r T

NA A NA A

Figure 7.7 EMSA for IFNGR1-27Q and -72 for the two alleles 

respectively. Nuclear extract from Raji cells. NA = non-activated 

cells; A = cells activated for 24 hours with 250nM PMA / 150nM 

lonomycin.
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pIFNGRl+95 —r T ir c "
NA A NA A

Figure 7.8 EMSA for IFNGR1-6U and +95 for the two

alleles respectively. Nuclear extract from Raji cells. NA = non- 

activated cells; A = cells activated for 24 hours with 250nM PMA 

/ 150nM lonomycin.
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•A549 -RAJI ——I r RPMI8226-11—JURKAT —11——MM6 
i- T-ii—C-ii—T—ir-C—ii-T——ir—C——ir-T—11— C—ii-T-n- C—
NA A NA A NA A NA A NA A NA A NA A NA A NA A NA A

Figure 7.9 EMSA for IFNGRl-b6 in 5 different cell lines for 

the two alleles respectively. NA = non-activated cells; A — acti­ 

vated cells (24 hours). A549 cells were stimulated with 40ng/ml 

TNF-a. Raji, RPMI 8226 and Jurkat cells were stimulated with 

250nM PMA / 150nM lonomycin. MM6 cells were stimulated 

with lyug/ml LPS.
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Here the 32 P-labelled ins probe was competed off by unlabelled ins allele 
while the ddel allele did compete significantly less. Figure 7.11 shows the 
competition assay for Raji nuclear extract. A similar picture was seen for 
RPMI8226 and MM6. Figure 7.12 shows the differential binding in A549.

7.2.3 Functional Analysis of the IFNGR1 promoter
The influence of the IFNGRl-470ddel was further investigated using different 
reporter gene constructs. Merlin et al. (1997) reported full promoter activity 
for a fragment consisting of the first 692bp 5' of the transcription start site 
of the IFNGR1 gene. In order to investigate the functional impact of the 
the double deletion at IFNGR1-470 three different constructs were generated 
consisting of -722bp of the IFNGR1 promoter (from base position -2 to -724). 
The first had no deletion at position -470 and had the T allele at position -56 
(called 470ins/56T in this section). The second carried the double deletion 
at position -470/-471 (called -4?0ddd in this section). The third had both 
the double deletion at -470 plus the C allele at -56 which is the haplotype 
the -470 exists on naturally (called -470ddel/-56C in this section). These 
variants of the IFNGR1 promoter were inserted into pGL3 vector carrying a 
luciferase reporter gene. The resulting plasmids were transiently transfected 
into A549 cells, RPMI8226 cells and Jurkat cells. Half of the cells were stimu­ 
lated with either 40ng/ml TNF-a (A549) or 250nM PMA / 150nM lonomycin 
(RPMI8226 and Jurkat) for 24h. All experiments were repeated 5 times. In 
A549 cells luciferase activity in constructs -470ddel and -470ddel/-56 was re­ 
duced to about 26% when compared with the 470ins/56T construct (Figure 
7.13). This was the same in both TNF-stimulated and unstimulated cells. 
Activity was only slightly increased in TNF stimulated cells transfected with 
the 470ins/56T construct. Unlike in A549 cells in RPMI8226 B-cells there 
was a significant increase in luciferase activity of -470ddel and ~470ddel/-56 
constructs when compared to the 470ins/56T construct (Figure 7.14). Over­ 
all activity was increased in PMA/Ionomycin stimulated cells. In Jurkat no 
significant change in activity was observed (Figure 7.15). It is worth noting, 
though, that there was a significant variation between the five transfection
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A549 -ir— RAJI -|rRPMI8226 -||— JURKAT -]|— MM6 —— I

i— insn rddel-j f— ins— n-ddel-j | — ins-! |-ddel-j rins -| r ddel-j rins-|rddel-i
NA A NA A NA A NA A NA A MA A NA A NA A NA A NA A

Figure 7.10 EMSA for IFNGR1-470 in 5 different cell lines. 

NA = non-activated cells; A = activated cells (24 hours). A549 

cells were stimulated with 40ng/ml TNF-a. Raji, RPMI 8226 and 

Jurkat cells were stimulated with 250nM PMA / 150nM lono- 

mycin. MM6 cells were stimulated with l^g/ml LPS. ins = allele 

containing the TT allele at positions -470/-471; ddel = allele con­ 

taining the double deletion at the same site. Arrow 1 indicates 

the protein/DNA complex in A549 while arrow 2 marks a complex 

seen in Raji, RPMI8226 and MM6
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NA

-IFNGRl-470ins——

ins ins ddel ddel
X10 X100 X10 X100

A A A A A

|——IFNGRl-470ddel-

NA

ins ins ddel ddel
X10 X100 X10 X100
A A A A

Figure 7.11 Competition EMSA for IFNGR1-47Q in Raji. 

ins = allele containing the TT allele at positions -470/-471; ddel 

= allele containing the double deletion at the same site. NA = 

non-activated cells; A = cells activated for 24 hours with 250nM 

PMA / 150nM lonomycin. Each 32 P labelled probe is competed 

against with unlabelled IFNGRl-47Q'ms or /F/VG/?J-470ddel probe 

at xlO or xlOO concentration.
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IFNGRl-470ins ———1|———IFNGRl-470ddel—]
ins ins ddel ddel ins ins ddel ddel 
X10 X100 X10 X100 X10 X100 X10 X100

NA A A A A A NA A A A A A

Figure 7.12 Competition EMSA for IFNGR1-470 in A549. 

ins = allele containing the TT allele at positions -470/-471; ddel 

= allele containing the double deletion at the same site. NA = 

non-activated cells; A = cells activated for 24 hours with 40ng/ml 

TIMF-a. Each 32 P labelled probe is competed against with unla- 

belled IFNGRl-47Q'ms or IFNGRl-47Q6de\ probe at xlO or xlOO 

concentration.
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experiments in Jurkat cells as indicated by the relatively big standard error 
of the mean luciferase readings.

7.2.4 Identification of IFNGR1-4TQ Binding Proteins

7.2.4.1 Size Determination

In order to determine the size of the proteins binding to the IFNGR1-470 
site EMSAs using bromdeoxyuridine labelled IFNGRl-47Qins probe were 
performed. UV-crosslinking was done and the band for which differential 
binding had been observed excised from the gel, eluted and run on a NuPage 
SDS gel. Size was determined by using a Rainbow size marker. The band 
representing the protein/DNA complex seen in Raji (see arrow no.2 in Figure 
7.10) runs at approximately 50kDA (Figure 7.16). Taking the DNA probe 
into account the molecular weight of the protein binding to IFNGR1-47Q in 
Raji is approximately 35-40kDa in size. The band that was seen in A549 (see 
arrow no. 1 in Figure 7.10) was approximately 105kDa in size (Figure 7.17. 
Accounting for the DNA probe this represents a protein of approximately 
90-95kDa in size. A second faint complex can be seen at around 50kDa.

7.2.4.2 Competition with STAT Consensus Sites

Analysis of the IFNGR1-47Q site using the TRANSFAC database had suggested 
that the signal transducer and activator of transcrition 1 (STAT1) might 
be binding to this site. STAT1 is similar in size (91kDa) to the protein 
found to bind in A549 cells. Therefore binding to several known consensus 
sites for various members of the STAT family were investigated: STAT1, 
GAS (STAT1/STAT1 homodimer) plus ISRE (STATl/STAT2/p48), SIE 
(STAT1/STAT3 heterodimer), STATS, STAT4, STAT5, and STAT5/6)(Figure 
7.18). The same consensus sites were also used for competition against the 
IFNGRl-47Qins probe. Binding to the STAT1 consensus site yielded a band 
that ran slightly higher than the one seen with the IFNGR1-470ms probe. 
The GAS/ISRE probe showed three major bands with the highest of them
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470ddelS56C TNF —X———X—El

470ddel TNF X F"

470ins/56T TNF ———-——————F~

0

470ddelS56C NA X X F" I—3——I

470ddel NA —X———————EzZIIIZEH

470ins/56T NA ———•———————\

50 100 150 

Relative Luciferase Activity in %

Figure 7.13 Functional analysis of IFNGR1 promoter pGL3 

constructs in A549 cells. Cells were either left unstimulated (NA) 

or were stimulated with TNF-a 40ng/ml for 24h. Activities were 

measured by luciferase assays. Experiments were repeated five 

times.
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470ddelS56C PMA/Ion X X '

470ddel PMA/ 1 on -X ——————— I

470ins/56T PMA/Ion ——————— - ——— I MH 

470ddel&56C NA _X ——— X — ̂

470ddel NA X

470ins/56T NA —i———————————i———————————i———————————i

50 100 150 200 

Relative Luciferase Activity in %

Figure 7.14 Functional analysis of IFNGR1 promoter pGL3 

constructs in RPM18226 cells. Cells were either left unstimulated 

(NA) or were stimulated with 250nM PMA / IBOnM ionomycin for 

24h. Activities were measured by luciferase assays. Experiments 

were repeated five times.
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470ddelS56C PMA/Ion A A '—————————————————I I———————————'
470ddel PMA/Ion ——X———————' II—————————————I 

470ins/56T PMA/Ion ———————————' < =1——————' 
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Figure 7.15 Functional analysis of IFNGR1 promoter pGL3 

constructs in Jurkat cells. Cells were either left unstimulated (NA) 

or were stimulated with 250nM PMA / 150nM ionomycin for 24h. 

Activities were measured by luciferase assays. Experiments were 

repeated five times.
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50kD 

35kD

25kD 

15kD

Figure 7.16 SDS protein gel for protein/DNA complex bind­ 

ing to IFNGRl-47Q\ns in Raji

KOCH 2003



CHAPTER 7. FUNCTIONAL INVESTIGATIONS OF IFNGR1 PROMOTER POLYMORPHISMS 228

250kD 
150kD

100kD 

75kD

50kD

35kD

30kD 
25kD

Figure 7.17 SDS protein gel for protein/DNA complex bind­ 

ing to IFNGRl-47Q\ns in A549
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running at the same position as the one seen with IFNGRl-47Qins. The 
STATS probe also showed a faint band running similar to the one with 
IFNGR1 -470ins. All other STAT probes showed a binding pattern that 
was different compared to the IFNGRl-470ins. On competition the lOOx 
GAS/ISRE probe fully competed off the binding to IFNGR1-470ms. There 
also was minor competition with the STAT5 consensus site. Competition 
with STAT1 and STAT2 antibodies was attempted but no binding of the 
antibodies was seen. It is worth rioting, though, that competition with an­ 
tibodies using known consensus sites also failed to work which suggests a 
failure due to technical reasons.

7.2.4.3 Analysis of STAT1/2 Abundance

In order to assess whether the nuclear extracts of unstimulated Raji, Jur- 
kat, RPMI8226 and A549 contained STAT1 and STAT2, a Western blot was 
performed using STAT1 and STAT2 antibodies (Figure 7.19). STAT1 and 
STAT2 were present in all cell lines with STAT1 being most abundant in 
A549 cells. When the localisation of STAT1 was analysed by immunohisto- 
chemistry STAT1 was found in the nucleus of activated (Figure 7.20) and 
non-activated (data not shown) A549 cells. However, it was most abundant 
in the cytoplasm of the cell.

7.3 Discussion

The aim of this study was to investigate the impact of polymorphisms on 
the functional regulation of the promoter of the IFNGR1 gene. Previous 
studies have shown that IFNGR1 is constitutively expressed in many tis­ 
sues and that its promoter has features similar to other housekeeping genes. 
There is some evidence, though, that its expression can be induced in several 
cell lines. In order to assess the inducibility of IFNGR1 mRNA expression 
five different cell lines were stimulated with a range of different stimuli and 
mRNA expression determined by Northern blot. The aim hereby was not
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3 4 5 6 7 8 9 10 11 12 13 14 15

No. Probe Competitor
1 = 470ins
2 = STAT1
3 = GAS/ISRE
4 = SIE
5 = STAT3
6 = STAT4
7 = STATS
8 = STAT5/6
9 = 470ins STAT1 X100 
10= 470ins GAS/ISRE X100 
11= 470ins SIE X100 
12= 470ins STAT3 X100 
13= 470ins STAT4 X100 
14= 470ins STATS X100 
15= 470ins STATS/6 X100

Figure 7.18 Nuclear protein from A549 cells binding to 

STAT consensus sites. Lane 1-8 show binding to IFNGRl-47Q\r\s 

and various STAT consensus binding sites. Lanes 9-15 represent 

competition of the IFNGRl-47Q'ms with unlabelled STAT consen­ 

sus sites (xlOO).

KOCH 2003



CHAPTER 7. FUNCTIONAL INVESTIGATIONS OF IFNGR1 PROMOTER POLYMORPHISMS 231

12341234
-•':#&

1 = Raji kDa
250—— ** 2 = RPMI 8226 

150 — 3 = Jurkat
100^ ."«*. -got- -rr,
75 —— . -««, .-**# - 4 = A549

50 —— 

35 —— •

30 —— 
25 ——
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Figure 7.19 STAT1/2 Western Blot. Nuclear Extracts of 

Raji, RPMI8226, Jurkat and A549 nuclear extract probed with 

STAT1 or STAT2 antibodies.
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propidium 
iodine

a STAT1

a ATF-1

Figure 7.20 STAT1 localisation in A549 cells stimulated 

with TNF 40ng/ml for 24h. STAT1 (green) was predominately 

found in the cytoplasm. An antibody against ATF-1 (blue) was 

included as controls and localisation of this transcription factor 

was primarily seen in the nucleus. DNA was stained by propidium 

iodine (red).
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to investigate the kinetics of mRNA expression in great detail but rather to 
establish an inducible cell system that could be used for binding studies and 
transfection experiments. Previous studies had found that maximal mRNA 
expression was to be expected 24h after induction (Abed et al., 1994a,b). 
Although further detailed investigation using varying concentrations of stim­ 
uli and detailed time course experiments would be required, it appears from 
the initial screening that the IFNGRl gene is not readily inducible in the 
cell lines that were investigated. Some induction was achieved by stimulated 
both B-cell lines with PMA/ionomycin. Mao et al. (1990) had seen increased 
IFNGRl mRNA expression in THP-1 cells induced with PMA but did not 
observe any change in Raji. Increased mRNA expression was observed in 
B-cells upon stimulation with LPS (Abed et al., 1994b,a), a finding that was 
not reproduced in the current study. Sakamoto and Taniguchi (2001) have 
reported a TPA (=PMA) responsive element in the -128 to -109 base pair 
region of the IFNGRl promoter.

DNA binding to the polymorphic sites of the IFNGRl promoter was in­ 
vestigated using EMSAs. Differential binding was found at the IFNGRl -470 
site. Here a protein/DNA complex was observed that was binding signifi­ 
cantly better to the IFNGRl -470ins allele (no deletion) than to the IFNGRl- 
470ddel allele (double deletion). In A549 cells this protein/DNA complex was 
different from the one observed in Raji, RPMI8226 and MM6, while in Ju- 
rkat cells both complexes were present. The size of the protein binding to the 
IFNGRl-47Qms in A549 cells was determined as approximately 90kDa while 
in Raji, RPMI8226 and MM6 the protein was only 35kDa in size. Trans­ 
fection assays suggested that this differences in binding might in fact have 
a functional correlate. In A549 cells promoter constructs that carried the 
double deletion at base position -470/-471 luciferase activity was reduced 
by approximately 75%. In RPMI8226 cells the opposite was observed, i.e. 
luciferase activity was significantly higher in the constructs with the dele­ 
tion. This supported the hypothesis that in A549 and B-cells two different 
factors with different functional properties might be binding to the same site.
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In A549 cells the complex binding to IFNGR1 -470ins was competed off 
using a GAS/ISRE consensus site. This is a consensus site for STAT1 ho- 
modimer (GAS) and a complex of STATl/STAT2/p48. This supported the 
hypothesis that a member of the STAT family might be binding to this site 
as predicted by the transcription factor binding database TRANSFAC. At least 
seven members of the STAT family have been identified, ranging in size from 
90 to 115kDa. STAT1 is activated by IFN7 upon binding to its receptor and 
forms homodimers that bind to to 7 -activated sequence (GAS) elements 
(TTNs_6AA) in the promoter of activated genes. It would be conceivable 
that STAT1 would bind to the IFNGR1 promoter in order to form an auto- 
feedback-loop. But it should also be noted that the protein binding in the 
current study was seen in uninstimulated and TNF stimulated cells. This 
would suggest constitutive binding to this site. Another possibility could be 
that there was an autocrine activation by IFN7. IFN7 in the supernatant 
was not measured in this study. It could be shown that STAT1 was present 
in A549, RPMI8226, Jurkat and Raji cells but no significant translocation 
of STAT1 to the nucleus was seen by immunohistochemistry. STAT1 is best 
known for its function in IFN7 stimulated gene expression. In addition to 
function as a transcriptional activator, the transcriptional repression activity 
of STAT1 has also been documented (Ramana et al., 2000b,a). Furthermore 
it has also been shown to play a role in untreated cells, where it is required 
for efficient constitutive expression of many genes, including caspases and 
the low molecular mass polypeptide 2 (LMP2) (Chatterjee-Kishore et al., 
2000b,a,c). It was nevertheless not possible to unambiguously answer the 
question whether STAT1 (or any other member of the STAT family) was in 
fact binding in A549. Firstly another consensus site for STAT1 that was used 
in this study did not compete off the protein. Secondly in the current study 
the binding of STAT1 unfortunately could not be confirmed using STAT1 
antibodies. It is worth noting, though, that competition with antibodies us­ 
ing known consensus sites also failed to work which suggests a failure due to 
technical reasons.
Although the identity of the factors binding to IFNGR1-47Q could not be 
established the above nevertheless suggests a tissue specific binding to the
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IFNGR1-470 site with proteins with different functional properties. Liu 
et al. (1998) showed that STAT1 mediated gene activation was inhibited 
by a 78kDa protein called protein inhibitor of activated STAT 1 (PIAS1) by 
blocking DNA binding activity of STAT1. Coccia et al. (2002) showed that 
this inhibition might be depended on the cell type. It is conceivable that a 
similar event is happening at the IFNGR1-47G site. This is likely to influence 
constitutive expression of IFNGR1 as the proteins of interest were present 
both in stimulated and unstimulated cells. Neither mRNA studies nor trans- 
fections assays suggested a large degree of inducibility. Future studies will 
have to characterise the proteins binding to this site in greater detail.

7.4 Summary

1. The IFNGR1 gene was not highly inducible in the cell systems used.

2. Altered levels of constitutive expression rather than inducible expres­ 
sion might be important for influencing the inflammatory host response.

3. Differential binding of nuclear protein to the IFNGR1-47Q site was 
shown.

4. This differential binding was cell specific with different factors binding 
in different cell lines.

5. This cell specificity was mirrored in the reporter gene analyses. The 
deletion of nucleotides -470/-471 of the IFNGR1 promoter had different 
effects in different cell lines.

6. An attempt was made to identify the nuclear factor binding to this 
site. Although STAT seems a likely candidate based on the sequence 
of the region, the experiments of the current study failed to confirm 
this hypothesis.
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Chapter 8

Linkage disequilibrium analysis 

of chromosome 12ql4

8.1 Introduction

The analysis of the region of the IFNGR1 gene has yielded some interesting 
results that require further investigation. However, given the time frame of 
this thesis this did not seem feasible at this point in time although ongoing 
work is trying to address some of the issues that have arisen. 
At this point efficient high-throughput genotyping methods had become 
available to the laboratory. This made it possible to investigate not only 
IFNGR1 but to expand the investigation to the gene encoding for the ligand 
binding of this receptor, IFNy.

1. A large amount of SNPs has become available in the public databases 
for this genetic region.

2. Analysis of this region seemed therefore not only feasible but manda­ 
tory given the huge amount of interest in polymorphisms in this gene 
and their role in various diseases.
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3. Furthermore, IFNy has two interesting genetic neighbours, IL22 and 
IL26.

4. As shown previously for IFNGR1, LD studies needed to be undertaken 
in order to define haplotype blocks and htSNPs that could be used for 
a further case control analysis.

8.1.1 Background

Despite the central role interferon7 takes in the inflammatory host response 
surprisingly little work has been done to unravel the genetic variability and 
haplotype structure of the the interferon7 gene (IFN'y) and the surrounding 
genetic region. While many genetic association studies have looked at IFNj 
they have focused primarily on one microsatellite found in the first intron.

The first intron of the IFNj gene contains a C A microsatellite repeat that 
is highly polymorphic, with up to 6 alleles. Allele 2, with 12 CA-repeats, is 
associated with high levels of interferon7 production in vitro (Pravica et al., 
1999). This allele has been associated with higher or lower risk of a variety 
of diseases, including rheumatoid arthritis (Khani-Hanjani et al., 2000), al- 
lograft fibrosis in lung transplant recipients (Awad et al., 1999), and acute 
graft-versus-host disease (Cavet et al., 2001) in bone marrow transplant re­ 
cipients. The association with rheumatoid arthritis could not be replicated in 
two subsequent studies (Constantin et al., 2001; Pokorny et al., 2001). Dab- 
ora et al. (2002) found that the frequency of the allele with 12 CA-repeats 
in patients with tuberous sclerosis with mutations in the TSC2 gene was 
significantly higher in those without kidney angiomyolipomas than in those 
with kidney angiomyolipomas. In a cross sectional study Nieters et al. (2001) 
observed an increased risk of allergies in individuals homozygous for IFN^ 13 
CA-repeats. Nagarkatti et al. (2002) also found an association for the 
microsatellite with asthma in an Indian population.

KOCH 2003



CHAPTER 8. LINKAGE DISEQUILIBRIUM ANALYSIS OF CHROMOSOME 12Q14_____________________238

Pravica et al. (2000) reported an absolute correlation between the 12 CA- 
repeat allele and the presence of the T allele at a SNP located at position 
+874 (T to A) from the translational start site, coinciding with a putative 
NF-^B binding site that might be important in the induction of constitutively 
high IFN7 production. Lio et al. (2002) found that the +874TT genotype 
was significantly decreased in Sicilian patients affected by tuberculosis. Sim­ 
ilarly Lopez-Maderuelo et al. (2003) found that individuals homozygous for 
the 7FA/7+874A allele had a 3.75-fold increased risk of developing tubercu­ 
losis.

Bream et al. (2000) screened the IFNj gene from -777 to +5608 for poly­ 
morphisms. While the proximal promoter (-777 to transcription start) was 
invariant in over 100 samples from a predominately Caucasian male popu­ 
lation, polymorphisms were found in other regions of the gene including a 
single base insertion in a poly-T tract in the first intron, three single base 
pair substitutions in the third intron, and another single base pair substitu­ 
tion in the 3' untranslated region (UTR). Further SNPs were described in 
the proximal promoter and the 3'UTR in a Sudanese population (Chevillard 
et al., 2002; Henri et al., 2002).

Deletion analysis studies identified the core IFN'j promoter (Chrivia et al., 
1990; Penix et al., 1993) in the region -100 to -30 upstream of the translational 
start. This area is highly conserved through evolution. However, enhancer 
sites have been located in the first intron (Ciccarone et al., 1990) and several 
NFftB binding sites and a c-rel protooncogene product (c-Rel) (Sica et al., 
1992) site have been described in the intronic regions of the gene. These 
data indicate that several transcription regulatory regions are distributed 
along the gene.

The IFNj gene contains 4 exons (Gray and Goeddel, 1982). Bureau et al. 
(1995) localized this gene close to the D12S335 and D12S313 microsatellites 
on chromosome band 12ql5. By fluorescence in situ hybridization, Zimonjic 
et al. (1995) mapped the IFN^ gene to 12ql4. Its nearest genetic neighbours
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are IL22 and IL26, two genes with a potentially important role in the immune 
response.

8.1.1.1 IL22

IL22 or ILlO-related T cell-derived inducible factor (ILTIF), a cytokine struc­ 
turally related to IL10, was originally identified in the mouse as a gene in­ 
duced by IL9 in T cells and mast cells (Dumoutier et al., 2000a). Dumoutier 
et al. (2000c) cloned human ILTIF cDNA, which encodes a deduced 179- 
amino acid protein that shares 79% and 25% sequence identity with mouse 
Iltif and human IL10, respectively. Recombinant human ILTIF was found 
to activate signal transducer and activator of transcription factors-1 and -3 
in several hepatoma cell lines. ILTIF stimulation of HepG2 human hep- 
atoma cells upregulated the production of acute phase reactants such as 
serum amyloid A, alpha-1-antichymotrypsin, and haptoglobin, suggesting its 
involvement in the inflammatory response. Xie et al. (2000) cloned IL22 as 
well as IL22R. IL22 was shown to be upregulated in activated T cells. By 
genomic sequence analysis, Dumoutier et al. (2000b) determined that IL22 
contains 5 coding exons of similar sizes to the IL10 gene, as well as an ad­ 
ditional noncoding exon. The IL22 gene was mapped to chromosome 12ql5 
(Dumoutier et al., 2000b), close to the IFN^ gene. They mapped the mouse 
gene to chromosome 10.

8.1.1.2 IL26

Knappe et al. (2000) have isolated a novel cellular gene, AK155, now also 
called IL26, a sequence homolog of the interleukin-10 gene. Specifically her­ 
pes virus saimiri-transformed T cells overexpress AK155 and secrete the pro­ 
tein into the supernatant. In other T-cell lines and in native peripheral blood 
cells, but not in B cells, the AK155 gene is transcribed at low levels. AK155 
forms homodimers similarly to interleukin-10. Knappe et al. (2000) deter­ 
mined that the AK155 gene contains 5 exons mapped it to 12ql5, near the 
IFN'y gene.
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8.1.2 Aims and Approach

Within a region of 100kb on chromosome 12ql4 the IFNj gene is neighboured 
by two further genes for which there is evidence that they play a significant 
role in the inflammatory immune response. Despite its crucial role in the in­ 
flammatory response to infectious disease only few studies looked at the asso­ 
ciation of genetic variants in IFNy with susceptibility to infectious diseases. 
Furthermore despite a large number of SNPs described along the IFN'y gene 
there is no knowledge about the haplotypic structure of these genetic markers. 
Describing the haplotype structure will facilitate selecting markers to type 
in subsequent association studies. Unlike on chromosome 6q23, the genomic 
region of IFNGRl, a substantial number of validated SNPs were available 
in the literature. This study therefore searched public SNP databases and 
the literature for validated SNPs that had information on allele frequencies. 
A total of 20 SNPs in IFNy, IL22 and surrounding IL26 were selected and 
typed in 32 Caucasian and 32 Gambian families. For both populations hap- 
lotypes were constructed and pairwise linkage disequilibrium was calculated. 
Blocks of haplotyped were found and haplotype tagging SNPs identified.

8.2 Results

8.2.1 Marker Selection

The public SNP databases and the literature were searched for polymor­ 
phic markers within the region of chromosome 12ql4 spanning a total of 
approximately 100kb. Only validated markers or markers for which an al- 
lelele frequency had been reported were selected. Marker positions were 
referenced to Genbank accession number NT.029419. A total of 20 markers 
were selected, densely covering the IFN'y and IL22 gene. For all markers but 
four an allele frequency/ > 0.10 had been reported in the literature. The 
marker 12:722245636 was selected despite having a reported allele frequency 
of only / = 0.02 as it is located in the coding sequence of the IL22 gene. It
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is a nonsynonymous change of amino acid position 158 (Ser to Gly). Sim­ 
ilarly, the markers 12:72156516 (/FA/7-280) 12:72156544 (/FA/7-308) were 
selected as a potential functional role had been suggested by Chevillard 
et al. (2002) (here called /FAfy-155 and /FA/7-183 respectively). The marker 
12:72151597 (/FAfy+4640) had been reported by Bream et al. (2000) (here 
called /FA/7+4766). In this study differential binding of an unknown nuclear 
protein to this site was reported. Only little information was available for 
markers covering the region between /FA/7 and IL22, i.e. the region sur­ 
rounding IL26. Here only two markers were found in the public databases 
with a reported allele frequency / > 0.10. A total of 11 markers are span­ 
ning the IFNy gene. Three of these are located in the 3'UTR, a further three 
are in the promoter and the remaining SNPs are intronic. A total of seven 
markers are spanning the IL22 gene. Two of these markers are promoter 
SNPs, one is located in the 3'UTR, one is an exonic SNP and the remaining 
are intronic SNPs. For IL26 one SNP in the 3'UTR was used. One further 
SNP is located llkb upstream of the translational start site. Figure 8.1 is 
a graphical representation the genomic region of chromosome 12ql4 and the 
selected markers.
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8.2.2 Allele Frequencies

As described before parental allele were counted to calculate the allele fre­ 
quency of each marker. Frequencies of the the minor allele ranged from 
.01-.48 and from 0-.48 in Caucasians. In Caucasians 14 SNPs had a minor 
allele frequencies greater than .10 (Table 8.2 and Figure 8.2) but four of the 
20 sites were monomorphic. All 20 sites were variant in Africans. 12 SNPs 
had a minor allele frequency of greater than 0.10. Five of the SNPs were 
at low frequency in both populations (/FA/7+4640, +3686, -280, -308 and 
/L 22+4582). All other SNPs had an allele frequency > 0.10 in at least one 
population. The average minor allele frequency was higher in Caucasians 
(0.23) than in Africans (0.20).

8.2.3 Haplotypes

Using 20 markers on chromosome 12ql4 a total of 67 haplotypes were found 
in Africans. A total of 47 haplotypes were found in Caucasians using 16 vari­ 
ant sites. Fourteen haplotypes were found both in Caucasians and Africans 
accounting for 28% of all haplotypes in Africans and 41% of all haplotypes 
in Caucasians. The allelic composition and frequency of each haplotype is 
shown in tables 8.3 and 8.4. Most haplotypes were present at very low fre­ 
quency (8.4) indicating significant recombination in this region as only few 
haplotypes span the entire region of 100kb in more than one chromosome. 
None of the haplotypes found in Africans had a frequency > .10. In Cau­ 
casians one haplotype (no. 54) had a frequency above .10.
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Figure 8.2 Frequency distribution of individual SNPs in 

Africans (A) and Caucasians (B). 95% confidence intervals are 

indicated with error bars.
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Table 8.1 Frequencies of 20 SNPs on chromosome 12ql4 in an African 

(Gambian) population. Chromosomal location refers to September 2002 freeze.

NO.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

dbSNPref

rs2069728

rs2069727

rs2234687

rs2069720

rs2069718

rs2069733

rs!861493

rs2069710

rs2069709

rs2069705

rs971545

rs734871

rsl!82844

rs2227507

rs!012356

rs2046068

rs2227491

rs2227485

rs2227478

CHROM.LOC.

12:72150625

12:72151064

12:72151597

12:72152551

12:72153003

12:72153074

12:72154037

12:72155363

12:72156516

12:72156544

12:72157852

12:72194525

12:72233777

12:72244521

12:72245636

12:72247607

12:72248964

12:72249510

12:72250702

12:72251611

REL. TO GENE

IFNg+5612

IFNg+5173

IFNg+4640

IFNg+3686

IFNg+3234

IFNg+3163

IFNg+2200

IFNg+874

IFNg-280

IFNg-308

IFNg-1616

IL26+28001

IL26-11252

IL22+5697

IL22+4582

IL22+2611

IL22+1254

IL22+708

IL22-485

IL22-1394

FREQ

0.105

0.188

0.008

0.017

0.322

0.016

0.087

0.195

0.016

0.024

0.484

0.424

0.411

0.127

0.059

0.452

0.090

0.214

0.453

0.294

95% C.I.

0.053

0.068

0.016

0.022

0.081

0.022

0.049

0.069

0.022

0.027

0.087

0.086

0.086

0.058

0.041

0.087

0.050

0.071

0.087

0.079
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Table 8.2 Frequencies of 20 SNPs on chromosome 12ql4 in a UK Caucasian 

population. Chromosomal location refers to September 2002 freeze.

NO.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

dbSNPref

rs2069728

rs2069727

rs2234687

rs2069720

rs2069718

rs2069733

rs!861493

rs2069710

rs2069709

rs2069705

rs971545

rs734871

rsl 182844

rs2227507

rs!012356

rs2046068

rs2227491

rs2227485

rs2227478

CHROM.LOC.

12:72150625

12:72151064

12:72151597

12:72152551

12:72153003

12:72153074

12:72154037

12:72155363

12:72156516

12:72156544

12:72157852

12:72194525

12:72233777

12:72244521

12:72245636

12:72247607

12:72248964

12:72249510

12:72250702

12:72251611

REL. TO GENE

IFNg+5612

IFNg+5173

IFNg+4640

IFNg+3686

IFNg+3234

IFNg+3163

IFNg+2200

IFNg+874

IFNg-280

IFNg-308

IFNg-1616

IL26+28001

IL26-11252

IL22+5697

IL22+4582

IL22+2611

IL22+1254

IL22+708

IL22-485

IL22-1394

FREQ

0.271

0.430

0.000

0.000

0.392

0.172

0.234

0.438

0.000

0.000

0.313

0.161

0.040

0.111

0.010

0.452

0.280

0.480

0.452

0.398

95% C.I.

0.077

0.086

0.000

0.000

0.085

0.066

0.074

0.086

0.000

0.000

0.081

0.064

0.034

0.055

0.017

0.087

0.078

0.087

0.087

0.085
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Table 8.3: Frequencies of 67 haplotypes in a Gambian 

population sorted by the IFN-y, IL26 arid IL22 SNPs. To 

facilitate viewing allele 2 is symbolised by '-' and allele 1 

by 'o'. Haplotypes 5, 25, 37, 39, 42, 41, 53, 54, 57, 59,

60, 63, 65 and 67 were also found in

IDENTIFIER
1
2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

HAPLOTYPE

Caucasians.

No.

oooooo-o — o — o-o-o 2
ooo-oo-o —— o-o-o —— o

ooo-oo-o —— o ——— o —

ooo-oo-o —— o —— o-o —

ooo-oo-o —— o ——— ooo

ooo-oo-o —— oo-o-o —

ooo-oo-o —— o-oo-o —

ooo-oo-o —— o — oo ——

ooo-oo ———— o — oo ——

ooo — oooo-o-o —— ooo

ooo — oooo-o-o —— o —

ooo — ooo — oooo-o —— o

ooo — ooo — ooo — o-o —

ooo — ooo — ooo — o —— o

ooo — ooo — oo —— o —— o

ooo — o-o-o-o ——— ooo

ooo — o-o-o — o —— ooo

2

2

2

1

1

1

1

1

1

1

1

3

1

1

2

1

continued

FREQUENCY

0.016
0.016

0.016

0.016

0.008

0.008

0.008

0.008

0.008

0.008

0.008

0.008

0.023

0.008

0.008

0.016

0.008

on next page
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continued from

IDENTIFIER
18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

previous page

HAPLOTYPE No.
ooo — o-o — oooo-o —— o 1

ooo — o-o — ooo — o-o-o 1

ooo — o-o — ooo —— ooo 3

ooo — o-o — ooo — o-o — 1

ooo — o-o — ooo ——— oo 1

ooo — o-o — ooo — o-ooo 1

ooo — o-o — oo — oo-ooo 1

ooo — o-o — oo ——— ooo 7

ooo — o-o — oo ——— o — 4

ooo — o-o — oo —— o-o-o 1

ooo — o-o — oo —— o-ooo 1

ooo — o-o — o-oo-o —— o 2

ooo — o-o — o-o-oo-ooo 3

ooo — o-o — o-o —— ooo 5

ooo — o-o — o-o — o-o-o 1

ooo — o-o — o-o — o-ooo 3

ooo — o-o — o-o —— o — 2

ooo — o-o — o —— o-ooo 3
ooo — o-o — o ———— o — 1

ooo — o-o — o ———— ooo 4

ooo — o-o — o —— oo —— 1

ooo — o-o —— oo —— ooo 1

continued

FREQUENCY

0.008

0.008

0.023

0.008

0.008

0.008

0.008

0.055

0.031

0.008

0.008

0.016

0.023

0.039

0.008

0.023

0.016

0.023

0.008

0.031

0.008

0.008

on next page
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continued from previous page

IDENTIFIER HAPLOTYPE No.

40 ooo — o-o — o ——— o — 2

41 ooo — o-o — o ——— ooo 3

42 ooo — o-o —— o —— oo —— 1

43 ooo — o-o —— o —— o-ooo 2

44 ooo — o-o —— o-oo-ooo 1

45 ooo — o-o —— o —— ooo 2

46 ooo — o-o —— o — oo —— 1

47 ooo — o-o ——— o-o —— 2

48 ooo — o-o ————— oo —— 4
4Q onn— — n— n— — — — — — — — — <~>— — 1^it^/ \j\j\j vy vy vy i

50 ooo —— oo — o-o — o-o-o 1

51 o-o-oo ——— oo —— ooo 2

52 o-o-oo ——— o-o-o —— o 2

53 o-o-oo ——— o-o-oo —— 1

54 o-o-oo ——— o ——— ooo 5

55 o-o-oo ———— o —— ooo 5

56 o-o-oo ———— o —— o — 2

57 o-o-oo ———— o-oo —— 2

58 o-o-oo ————— o-o —— o 1
59 o-o-oo ——————— ooo 3

60 -oo-oo-o —— o ——— ooo 2

61 -oo — o-o — ooo —— ooo 2

continued

FREQUENCY

0.016

0.023

0.008

0.016

0.008

0.016

0.008

0.016

0.031

0.008

0.008

0.016

0.016

0.008

0.039

0.039

0.016

0.016

0.008

0 023VJ.UZ/O

0.016

0.016

on next page
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continued from

IDENTIFIER

62

63

64

65

66

67

previous page

HAPLOTYPE
-oo — o-o — oo-o-o — o

-oo — o-o — oo ——— ooo

-oo — o-o — oo —— o-o-o

-oo —— oo — oo ——— ooo

-o —— o-o — oo —— o-o-o

— o-oo ——— o —— oo ——

No.

1
3

1
2

1
1

FREQUENCY

0.008

0.023

0.008

0.016

0.008

0.008

Table 8.4: Frequencies of 47 haplotypes in a Gambian 

population sorted by the IFN^, IL26 and IL22 SNPs. To 

facilitate viewing allele 2 is symbolised by '-' and allele 1 

by 'o'. Haplotypes 5, 25, 37, 39, 42, 41, 53, 54, 57, 59, 

60, 63, 65 and 67 were also found in Gambians.

IDENTIFIER

68

69

70

5

71

72

73

74

75

HAPLOTYPE No.

ooo-oo-o — o-o-oo — 1

ooo-oo-o —— o —— oo —— 7

ooo-oo-o —— o —— o —— 3

ooo-oo-o —— o ——— ooo 2

ooo-oo-o —— o —— ooo 1

ooo-oo-o —————— ooo 1

ooo-oo-o ————— oo —— 3

ooo — ooo — oo —— oooo 2

ooo — ooo — oo —— oo —— 2

FREQUENCY

0.008

0.055

0.023

0.016

0.008

0.008

0.023

0.016

0.016

continued on next page
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continued from

IDENTIFIER

25

76

37

39

77

42

41

78

79

80

81

82

53

83

84

54

85

86

87

88

57
CQoy

previous page

HAPLOTYPE No.

ooo — o-o — oo ——— ooo 5

ooo — o-o — oo — o —— 2

ooo — o-o — o ———— ooo 1

ooo — o-o —— oo —— ooo 1

ooo — o-o —— o-o-o —— o 3

ooo — o-o —— o —— oo —— 2

ooo — o-o —— o ——— ooo 2

ooo — o —— oo — o — ooo 1

ooo —— oo — oo ——— ooo 8

ooo —— oo — oo —— oo —— 1

ooo —— oo — o-o —— ooo 3

ooo —— oo — o —— oo —— 3

o-o-oo ——— o-o-oo —— 6

o-o-oo ——— o-o-o —— 1

o-o-oo ——— o —— oo —— 2

o-o-oo ——— o ——— ooo 16

o-o-oo ——— o —— o-o-o 1

o-o-oo ——— o —— o —— 5

o-o-oo ——— o —— oooo 2

o-o-oo ——— o —— o —— o 2

o-o-oo ————— o-oo —— 1

o-o-oo ———————— ooo 5

continued

FREQUENCY

0.039

0.016

0.008

0.008

0.023

0.016

0.016

0.008

0.063

0.008

0.023

0.023

0.047

0.008

0.016

0.125

0.008

0.039

0.016

0.016

0.008

0.039

on next page

KOCH 2003



CHAPTER 8. LINKAGE DISEQUILIBRIUM ANALYSIS OF CHROMOSOME 12Q14 252

continued from

IDENTIFIER

60
89

90

91

63

92

93

65

94

95

96

97

67

98

99

100

previous page

HAPLOTYPE
-oo-oo-o — o ——— ooo

-oo-oo-o — o — oo —

-oo — ooo — oo —— oo ——

-oo — ooo — oo —— oooo

-oo — o-o — oo ——— ooo

-oo — o-o —— o ——— ooo

-oo —— oo — oo-o-oo ——

-oo —— oo — oo ——— ooo

-oo —— oo — oo —— oo ——

-oo —— oo — o ———— ooo

— o-oo ——— o-o-oo ——

— o-oo ——— o ——— ooo

— o-oo ——— o —— oo ——

— o-oo ——— o —— o ——

— o-oo ———————— ooo

— o-o ———— o —— oo ——

No.

3

2

2

1
1
2

1
5

1
1
1
7

2

2

1
1

FREQUENCY

0.023

0.016

0.016

0.008

0.008

0.016

0.008

0.039

0.008

0.008

0.008

0.055

0.016

0.016

0.008

0.008

8.2.4 Linkage Disequilibrium

Pairwise measures of linkage disequilibrium (D, D', x2 , A2 ) were calculated 
for all pairs of markers using the program Haploxt. Figure 8.5 and 8.6 rep­ 
resent linkage disequilibrium between 20 markers. The absolute values of D' 
and A2 are represented as different colours in the output of the graphical 
overview of linkage disequilibrium (GOLD) program. The statistical signif­ 
icance of the x2 values was calculated by Haploxt and significant p-values
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Figure 8.3 Scatterplot of frequency distribution of haplotypes 

in Africans and UK Caucasians.

KOCH 2003



CHAPTER 8. LINKAGE DISEQUILIBRIUM ANALYSIS OF CHROMOSOME 12Q14 254

B

0.14 

0.12 i

=»
§ 0.08
3

of 0.06

0.04

0.02

0 III

0.14

0.12

o
§ 0.08
3

o 0.06

0.04 

0.02 

0 J

IIIIIIIIIIINIIIIIiiiiiiimiiiiiiiiiiiiHiiiiiiiiii
Haplotype

Illlllllllllll..................

Haplotype

Figure 8.4 Frequency distribution of haplotypes in Africans 

(A) and UK Caucasians (B).
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represented as circles are shown in Figures 8.5A and 8.6A. All measures of 
LD indicate that LD is highest within each of the three gene regions. The 
A2 values in particular show no significant LD across gene regions. D' values 
for markers 2 (/FA/7+4640) and 9 (12:72156516 or /FA/7-280) appear to be 
high throughout the entire region of 100kb in Gambians although this most 
definitely reflects the fact that these markers have a very low allele frequency 
in this population. Both p-value and D' show that LD across the 7kb of 
the /FAfy gene and the 7kb of the IL22 gene is strong. There also seems 
to be strong LD between the two markers that are spaced 39kb apart and 
are surrounding the IL26 gene. While p-values indicate that some markers 
might be in linkage with the IL26 markers there is only little evidence for 
this from D' and A2 . The general patterns of LD are similar in Caucasians 
and Africans. It is of interest that the variant /FA/7+874 which has been im­ 
plicated in susceptibility to disease previously (Pravica et al., 2000; Lio et al., 
2002) was in strong LD with other markers throughout the /FA/7 gene. 
The pairwise measures of linkage disequilibrium, D' and A2 , were also plot­ 
ted against physical distance (Figure 8.7). As expected for both D' and A2 
a decline can be observed with increasing distance both in Caucasians and 
Gambians. Nevertheless individual values deviate from this trend and sev­ 
eral high D' values were observed over large distances. As shown before in 
chapter 5 on page 164 it was found that the average D' and A2 facilitate 
the comparison of LD for Caucasians and Gambians. Therefore all D' and 
A2 were averaged up to the distance plotted. While no difference between 
Caucasians and Africans can be seen for the average D', the average A2 is 
higher for Caucasians than for Africans in this region of 100kb.
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8.2.5 Haplotype Blocks and Identification of htSNPs

As described previously in section 5.2.4 on page 165, haplotype blocks were 
constructed by entering the haplotypic information from 32 Gambian arid 
32 UK Caucasians into the HaploBlockFinder program. The chromosomal 
coverage that was aimed for in each haplotype block was 0.90. Haplotype 
blocks are confined to each gene region and do not extend beyond each of 
the three gene regions. Ten out of the 11 SNPs used in the IFNy gene 
form one haplotype block both in Africans and Caucasians. Only the marker 
7FA/7+5612 is located outside this haplotype block. Similarly, another block 
is formed solely by IL22 SNPs. While in Caucsians all 7 SNPs form one 
block, in Africans the markers IL22-485 and IL22-1394 lie outside of this 
block. Between these two genes, IFNy and IL22, there is evidence for re­ 
combination. Haplotypes were also constructed for the two genes IFN'j and 
IL22 separately (Tables 8.5 and 8.6). A total of 14 haplotypes were found 
using all available 11 SNPs for IFN^ in Africans. Nine of these haplotypes 
were also found in Caucasians. Haplotype no. 15 exists at about 8% in 
Caucasians while it is absent in the Africans samples analysed. Haplotype 
no. 1 is the dominant haplotype in Africans with a frequency of 38% while 
it has a frequency of only 6% in Caucasians. In Caucasians haplotypes no. 
4 and 12 are the most frequent haplotypes with 33% and 10% respectively. 
Figure 8.10 shows the minimum mutation network of common IFNj haplo­ 
types, i.e. haplotypes that have a frequency of > 0.05. Both in Africans and 
Caucasians it is of note that the structure of the network is linear, i.e. there 
is little sign for recombination. Furthermore almost all of connecting haplo­ 
types exist at intermediate frequencies, maintaining haplotypic diversity in 
both populations. Six haplotypes make up almost 90% of all haplotypes in 
Africans. In Caucasians seven haplotypes make up 86% of all haplotypes. In 
IL22 (Table 8.6) haplotype 1 is the most common haplotype both in Africans 
and Caucasians (43% and 52% respectively). While the seven most common 
haplotypes of IL22 in Africans make up 88% in Africans, only three haplo­ 
types in Caucasians make up 88% of all chromosomes.
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ENTROPY was used to identify the htSNPs (Figures 8.12 and 8.13). In 
Africans a minimum of 5 SNPs were needed in /FAfy to bring the entropy to 
a plateau. There were two possible combinations of markers to achieve this, 
both consisting of the four markers /FAfy+5612, +3234, +2200 and -1616 and 
using either /FA/7+5173 or /FAfy+874 as the fifth marker. In Caucasians the 
combinations of the following five markers were possible to reach maximum 
entropy:

1. /FAfy+5612, +5173, +3234, +3163, -1616.

2. /FA/7+5612, +5173, +3234, +2200, -1616.

3. /FAfy+5612, +3234, +3163, +874, -1616.

4. /FA/7+5612, +3234, +2200, +874, -1616.

As predicted by the HaploBlockFinder analysis marker 1 needs to be in­ 
cluded in all possible combinations. In view of previous studies, it is inter­ 
esting that the marker /FA/7+874 could be substituted for other markers 
achieving the same coverage of information of this region. For IL22 a total 
of 5 markers were needed to achieve maximum entropy in Africans. The only 
combination of five markers to achieve this consisted of: /L22+4582, +2611, 
+708, -485 and -1394. In Caucasians only 2 SNPs were sufficient for maximal 
entropy, consisting of /L22+5697 and any of the other IL22 markers apart 
from ///2£+4582. This is a reflection of the limited number of haplotypes in 
for IL22 in Caucasians.
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8.3 Discussion

Interferon7 is a cytokine which has a key role in the immune response to 
many inflammatory stimuli. It has therefore been of great interest to inves­ 
tigate the role of genetic variants in the gene encoding for IFN7. In the past 
these efforts have mainly focussed on one microsatellite in the first intron of 
the gene, ignoring the overall haplotype structure of other variants in the re­ 
gion. A more detailed approach was taken in order to dissect the haplotypic 
structure with higher resolution. Thereby the hope was to identify haplotype 
tagging SNPs (htSNPs) that would allow efficient association studies with a 
limited number of SNPs which would describe the majority of haplotypes 
observed in this area. The approach taken hereby relied on validated SNPs 
that were found in the public databases. Unlike a resequencing approach this 
can lead to a biased selection of markers as these will generally have higher 
allele frequencies. These SNPs might also have been identified in a limited 
set of individuals used in population panels to assess the allele frequencies of 
SNPs. The amount of haplotypes observed might therefore have been smaller 
than what one might have found using a resequencing approach. For future 
genetic studies choosing markers from a public databases will nevertheless 
be the most feasible, fastest and most cost effective way to establish hap­ 
lotypic information about a particular region. The aim hereby will not be 
to completely capture the amount of genetic diversity in a region but rather 
by identifying haplotypes that are associated with disease to narrow down 
the search by focussing on particular chromosomes on which disease causing 
functional polymorphisms should be sought.

In this study a large number of validated SNPs were available for the 
regions immediately surrounding IFN^ and IL22 while only little informa­ 
tion was available for the region between these two genes with IL26 located 
approximately half way in between. A statement about linkage disequilib­ 
rium for the region as a whole therefore has to be cautious. There have 
been reports about possible functional elements throughout the introns of
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Table 8.5 Frequencies of /FA/7 haplotypes in Africans and Caucasians. To 

facilitate viewing allele 2 is symbolised by ' ' and allele 1 by 'o'. The markers 

order is in reverse, i.e. /FA/7+5612, +5173, +4640, +3686, +3234, +3163, 

+2200, +874, -280, -308 and /F/Vy-1616.

IDENTIFIER

1
2

3

4

5

7

8

9

10

11

12

13

14

15
-i /"»16

17

18

19

HAPLOTYPE

ooo — o-o — o
-oo — o-o — o

ooo — o-o ——

o-o-oo — ——

ooo — o-o-o-

ooo-oo — ——

ooo — oooo-o
ooo-oo-o ——

— o-oo -----

-oo-oo-o ——

-o —— ooo — o

ooo —— oo — o

ooo — ooo — o
oooooo-o ——

-oo —— oo — o

o-o-o —— ——

-oo — o-o — -

-oo — ooo — o
ooo — o —— o

AFRICANS

0.375

0.063

0.156

0.180

0.023

0.008

0.016

0.070

0.008

0.016

0.008

0.016

0.047

0.016

0.000

0.000

0.000

0.000

0.000

CAUCASIANS

0.063

0.008

0.070

O QOC.oZo

0.000

0.000

0.000

0.133

0.094

0.047

0.000

0.102

0.031

0.000

0.078

0.008

0.008

0.023

0.008
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B

13
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8 \

15

x

\

13

8

Figure 8.10 Minimum mutation network of common hap- 

lotypes in /FAAy in Africans (A) and Caucasians (B). The areas 

of the circles is proportional to the haplotype frequency. Hap- 

lotype identifiers refer to table 8.5. All haplotypes shown had a 

frequency > 0.05. Haplotypes shown make up 89% and 86% of 

all haplotypes in Africans and Caucasians respectively.
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Table 8.6 Frequencies of IL22 haplotypes in Africans and Caucasians. To 

facilitate viewing allele 2 is symbolised by '-' and allele 1 by 'o'. The marker 

order is in reverse, i.e. //_22+5697, +4582, +2611, +1254, +708, -485 and 

//.22-1394.

IDENTIFIER

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

HAPLOTYPE
—— ooo

-oo-ooo

— o-ooo

o-o —— o

—— o —

— oo ——

o-oo ——

— o-o-o

-o — ooo

— o-o —

—— 0 ——— -

o-o —— -

o-o-o —

— o —— o

————— 00

AFRICANS

0.430

0.047

0.063

0.078

0.109

0.078

0.023

0.078

0.008

0.047

0.008

0.016

0.008

0.008

0.000

CAUCASIANS

0.516

0.000

0.016

0.031

0.000

0.297

0.070

0.016

0.008

0.000

0.008

0.023

0.000

0.000

0.016
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B

\

Figure 8.11 Minimum mutation network of common haplo- 

types in IL22 in Africans (A) and Caucasians (B). The areas of 

the circles is proportional to the haplotype frequency. Haplotype 

identifiers refer to table 8.6. All haplotypes shown had a fre­ 

quency > 0.05. Haplotypes shown make up 88% of all haplotypes 

in Africans and Caucasians respectively.
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Figure 8.12 Entropy calculations for Gambian haplotypes 

determined by the greedy algorithm. Only haplotypes with / > 

0.05 were used.
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Figure 8.13 Entropy calculations for Caucasian haplotypes 

determined by the greedy algorithm. Only haplotypes with / > 

0.05 were used.
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the /FA/7 gene. It would be expected that potential functional polymor­ 
phisms were located in reasonable proximity of any given gene, although 
this does not necessarily have to be the case as example of locus control re­ 
gions show (Grosveld et al., 1987; Loots et al., 2000; Masterriak et al., 2003). 
In the present study dense coverage of both the /FAfy and IL22 gene was 
achieved. A total of 11 SNPs were spanning 7kb of sequence encompassing 
the /FA/7 gene and a further 7 SNPs were selected across the IL22 gene. 
The region in between these two genes spans approximately 85kb and two 
markers where used within this area. There was only little evidence for LD 
spanning far beyond the boundaries of either IFNj and IL22 while LD was 
well conserved within these two genes. Despite the obvious differences in 
marker ascertainment it is interesting to note that LD on chromosome 6q23 
in Africans appears to reach further than in the 12ql4 region in the same 
population. While the average A2 at a distance of 100kb was around 0.4 
for Africans in 6q23 it is less than 0.2 in 12ql4. Furthermore, while in 6q23 
the extend of LD was similar in Caucasians and Africans in 12ql4, on the 
other hand, there is a marked difference in the level of average A2 between 
these two populations. In the latter region LD seems to extend further in 
Caucasians which is similar to what other investigators have found (Reich 
et al., 2001). Furthermore in 12ql4 Caucasians shared significantly more of 
the haplotypes found in Africans (41% compared to 25% in 6q23). This could 
reflect that haplotypic diversity at 12ql4 is being maintained. Interestingly 
the minimum mutation networks representing the relationship of haplotypes 
for /FA/7 are linear with most of the intermediate haplotypes preserved. Al­ 
though purely speculative this could be a sign of natural selection acting at 
this locus.

While functionality has not been shown another variant site within the 
first intron of the /FA/7 that has been implicated with susceptibility to dis­ 
ease is /FA/7-f874. The present study, however, shows that this marker is 
in strong LD with several other markers within the /FA/7 gene indicating 
the importance of obtaining a detailed structure of the haplotypes present. 
This study has identified haplotype tagging markers both in IL22 and /FA/7
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thereby making it possible to use a minimum of markers for subsequent as­ 
sociation studies while capturing the great majority of genetic diversity at 
this locus.

8.4 Summary

1. In total 20 markers were selected across the genetic region of 12ql4 
with 11 markers spanning IFN'y alone.

2. Most markers were in high LD with other markers nearby, i.e. LD was 
highest within each of the three genes.

3. The average A2 is higher for Caucasians than for Africans in this region 
of 100kb.

4. Haplotype blocks were confined to each gene region and did not extend 
beyond each of the three gene regions.

5. ZFW7+874, a marker that has been much investigated in previous as­ 
sociation studies, was in strong LD with other markers in /FA/7. This 
underlines the shortcomings of single SNP analysis and highlights the 
importance of identifying the haplotypic structure of genes in a given 
population.

6. Haplotype tagging SNPs were identified. Various combinations of hap- 
lotype tagging SNPs in IFNj were possible in order to capture the same 
amount of haplotypic diversity.
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Chapter 9

Case Controls Study for Severe 

Malaria in 12ql5

9.1 Introduction

IFN7 is one of the most crucial cytokines in the host response to the infection 
with P.falciparum. The postulated effector mechanisms involve the killing or 
developmental inhibition of the liver stages of the parasite (Hoffman et al., 
1997). There is already some evidence for the genetic background to be 
important for IFN7 production and protection against the disease in mice 
(Shear et al., 1989) (for further details see chapter 3).

The analysis of htSNPs presented in chapter 8 yielded five biallelic mark­ 
ers spanning the IFN^ gene, five markers across the IL22 gene and a further 
two markers surrounding IL26. These markers and additionally one multi- 
allelic marker (microsatellite in the first intron) were used for a case-control 
study investigating susceptibility to severe malaria in a Gambian population.

The region under investigations spans about 110kb in total. The data 
presented in chapter 8 indicated that there is only little evidence for LD 
across the 100kb separating IFN^ and IL22 which allowed a separate analysis 
of these two genetic areas. The microsatellite in the first intron of IFN^ has
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been subject of several studies on susceptibility to other diseases previously 
(Khani-Hanjani et al., 2000; Awad et al, 1999; Cavet et al., 2001; Dabora 
et al., 2002; Nieters et al., 2001; Nagarkatti et al., 2002). All of these studies 
have neglected the haplotype structure of this gene in their analysis. Allele 2, 
with 12 CA-repeats, is associated with high levels of interferon7 production 
in vitro (Pravica et al., 1999) but is remains unclear whether this multiallelic 
marker itself has functional properties or is merely a marker for another 
functional allele. It will therefore be helpful investigate how the alleles of 
this microsatellite relate to the underlying haplotypic structure of the rest 
of the gene. The five bi-allelic markers used in this study were identified to 
represent the vast majority of haplotypes which are made up by the 11 IFN^ 
markers used in the previous chapter. As only half of these markers needed 
to be typed in the association study this study represents a cost efficient 
approach for association screening. The sample collection as presented in 
chapter 6 was used for this purpose.

9.2 Results

9.2.1 Investigation of Association of Individual Mark­ 

ers

9.2.1.1 Microsatellite

The registered DNA sequences of the human IFNy genes deposited in Gen- 
bank show the presence of a CA repeat element 875bp downstream from the 
start of the first exon (Gray and Goeddel, 1982). This microsatellite in the 
first intron of the IFNj was typed in the present study. The most common 
repeat number in Gambians is thirteen, with repeat lengths varying from 9 
to 18 repeats. The allelic spectrum is far more diverse than in Caucasians 
where 12 repeats are slightly more common than thirteen (45% versus 44%) 
while other repeat lengths are far less common with fourteen repeats occur­ 
ring in about 6% and fifteen in 5% of an Oxfordshire cord blood sample
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collection (data not shown). In the present malaria case control study the 
frequency distribution in cases and controls were not significantly different 
(frequency distribution shown in Table 9.1 arid Figure 9.1). The sample set 
was analysed using the CLUMP program. The normal x2 (Tl) was 3.998827 
and the x2 from the 2x2 table clumped to produce the maximum (T4) was 
2.037379 (1000 simulations were run).

9.2.1.2 Bi-allelic Markers

A further 12 SNPs were typed in the 12ql4 region. Five of these SNPs 
were in /FAfy, two SNPs were surrounding IL26 and a further five mark­ 
ers were located throughout the IL22 gene. None of the IFNj markers 
was associated with susceptibility to severe malaria in the overall group. In 
Mandinka the /FA/7+2200 C allele was associated with susceptibility to severe 
disease (p=0.01; OR 2.29 (1.16-4.61 95%C.I.)), which was weakly significant 
after correcting for comparison of four different ethnic groups. The IFNj- 
1616C allele was weakly associated with susceptibility to cerebral malaria 
in Mandinka (p=0.05; OR 1.36 (1.00-1.86 95%C.I.)). This was not statis­ 
tically significant after applying the Bonferroni correction. In the overall 
group the /L22+708T allele was associated with protection against severe 
anaemia (p=0.01; OR 0.72 (0.56-0.93 95%C.I.)). The IL22-1394G allele was 
weakly associated with susceptibility to cerebral malaria (p=0.05; OR 1.24 
(1.00-1.54 95%C.I.)). All markers were in Hardy-Weinberg equilibrium with 
the only exception of the low frequency marker IL26- 11252 in the control 
group due to one more homozygote for the A allele than expected.

9.2.2 Haplotypes

Haplotypes were constructed with PHASE using the five bi-allelic /FAfy mark­ 
ers, /FAfy-1616, /FA/7+874, /FA/7+2200, /FA/7+3234 and /FA/7+5612, plus 
the multiallelic marker (/FAfyms) in the first intron of the gene. 
The /FAfy+3234T allele is in strong linkage disequilibrium with the /FAfyms 
12 CA repeat allele. The /FAfyms 12 CA repeat allele falls onto two major
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Table 9.1 Number of alleles of /FA/7 CA-repeats in first intron. A total 

of 459 cord blood controls and 676 cases with severe malaria of which 400 had 

cerebral malaria (CM) alone and 263 had severe malarial anaemia (SA) alone 

were typed. Discrepancies in sample size are due to genotyping failure. Frequency 

distributions are shown in Figure 9.1.

NO. OF REPEATS

9R

10R

11R

12R

13R

14R

15R

16R

17R

18R

Total

CONTROLS ALL CASES CM CASES SA CASES

1(0.1%) 0(0%) 0(0%) 0(0%)

0(0%) 0(0%) 0(0%) 0(0%)

39(4.7%) 62(5.1%) 34(4.7%) 25(5.5%)

181(21.7%) 283(23.3%) 158(21.6%) 116(25.4%)

399(47.9%) 554(45.7%) 349(47.8%) 197(43.2%)

63(7.6%) 88(7.3%) 61(8.4%) 27(5.9%)

90(10.8%) 130(10.7%) 75(10.3%) 54(11.8%)

30(3.6%) 40(3.3%) 19(2.6%) 19(4.2%)

24(2.9%) 45(3.7%) 28(3.8%) 14(3.1%)

6(0.7%) 10(0.8%) 6(0.8%) 4(0.9%)

833 1212 730 456
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Figure 9.1 Frequency distribution of /FA/7 microsatellite 

alleles in cord blood controls, patients with severe malaria (all 

cases) (A), patients with cerebral malaria alone (CM cases) (B) 

and patients with severe malarial anaemia alone (SA cases) (C).
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Table 9.2 /L22-1394 (12:72251611); all ethnic groups

Genotypes Allele 1 vs. 2

aa ag gg HWE p OR

cord blood controls 235 176 37 0.61

cerebral malaria only 180 167 43 0.64 0.05 0.81

severe anaemia only 127 109 23 0.95 0.45 0.91

total no. patients 313 282 67 0.77 0.08 0.84

Table 9.3 /Z.22-485 (12:72250702); all ethnic groups

Genotypes Allele 1 vs. 2

aa ag gg HWE p OR

cord blood controls 120 206 107 0.32

cerebral malaria only 87 209 91 0.11 0.44 0.92

severe anaemia only 75 123 47 0.79 0.15 1.18

total no. patients 167 339 139 0.18 0.79 1.03
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Table 9.4 //.22+708 (12:72249510); all ethnic groups

Genotypes Allele 1 vs. 2

cc ct tt HWE p OR

cord blood controls 230 179 43 0.35

cerebral malaria only 212 157 27 0.78 0.24 1.14

severe anaemia only 151 97 11 0.35 0.01 1.39

total no. patients 369 261 38 0.36 0.04 1.23

Table 9.5 //.22+2611 (12:72247607); all ethnic groups

Genotypes Allele 1 vs. 2

aa ta tt HWE p OR

cord blood controls 105 224 124 0.84

cerebral malaria only 97 182 115 0.14 0.98 0.99

severe anaemia only 50 130 78 0.75 0.25 0.87

total 110. patients 147 319 199 0.37 0.42 0.93
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Table 9.6 //.22+45S2 (12:72245636); all ethnic groups

Genotypes Allele 1 vs. 2

cc ct tt HWE p OR

cord blood controls 1 21 418 0.19_________

cerebral malaria only 0 20 366 0.60 0.90 0.99

severe anaemia only 0 22 228 0.47 0.10 1.71

total no. patients 0 42 607 0.39 0.48 1.25

Table 9.7 //.26-11252 (12:72233777); all ethnic groups

Genotypes Allele 1 vs. 2

aa ag gg HWE p OR

cord blood controls 3 30 400 0.01

cerebral malaria only 0 21 357 0.58 0.17 0.66

severe anaemia only 1 14 227 0.14 0.53 0.79

total no. patients 1 38 593 0.63 0.27 0.75
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Table 9.8 //.26+28001 (12:72194525); all ethnic groups

Genotypes Allele 1 vs. 2

aa ag gg HWE p OR

cord blood controls 343 102 7 0.85

cerebral malaria only 305 81 6 0.82 0.60 1.09

severe anaemia only 193 62 4 0.70 0.78 0.94

total no. patients 505 148 11 0.97 0.97 1.00

Table 9.9 /FA/7-1616 (12:72157852); all ethnic groups

Genotypes Allele 1 vs. 2

cc tc tt HWE p OR

cord blood controls 119 206 120 0.12

cerebral malaria only 105 201 84 0.51 0.27 1.12

severe anaemia only 63 134 59 0.45 0.79 1.04

total no. patients 169 344 146 0.25 0.42 1.08
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Table 9.10 /F/V7+874 (12:72155363); all ethnic groups

Genotypes Allele 1 vs. 2

aa ta tt HWE p OR

cord blood controls 323 109 11 0.62

cerebral malaria only 292 88 7 0.90 0.76 1.14

severe anaemia only 169 76 6 0.45 0.20 0.82

total no. patients 467 170 14 0.74 0.83 0.97

Table 9.11 /FA/7+2200 (12:72154037); all ethnic groups

Genotypes

cord blood controls

cerebral malaria only

severe anaemia only

total no. patients

cc

1

3

1

4

tc

35

41

31

73

tt

373

339

214

563

HWE

0

0

0

0

.85

.17

.91

.34

Allele

P

0.

0.

0.

19

12

10

1 vs. 2

OR

1

1

1

.38

.52

.43
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Table 9.12 /FA/7+3234 (12:72153003); all ethnic groups

Genotypes Allele 1 vs. 2

cc tc tt HWE p OR

cord blood controls 37 174 234 0.56

cerebral malaria only 30 148 211 0.57 0.64 0.94

severe anaemia only 17 109 128 0.33 0.96 1.01

total no. patients 49 265 342 0.81 0.96 0.99

Table 9.13 /FA/7+5612 (12:72150625); all ethnic groups

Genotypes Allele 1 vs. 2

cc tc tt HWE p OR

cord blood controls 182 179 49 0.66_________

cerebral malaria only 165 152 41 0.51 0.69 1.05

severe anaemia only 118 103 17 0.39 0.07 1.26

total no. patients 292 259 58 0.96 0.17 1.15
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haplotypes (no.2 and no.6 in table 9.14). These two haplotypes only differ 
at position /FAfy+874. The IFN'jms 13 CA repeat allele falls onto four ma­ 
jor haplotypes (no. 1, 3, 5 & 7). Haplotypes that have an allele frequency 
/ > 0.05 are shown in table 9.14. None of the eight major haplotypes found 
showed any association with either of the two forms of severe malaria inves­ 
tigated. Haplotype analysis was also performed without the microsatellite 
marker resulting in six major haplotypes (with / > 0.05). None of these 
haplotypes were associated with disease.

Haplotypes were also constructed using the five IL22 markers typed, 
JL^-1394, IL22-485, /Ljgjg+708, IL22+26U and IL22+4582 (see table 9.15). 
These five markers form six major haplotypes with allele frequencies / > 
0.05. Haplotype 3, as defined by the IL22-13MA, -485G, +708T, +2611A 
and +4582T alleles, was associated with protection against severe malaria 
(p=0.004; OR 0.68 (0.52-0.89 95% C.I.)). This was statistically significant 
even after correcting for six comparisons (six haplotypes) which changes the 
threshold for significance to p < 0.008. The haplotype analysis presented 
in chapter 8 showed that this haplotype also carries the major allele (A) of 
IL22+1254 and the minor allele (T) of IL22+5697. A second haplotype, 
haplotype no.4 as defined by the IL22-1394G, -485G, +708C, +2611T and 
+4582T alleles, was associated with susceptibility to severe malaria (p=0.006; 
OR 1.44 (1.11-1.87 95% C.I.)). This haplotype is also defined by the major 
allele (A) of /Lgjg+1254 and the major allele (A) of 7M2+5697. The two 
haplotype therefore differ at four out of seven positions.

9.3 Discussion
The cytokine interferoiry is a crucial mediator of the host response to many 
inflammatory and infectious stimuli. Many association studies have recog­ 
nised this and tested the microsatellite marker in intron 1 for association with 
several diseases. While microsatellite markers might potentially be more in­ 
formative as they usually consist of more than two allele and therefore poten-
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Table 9.14 All ethnic groups. Haplotypes of /FA/7 us' ngthe following mark­ 

ers: /FA/7-1616 (C=l; T=2), /FA/7+874 (A=l; T=2), /FAfyms, /FAAy+2200 

(C=l; T=2), /FAAy+3234 (C=l; T=2) and /FA/7+5612 (C=l; T=2). Only 

haplotypes with an allele frequency of / > 0.05 in at least one of the groups are 

shown.

ID

1

2

3

4

5

6

7

8

other

total

HAPLOTYPE

2

2

1

1

1

2

1

1

1

2

1

1

1

1

1

1

13 2

12 2

13 2

15 2

13 2

12 2

13 1

14 2

2 2

1 1

2 2

2 1

2 1

1 1

2 1

2 1

CONTROLS

176 (19.2%)

125 (13.6%)

105 (11.4%)

101 (11.0%)

96 (10.5%)

56 (6.1%)

38 (4.1%)

37 (4.0%)

184 (20.0%)

918

ALL CASES

238

197

155

156

124

81

80

61

260

(17.6%)

(14.6%)

(11.5%)

(11.5%)

(9.2%)

(6.0%)

(5.9%)

(4.5%)

(19.2%)

140

100

101

82

78

52

46

42

159

1352

CM

(17.5%)

(12.5%)

(12.6%)

(10.3%)

(9.7%)

(6.5%)

(5.8%)

(5.3%)

(19.9%)

800

96

89

46

69

53

31

33

18

91

SA

(18.3%)

(16.9%)

(8.7%)

(13.1%)

(9.2%)

(5.9%)

(6.3%)

(3.4%)

(17.3%)

526
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Table 9.15 All ethnic groups. Haplotypes of IL22 using the following mark­ 

ers: //.22-1394 (A=l; G=2), //.22-4S5 (A=l; G=2), //.22+708 (C=l; T=2), 

/Z.22+2611 (A=l; T=2) and IL22+4S82 (C=l; T=2). Significant differences 

between the case and the control group are marked by an asterisk.

ID

1

2

3

4

5

6

7

8

9

10

total

HAPLOTYPE

1 1

2 2

1 2

2 2

1 1

1 2

1 1

2 2

1 2

2 1

1

2

2

1

1

1

1

1

1

1

2 2

1 2

1 2

2 2

1 2

1 2

1 1

1 2

2 2

2 2

CONTROLS

375

136

132

102

79

55

23

16

(40.8%)

(14.8%)

(14.4%)

(11.1%)

(8.6%)

(6.0%)

(2.5%)

(1.7%)

0

0

918

ALL CASES

519

202

139

206

146

75

42

20

2

1

(38.4%)

(14.9%)

(10.3%)*

(15.2%)*

(10.8%)

(5.5%)

(3.1%)

(1.5%)

(0.1%)

(0.1%)

1352

291

124

CM

(36.4%)

(15.5%)

89 (11.1%)*

124

85

54

20

11

1

1

(15.5%)*

(10.6%)

(6.8%)

(2.5%)

(1.4%)

(0.1%)

(0.1%)

800

211

72

49

SA

(40.1%)

(13.7%)

(9.3%)*

80 (15.2%)*

62

22

22

8

(11.8%)

(4.2%)

(4.2%)

(1.5%)

0

0

526
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tially represent a greater number of haplotypes, it is precisely this haplotypic 
structure that has thus far been neglected. At the time of writing these thesis, 
35 validated bi-allelic markers, spanning 7kb of the IFN^f gene, its promoter 
and 3'UTR region, were available in the public databases. This allows a rapid 
and cost efficient approach to screening this gene for association with disease. 
For this study only markers that had a reported allele frequency of / > 0.05 
in at least one population were chosen. While this approach might miss the 
real disease allele by neglecting low frequency alleles, it possibly presents the 
most powerful approach given the size of current sample collections. In fact 
only seven of the 11 IFN'j markers originally chosen were found to have the 
required minimum allele frequency in the two populations used in this study. 
Haplotype analysis had indicated that five of these markers are sufficient to 
capture the haplotypic diversity created by the total of 11 markers at this 
locus. As most of the previous IFN'j association studies had reported on the 
microsatellite only it was crucial to put the haplotypic structure created by 
the bi-allelic markers in context with the microsatellite that was therefore 
typed in case control study.

It is interesting that the microsatellite allele with 12 CA-repeats, which is 
associated with high levels of interferon7 production in vitro (Pravica et al., 
1999), is less common in Gambians than in Caucasians. Pravica et al. (1999) 
have measured IFN7 production in supernatants of the cultures of peripheral 
blood mononuclear cells (PBMC) from randomly selected (mostly Caucasian) 
individuals. It would be interesting to repeat this experiment using PBMCs 
from Africans where the haplotypic background and allelic frequencies of the 
microsatellite marker is in fact quite different. Ninety percent of Caucasians 
have either 12 or 13 CA repeats. These two alleles might, however, lie on 
a variety of genetic backgrounds. Assuming that the microsatellite is not 
functional itself, the association of the 12 CA repeat allele might therefore 
only be valid in a particular population.

Based on a non-randomly selected sample set of mostly Caucasians Prav­ 
ica et al. (2000) suggested an absolute correlation between the presence of
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the IFNJ+874T allele and the presence of the high-producing 12CA repeat 
allele, i.e. absolute linkage disequilibrium between these two alleles. They 
suggested that the IFNy+874. site which they found to be in complete LD 
with the 12CA repeat allele might in fact be functional as it could be a pu­ 
tative NF-«B site. It is interesting that the present study of African samples 
could not identify a strong relationship between the /FA/7+874 alleles and 
any of the IFN'jms alleles. This might be due to the greater haplotypic diver­ 
sity of Africans where the relationship between these two markers might have 
broken down. While some putative associations were found in one of the eth­ 
nic groups, the Mandinka, in the overall group none of the IFNj markers nor 
any of the haplotypes were found to be associated with severe malaria. This 
represents an important negative rinding. IFNj is one of the major cytokines 
in the host response to the infection with P.falciparum. Many studies have 
shown that differential expression of this cytokine alters disease outcome. It 
might therefore be expected that strong selective pressure as represented by 
malaria might lead to functional variations in the IFNf gene. It is certainly 
possible that a putative real functional polymorphism was missed in this 
study. However, in this study five bi-allelic markers plus one microsatellite 
were typed which thereby represents the densest haplotypic analysis of this 
gene thus far. Both the microsatellite and 7FA/7+874 have been implicated 
in functional variation of the gene and no association could be found for ei­ 
ther of these two markers.

As the haplotypic analysis of 12ql4 showed hardly any LD between the 
IFNj and IL22 markers, these two regions were analysed separately. Five 
markers across the IL22 gene, encoding for a cytokine structurally related 
to IL10, were typed. It was found that the IL22+7Q8T allele was associated 
with protection against severe anaemia (OR 0.72) and the IL22-1394G al­ 
lele was weakly associated with susceptibility to cerebral malaria (OR 1.24). 
The subsequent haplotype analysis showed that this might in fact be due to 
a, haplotypic association. Haplotype 3, which carries the IL22-1394A. and 
the IL22+7Q8T alleles, was associated with protection against disease while 
haplotype 4, which carries the IL22-1394G and the IL22+7Q8C alleles, was
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associated with susceptibility to severe disease. There is only limited knowl­ 
edge about the role of IL22 in the immune response. IL22 was found to 
activate STAT1 and STATS and up-regulate the production of acute phase 
reactants. The results of this case control analysis might, however, warrant 
further and more detailed investigations of this region. Further markers on 
these two haplotypes should be sought in order to identify any potentially 
functional allele. This could be achieved by sequencing homozygotes for these 
two haplotypes and identifying further polymorphisms on their background.

9.4 Summary

1. The allelic spectrum of the IFN^yms marker is more diverse in Africans 
than in Caucasians.

2. No significant associations of any of the IFN^ms alleles with severe 
malaria were found.

3. In the overall group none of the the biallelic IFN^f markers was associ­ 
ated with severe malaria.

4. In Mandinka two of the IFN'j markers were weakly associated with 
severe disease. However, these results would not be statistically sig­ 
nificant if full corrections were made for multiple comparisons, and so 
should be regarded as tentative rather than definitive associations.

5. The IFN^ins 12 CA repeat allele is in strong LD with another biallelic 
marker in the gene.

6. The IFN^ms 12 CA repeat allele falls onto two major haplotypes which 
differ at position 7FA/7+874, a marker that had previously been shown 
to be in absolute LD with this ms allele.

7. Two of the IL22 markers were associated with susceptibility to severe 
disease. However, these results would not be statistically significant if
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the Bonferroni correction was applied taking into account the number 
of markers typed.

8. Two IL22 haplotypes were strongly associated with susceptibility to 
and protection against severe malaria respectively.
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Chapter 10

Discussion

Before considering the statistical and biological significance of the results 
found in this study, it is worth setting this in the context of current views 
about the genetic basis of susceptibility to complex diseases. There has been 
a subtle but important change in our understanding of this problem since 
work on this thesis was commenced, and it is reflected in the results that 
were obtained. The prevailing view of four years ago might be summarised 
as follows.

Firstly, though the full extent of human genomic diversity was unknown, 
it was widely believed that a relatively small number of polymorphic markers 
might be adequate to screen for genetic associations with common diseases. 
One common estimate at the time of foundation of the SNP Consortium was 
that in the order of 100,000 SNP markers (i.e. an average of 3 SNPs per gene) 
might suffice to screen the whole human genome for disease association. It 
is clear from the data presented in this thesis, and from many other recently 
published studies, that this is a huge underestimate. Not only are there far 
more common polymorphisms in the human genome than many commenta­ 
tors expected (the total is likely to be in the order of 10 million) but there is 
also more haplotypic diversity, particularly in African populations, so that a 
large number of SNPs may be required for comprehensive analysis of a single 
gene region.
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A second prevailing view, at the time when work on this thesis was 
started, was that functional genetic variants might be expected to have a 
fairly marked effect on susceptibility to common diseases - for example, at 
least a doubling or halving of risk. Undoubtedly there exist genetic effects of 
this magnitude, but the last few years have led to a growing appreciation that 
smaller effect sizes are both more common and, if considered together, may 
be of at least as much biological importance. This is a natural consequence 
of the very large number of different genetic and environmental factors that 
are now thought to underlie a complex disease such as malaria, which means 
that even if a gene exerts a functionally important role in the biological pro­ 
cess of disease immunity, individual polymorphisms in that gene may have 
a rather subtle epidemiological effect when analysed against the background 
of all other genetic and environmental variants that also determine disease 
outcome. Thus there is growing appreciation of the need to detect genetic 
effects of relatively modest magnitude. Some leading laboratories are now 
aiming to detect allelic risk ratios of 1.5, and even smaller effect sizes are 
likely to be investigated in the future.

A third shift in opinion over the past few years has been an increasing 
recognition of the phenotypic complexity of most common diseases, and the 
realisation that functional genetic effects may be inapparent unless the in­ 
vestigators consider precise phenotypic subcategories (e.g. cerebral malaria 
versus severe malarial anaemia) rather than blanket definitions of a common 
disease (e.g. severe malaria).

If viewed in the above context, what can be concluded from the results of 
this thesis about the effect of variation in IFNGR1 and IFN^ on susceptibility 
to malaria? With a sample size of around 600 cases and 600 controls, we find 
a number of associations with uncorrected P values in the region of 0.01 and 
occasionally 0.001. The most interesting associations are with the Mandinka, 
who are the largest ethnic group in The Gambia, so for these associations it is 
important to interpret these P values knowing that 4 to 5 ethnic groups were 
analysed separately. If we additionally consider the total number of SNPs and 
haplotypes that were analysed, it is clear that we cannot conclude that any 
particular SNP or haplotype is unequivocally associated with susceptibility
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to malaria. However it is equally clear that we cannot exclude a potentially 
important disease association with this region - these are exactly the sort 
of results that we might expect if one or more of these markers had a true 
allelic risk ratio in the region of 1.5.

Thus one of the main conclusions of this thesis is to support the growing 
view that genetic epidemiological studies of common diseases need to be of 
sufficient size to be able to detect allelic risk ratios in the order of 1.5 for 
specific phenotypic subcategories of the disease, after correcting for multiple 
comparisons with many thousands of genetic markers. This requires very 
large multicentre studies: a typical sample size estimate would be 4000 cases 
and 4000 controls. Such epidemiological work on malaria susceptibility is in 
progress, but for reasons of timescale and other practical factors it was not 
feasible to take this investigation to that scale of analysis during this project. 
Instead in this thesis scientific efforts have focused on two of the other fun­ 
damental requirements for association mapping of a gene region, namely to 
get a comprehensive picture of its true diversity in the population in ques­ 
tion, and to try to identify variants with functional effects on gene regulation.

Many known factors, such as incomplete penetrance and environmental 
exposures, greatly hamper association mapping for complex diseases. Cur­ 
rent evidence suggests that common complex diseases are affected by many 
loci, at each of which multiple alleles typically have only small effects. Alleles 
with with large, i.e. fatal, effects usually have very low alleles frequencies, at 
least in part due to natural selection (Pritchard, 2001). 
If any one SNP leads to a significant increase for developing a certain disease, 
an association might also be seen between that risk and SNPs in linkage dis­ 
equilibrium with the causal SNP. SNPs that are located in relatively close 
proximity to each other might form a limited number of haplotypes, i.e. less 
than theoretically possible, due to linkage disequilibrium. Thanks to linkage 
disequilibrium not every single SNP found in the genome will need to be 
typed. Because co-occurring sites carry redundant information, the use of 
haplotypes defined by a subset of the sites can reduce the number of SNP 
markers that have to be genotyped to detect disease associated variants.
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Thus far, various studies have given very different estimates for the extent of 
LD in different chromosomal regions. But the differences also depend on the 
population studied, on the number of sample analysed, on the parameters 
used to define LD, on the allele frequencies of the markers used. All these 
factors currently make it difficult to give any a priori estimate of LD in any 
given region. The availability of an ever increasing number of markers in 
public databases and systems allowing fast and cheap ways of typing these 
markers might make it possible in future to create LD maps on larger scales. 
Understanding the patterns of LD and the haplotypic structure of the human 
genome will be crucial in designing future studies. Until then an informed 
approach to certain candidate regions for which there is prior knowledge that 
the gene product is involved in pathogenesis seems likely to be most fruitful. 
The candidate gene approach, as chosen in this study, can be defined as the 
study of the genetic influences on a complex trait. Hypotheses are generated 
about the aetiology of the disease, and genes identified that might play a role 
in it. Variants in or near those genes are identified that either cause change 
in the protein or its expression, or are in linkage disequilibrium with these 
changes. These variants are then typed in a population and the correlation 
between genotype and phenotype analysed. This approach assumes, how­ 
ever, that functional changes are located in reasonable genetic proximity to 
these genes. In future, evolutionary cross-species comparisons (Sidow, 2002) 
may help in identifying regulatory regions important for gene function that 
are located at some distance to known genes.

One of the major challenges remains how to identify and choose markers. 
While it is easier (and cheaper) to find and use common genetic variants, 
these SNPs also tend to be older and therefore had more time to recombine 
which can lead to LD breaking down.
While resequencing areas of interest has the advantage of generating infor­ 
mation that can be used to study any deviation from the neutral model, e.g. 
due to natural selection, this is currently still time consuming and expensive. 
Unlike in Mendelian diseases, causal alleles for complex diseases might be 
expected to contribute only a small amount of added risk. The sensitivities
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of tests for natural selection, such as Tajima's D, might not be high enough 
to pick up the effects these low risk alleles have. On the other hand a rese- 
quencing approach will yield most of the markers. It is also not clear how 
much information of any given region is needed.
If alleles with large effects on disease risk turn out to be rare and geograph­ 
ically localised, rather than common and global, a haplotype map based on 
common SNPs might not be particularly powerful for mapping those alleles. 
It might furthermore be that maps have to be far denser, i.e. markers more 
numerous and denser and even rarer SNPs must be included, to capture the 
haplotypic diversity of Africans with the same effectiveness as in Europeans. 
A recent comprehensive sequencing effort analysed 313 genes and 720kb of 
genomic sequence (Stephens et al., 2001a). Only 2% of the SNPs identified 
are in the public dbSNP database, suggesting that there are many more SNPs 
than can be found in this database.

Two slightly different approaches were chosen for the IFNGR1 region on 
chromosome 6q23 and the IFN'y region on chromosome 12ql4. The availabil­ 
ity of a dense collection of validated SNPs for 12ql4 in the public database 
made it possible to initially approach this region without resequencing. It 
remains unclear whether any information was missed by this approach. Nev­ 
ertheless, the haplotypic structure obtained in this study is the most detailed 
for these regions to date and might be helpful for future association stud­ 
ies. In fact, we were able to use this haplotypic information by typing only 
the haplotype tagging SNPs in a study on the genetic susceptibility to tra­ 
choma in The Gambia that was set up in collaboration with the London 
School of Hygiene and Tropical Medicine. A major haplotype that confers 
protection to the disease was thereby identified. This haplotype can now be 
further analysed, e.g. by sequencing carriers and identifying further, possibly 
functional polymorphisms along this haplotype. Similarly to the approach 
to chromosome 6q23, there were relatively large gaps between some of the 
SNPs. While it might seem conceivable that more detailed information about 
the behaviour of LD in this region could be gained by typing evenly spaced 
marker, detecting LD over large region as found for the IFNGR1-47Q in 6q23
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might raise some suspicion which can be further analysed in future studies. 
It might also help in determining if further work can focus on one candidate 
gene for which an association has been found or whether LD with markers 
in neighbouring genes needs to be taken into consideration.

While the associations found for 6q23 are encouraging, they have to be 
taken with caution. Analyses of further populations are desirable. To date 
the IFNGR1-56 and IFNGR1-470 have been typed in a large case control 
study in Malawi consisting of roughly 880 cases and 500 cord blood con­ 
trols controls. The same phenotype definitions as for the Gambian study 
were used. The IFNGR1-56C allele was associated with protection against 
malaria (p=0.004; OR=0.79 (95% C.I. 0.66-0.93)). This result is encourag­ 
ing and is currently being further pursued. The IFNGR1-47Q, on the other 
hand, was not associated with susceptibility to malaria (p=0.66).

One of the problems with a candidate gene approach has been the fail­ 
ure to replicate results. Different studies might use different study designs 
and different definitions of phenotypes. The same candidate gene or SNP 
might be associated with different relative risks in different populations. A 
non-replicating result might therefore stem from a true biological difference. 
The failure to replicate might also be due to the small magnitude of the rela­ 
tive risks that are likely to be detected in candidate gene studies of complex 
diseases. If the linkage disequilibrium does not exist or varies across popula­ 
tions, different studies might have different findings for the same gene.

Genetic associations for complex, i.e. multifactorial, diseases can be ex­ 
pected to be much weaker than for diseases of mendelian inheritance. Multi­ 
ple weak effects might ultimately alter disease outcome. A strict correction 
for multiple comparisons might make these associations even harder to de­ 
tect. It will therefore be crucial to establish larger studies of several ten 
thousand samples in order to eventually overcome these limitations.
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The association study in this thesis was followed up by functional in­ 
vestigations. It appears that the site surrounding the IFNGR1-47Q is of 
regulatory importance. The two alleles could have different biological roles 
depending on their cell environment. Interferon-7 and its receptor have a 
role both in developing immunity/protection against the malaria parasite 
and in the progression of the pathology of the disease. While many studies 
have described this differential role of the cytokine and its receptor, only very 
little is known about what might regulate these events on a molecular level. 
The results of this study indicate that there might be molecular mechanisms 
that lead to differential expression of the molecule depending on the tissue 
type under investigation. This is particularly interesting in the case of the 
IFNGR1-47Q site as it is polymorphic and therefore adds an additional de­ 
gree of variability.

The completion of the first draft of the human genome was a major mile­ 
stone in unravelling our genetic make-up. But major challenges still lie ahead 
in order to make sense of this vast amount of information. Despite the ap­ 
parent complexity of the susceptibility to complex diseases, careful optimism 
seems warranted. Recent advancements in technology for genotyping and 
analysis of functional regions of the genome have dramatically increased the 
speed at which further investigation can be carried out. Our growing under­ 
standing of genetic diversity will help us to understand why people can differ 
so significantly in their response to the same pathogen. Not only might this 
help in predicting outcome, but ultimately aid drug targeting or development 
of vaccines against diseases such as malaria that still kills more than a million 
children every year.
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Abbreviations

ABBREVIATION EXPLANATION

ARMS

BCG

CEPH

CI

CM

Con A

CTL

ddNTP

DEAE

DIG

DNA

dNTP

dsDNA

Amplification refractory mutation system

Bacillus Calmette-Guerin

Centre d'Etude du Polymorphisme Humain

Confidence interval

Cerebral Malaria

Concanavalin

Cytotoxic T-lymphocytes

dideoxynucleotide

Diethylaminoethyl

Disseminated Intravascular Coagulopathy

Deoxyribonucleic acid

deoxynucleotide

Double stranded DNA

continued on next page
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continued from previous page

ABBREVIATION EXPLANATION

EBV 

EDTA 

EMSA 

FCS

GAS

Hb

HKA-Test

HLA

HSP

htSNP

HWE

ICAM

IFN7

IFNy

IFNGR1

IFN7R1

IFNGRAC

Ig 

IL

ISRE 

JAK

Epstein Barr Virus

Ethylenediarninetetraacetic acid

Electro mobility shift assay

Fetal calf serum

Fixation index

Gamma activated site

Haemoglobin

Hudson Kreitman and Aguade Test

Human leukocyte antigen

Heat shock protein

Haplotype tagging SNP

Hardy-Weinberg Equilibrium

InterCellular Adhesion Molecule

Interferon7 (protein)

gene encoding for Interferon7

gene encoding for interferorryreceptor 1

Interferon gamma receptor 1 (protein)

Interferon gamma receptor 1 (protein)

Immunglobulin

Interleukin

Interferon -stimulated response element

Janus kinase

continued on next page
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continued from previous page

ABBREVIATION

kb
LD
LDR

LPL

LPS

MALDI-TOF

MHC

MRC

mRNA

ms

NK cell

OR

PBS

PCR

PCV

PEP

PGE2

PMA

RNA

rRNA

RT-PCR

EXPLANATION

Kilobase

Linkage Disequilibrium

Ligase detection reaction

Lipoproteinlipase

Lipopolysaccharide

Matrix assisted laser desorption ionization time of

flight mass spectrometry

Major histocompatibility complex

Medical Research Council

Messenger ribose nucleic acid

Microsatellite

Natural killer cell

Odds ratio

Phosphate-buffered saline

Polymerase chain reaction

Packed cell volume

Primer extension preamplification

Prostaglandin E2

Phorbol 12-myristate 13-acetate

Ribose nucleic acid

Ribosomal RNA

Reverse transcripta.se PCR

continued on next page
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continued from previous page

ABBREVIATION EXPLANATION
SA

SDS
SNP

STAT

TAB

TBE

TDT

TE Buffer

TEMED

TNF

USD

UTR

UV

WHO

WTCHG

Severe malarial anaemia

sodium dodecyl sulphate

Single nucleotide polymorphism

Signal transducer and activator of transcription

Tris-acetate-EDTA

Tris-Borate-EDTA

Transmission disequilibrium test

Tris-Cl / EDTA Buffer

Tetramethylethylenediamine

Tumour necrosis factor

US Dollar

untranscribed region

Ultra-violet

World Health Organization

Wellcome Trust Centre for Human Genetics
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List of Suppliers

COMPANY ADDRESS

Abgene UK ABgene House, Blenheim Road,

Epsom, KT19 9AP, UK

American Type Culture Collec- P.O. Box 1549, Manassas, VA

tion (ATCC) 20108, USA

Amersham pic Amershaiii Place, Little Chal-

font. Buckinghamshire, HP7 

9NA, U.K.

Applied Biosystems (ABI) Lingley House, 120 Birchwood

Boulevard, Warrington WAS 

7QH, U.K.

Beckman Coulter (UK) Ltd. Oakley Court, Kingsmead Busi­ 

ness Park, London Road, High 

Wycombc, HP11 IJU, U.K.
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COMPANY ADDRESS
Bioline Ltd.

Bio-Rad Laboratories
,V:

Corning Incorporated

..Eppendorf AG
£•

Genetix Limited (GenPak)

Gibco ••"'• ——— " 

Greiner Bio-One Ltd. (Greiner)

Invitrogen Ltd (Invitrogen) 

Labtek

Merck Bioscienees Ltd. (No- 

vagen)

16 The Edge Business Centre, 

Humber Road, London NW2 

6EW, U.K.

1000 Alfred Nobel Drive, Her­ 

cules, CA 94547, USA 

45 Nagog Park, Acton, MA 

01720, USA

Barkhausenweg 1. 22339 Ham­ 

burg, Germany

Queensway, New Milton, Hamp­ 

shire, BH25 5NN, U.K. 

see Invitrogen

Brunei Way, Stroud water, Busi­ 

ness Park, Stonehouse, Glos., 

GL10 3SX U.K.

3 Fountain Drive, liichinnan 

Business Park, Paisley, U.K. 

91 Lost Lake Lane, Campbell, 

California 95008, USA
-•;>'!

Boulevard Industrial Park, Padge 

Road, Beeston, Nottingham NG9 

2.1R, U.K.

continued on next page
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continued from previous page

COMPANY ADDRESS

Metabion

Microsoft Limited

Millipore (U.K.) Limited

MJ Research, Inc.

Molecular ProbesEuropeBV

MWG Biotech AG

New England Biolabs (UK) Ltd.

(NEB)

PerkinElmer UK

Promega UK Ltd

Lena-Christ-Strae 44, 82152 

Planegg-Martinsried, Germany

Microsoft Campus, Thames Val­ 

ley Park, Reading, RGG 1WG, 

U.K.

Units 3&5 The Courtyards, Hat­ 

ters Lane, Watford, WD18 8YH , 

U.K.

590 Lincoln Street, Wartham, MA 

02451, USA

Poortgebouw, Rijnsburgerweg 10, 

2333 AA Leiden, The Nether­ 

lands

An/inger Str. 7, 855GO Ebers- 

berg, Germany

73 Knowl Piece, Wilbury Way, 

Hitchin, SG4 OTY, U.K. 

Chalfont Road, Seer Green, Bea-
i

consfield, Bucks HP9 2FX, U.K. 

Delta House, Chilworth Science 

Park, Southampton, S016 7NS, 

U.K.

continued on next page
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COMPANY

Qiagon ltd. (Quiagon)

Roche Diagnostics Ltd.

Seqiienom

Sigma-Aldrich Company Ltd.

STARLAB GmbH

The Jackson Laboratory

Voct(>r La.borat( >rios 

Whatman pic

ADDRESS

Boundary Court, Gatwick Road,

Crawloy, RHK) 9AX, U.K.

Bell Lane, Lewes, BN7 ILG, U.K.

EUROPEAN OFFICE,

Moiidelssohnstrasse 15D, 227G1

Hamburg, Germany

Dorset, England

International HQ, Ewigo Weide 7,

22920 Alirensburg, Germany

600 Main Street, Bar Harbor,

Maine 04609 USA

30 Ingold Road, Burlingamo, CA

94010, USA

Whatman House, St Leonard's

Road, 20/20 Maidstone, Kent,

ME16 OLS, U.K.
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