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DEFINITION OF TERMS

Haplotype: A set of closely linked alleles (genes or DNA polymorphisms) that are

inherited as a unit.

Polymorphism: A variation in the sequence of genetic information on a segment of

DNA

Single Nucleotide Polymorphism (SNP): A variation in the genetic code at a specific

point on the DNA sequence.

Locus (pl. loci): The position of a gene on a chromosome or other chromosome

marker; also, the DNA at that position.

Allele: Alternative forms of a gene; a single allele from each locus is inherited

independently from each parent.
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ABSTRACT

Malaria causes death of millions of people in sub-Saharan Africa and about 80% are
children and women under 5 years of age. Infection has therefore exerted pressure on
human genome and as a consequence clinical manifestations appear variable in endemic
and non-endemic populations. Part of the reason for this epidemiological difference is
hypothesized that over the last few thousand years, endemic populations have built up
genetic resistance to severe malaria infection. To test this hypothesis, the study searched
for evidence of natural selection in malaria exposed and unexposed populations by (a)
carrying out a large-scale collection in Kenya of severe malaria cases and controls from
the Luo ethnic group and also of population controls from the Masai and Kikuyu ethnic
groups, (b) carrying out an association study at 10 genetic variants previously associated
with malaria resistance, (b) studying frequency differences across populations to
determine which of these variants have been subject to selection for malaria resistance in
the past few thousand years, and (c) also studying haplotype and linkage disequilibrium
patterns around malaria resistance genes to search for evidence of natural selection. In the
Luo case-control samples, the previously described associations at CD36-GT (P value <
0.004) and HbAS (P value = 0.015) were replicated. Strikingly, there was unusually high
frequency differentiation of the HbAS and CD36-GT variants in the exposed (Luo and
Yoruba) vs. relatively unexposed (Kikuyu and Masai) populations compared to a panel of
1,454 randomly chosen markers that were studied in the same samples (P < 0.00036 and
0.00096 respectively). By statistically combining the case-control association and
frequency differentiation statistics, the power of the association analysis was increased by
several orders of magnitude (HbAS with P value < 0.000018 and CD36-GT with P value
< 0.00043), which provides a potential tool for researchers to find risk factors for
infectious disease in future. Further assessment of haplotype blocks flanking HbAS-T,
CD36-G and ICAM-T suggested that exposed and un-exposed populations exhibit
different haplotype block patterns, supporting the evidence of natural selection. CD 36-
GT appears to be under selection in both the Luo and Yoruba ethnic group, whereas
HbAS is under selection in the Yoruba ethnic only but not in Luo ethnic groups. These
results suggest Yoruba and Luo—perhaps because they are on different sides of the
African continent—evolved different genetic response to malaria because they had been
exposed to the disease for thousand years. This study has not only developed a novel
method to identify malaria variants but has also provided an insight on the possibility of
exploiting haplotype block patterns to map causal genes.



CHAPTER ONE

INTRODUCTION
1.1 Background Information

Malaria parasite infection is an ancient disease that leads to enormous human mortality
and morbidity (Miller et al., 2002). Today more than half the world population is at risk
of infection, about 3.2 billion people and there are between 350 million and 500 million
clinical cases reported each year resulting in 1 million deaths (Guerra et al, 2006;
Anonymous Authors., 2007). About 80% who die are children under the age of 5 years
and pregnant women (Anonymous Authors 2007)

Over the last 10,000 years, malaria has exerted strong selection pressure on the human
genome (Bamshad et al., 2003). Because of this pressure, the clinical manifestations
appear variable in the endemic and non endemic populations suggesting the existence of
a distinct acquired and innate immunity (Clarke er al., 2004). Indeed, it has been
established that despite high infection rates in endemic areas, only 1-2% of patients
develop life threatening complications and profound anaemia, much less than the rate in
non-endemic areas (Kwiatkowski., 2005). These observations suggest that there are
genetic variants that modulate risk to P. falciparum malaria, similar to what has been
observed with the Duffy antigen that protects against P. vivax (Miller et al., 1976). The
genetics of the host therefore play an important role in the protection and susceptibility to
malaria (Mackinnon et al., 2005). Several host genetic variants have been identified that
influence the clinical outcome of malaria and these include Apha globin, Beta globin, ,

Duffy Antigen Chemokine receptor (Hill ef al.,2006) and G6PD (Moorman et al., 2003)



The mechanism of protection of these variants is still unknown and there is evidence that
they act in synergy (Hill, 2006; Goldstein, 2008). Most of the variants identified so far
exhibit moderate effect ranging from odds ratios of 0.75 to 1.5, and genes associated with
acquired immunity are often but not always involved (Petretto et al.,, 2007). Despite the
progress in malaria research, there is still lack of detailed understanding of the molecular

and biochemical properties involved in the aetiology of malaria.

Of the genetic variations that exist in our species, 85-90% have been ascribed to
differences among individuals in any given group and only 10-15% are due to
differences between members of different groups (Goldstein & Hirschhorn., 2004). It has
also been noted that functional variants can differ remarkably in their allele frequencies
across populations (Goldstein & Hirschhorn., 2004). It is this observation is behind the
idea to study populations that have been differentially exposed to malaria infection. The
study hypothesized that differential exposure to malaria hundreds or even thousands of
years could have resulted in an increased proportion of malaria resistance variants in
endemic populations. Several such variants have indeed been identified in endemic
populations by case-control association analysis. Part of the present study is a replication
case-control association analysis, in which the association of 10 genetic variants to
malaria in the endemically Luo ethnic group was tested. Comparisons are made between
allele frequencies in children with severe malaria and uninfected adults (cases and
controls) from the Luo ethnic group. Furthermore, the frequency differentiation of these

variants in three ethnic groups: Yoruba, Maasai and Kikuyu were compared. The
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significance is to replicate previous associations and also to explore a novel method that

improves the power to identify risk alleles to malaria.

The study further looked at the pattern of Linkage Disequilibrium (LD) around HbAS,
ICAM and CD36, which are all malaria candidate genes. The hypothesis behind the
investigation is that differential exposure to malaria infections has influenced the
haplotype pattern around genes that are associated with resistance to malaria infection.
Consequently, understanding disturbances to the haplotype pattern in exposed
populations (which presumably reflect the influence of natural selection) can provide
insight into the causal genes. Previously, it has been shown that parasitic infections such
as malaria and schistosomaisis influence the LD pattern in the 5q31 region of the human
genome but no study has looked at the haplotype block patterns around malaria candidate
regions (Goldstein & Weale., 2001; Luoni ef al., 2005; Rihet et al., 1998; Marquet et al.,
1996). This component of the study is important because it provides basis for consider
changing understand haplotype-related associations to infections and the demographic
history associated infections. This study gives an insight to variants that are either

biologically causal or just statistically correlated with malaria infection.



1.2 STATEMENT OF THE PROBLEM

Genetic variants are important for the strategic development of drug and vaccine because
they govern parasite invasion, remodeling, growth, reinvasion of erythrocyte and also
influence the efficacy of potential drugs and vaccines. Case-control association study
approach has been used to identify variants but the challenges are: a) Inconsistent and
false positive results and limited replications have been carried out for validation
purposes (Goldstein & Hirschhorn., 2004). Different SNPs from a single gene have been
associated with both protection and susceptibility (Kwiatkowski., 2005). In addition, lack
of clear phenotype definitions of malaria reduces the case control tests because cases and
controls are poorly defined in case-control study populations (Kwiatkowski., 2005).
There has been a discussion on improving power of case control tests by statistical
weights of whole genome scan but there has been no empirical demonstration (Roeder et

al., 2006).

Several studies have been undertaken on African populations but stratification and
admixture of populations has not been tested. Other studies however show the
significance of testing for stratification in order to avoid false positives and inconsistent
associations (Hirschhorn et al., 2002). There is therefore a need to understand population

structure of any study population.

With the limited power of case control tests, there is a need to improve or develop a
strategy to identify more malaria variants and possibly the causal genes. Limited work

has been done to search for search other genes by defining haplotype blocks around



malaria variants of endemic and non-endemic populations. LD has been used in non-
malaria studies to identify flanking haplotype block with variants associated with
diseases or infections. No study has attempted to compare haplotype blocks in
differentially malaria exposed populations and also assessed and compared

recombination break down of haplotype that carry malaria variants.

. 1.3 RESEARCH QUESTIONS

1.3.1 Is it possible to replicate the associations of previously association test in Luo
ethnic group?

1.3.2 Can combination of case control and allele frequency statistics increase power of
association tests?

1.3.3 Is there population stratification among the four 4 ethnic groups and do the
linguistic and genetic cluster match?

1.3.4 What is the haplotype pattern around malaria variants? Are malaria variants under
selection? .

1.4 NULL HYPOTHESES

1.4.1 The genetic effect is not the same in all the populations and the direction of the
association is not similar in all the populations.

1.4.2 Combining case-control associations and frequency differentiation statistics does
not increase the power of association test.

1.4.3 There is stratification or admixture of population among ethnic groups in Kenya



1.44. LD pattern of malaria associated genes is the same in both the exposed and
unexposed populations, and variants associated with malaria are under selection with the
same demographic information..

1.5 OBJECTIVES OF THE STUDY

1. 5.1 General objectives

The study replicate previous malaria associations, explores method for increasing power
of association test, assesses the LD pattern around malaria candidates’ genes and also ,
attempt to discern haplotype block pattern, and lastly compare the extent and effect of
natural selection in malaria exposed populations.

1.5.2 SPECIFIC OBJECTIVES

a) Test the association of 10 malaria variants in Luo ethnic group that had been
previously associated with malaria susceptibility or resistance.

b) Increase power of case control association tests by combining case-control and allele
differentiation chi-square statistics.

¢) Determine the genetic structure of ethnic groups in Kenya and find out if it can alter or
confound association and allele frequency differentiation tests.

d) Define haplotype blocks of selected malaria variants and assess signal of natural

selection

1.6 JUSTIFICATION
Identification of malaria variants in human that interact with the parasite is critical for
development of drug and vaccine. (Kwiatkowski., 2005). Malaria variant with absolute

protection against P. falciparum can be used to develop a vaccine, just like Null Duffy



antigen that provides absolute protection against vivax malaria is presently being used to
develop a vaccine against vivax malaria. (Saravia et al., 2008). The chellenge to this
strategy is that the variants that have so far been associated with P. falciparum show
moderate genetic effects of protection (Ayodo et al., 2007) with several inconsistent
association results. This study therefore replicates previous association by using a
different study design and also improves the power of case control association tests by
combining statistical weights of case control association and allele frequency
differentiation tests. The approach empirically demonstrates recent discussion by Roeder
et al., 2006 that proposed increasing power of association tests by statistical weights of

whole genome scan and opens an avenue for identification of more malaria variants..

In addition, it has been observed that stratification and admixed population leads to false
positive in case control association studies. The study not only determines the population
structure but also tests for genomic allele frequency differences between the closely
related populations due to malaria exposure. Two approaches therefore validate case

control and allele frequency differentiation tests.

Furthermore, allele frequency differentiation in endemic and non-endemic population
provides a platform to use haplotypes block instead of single SNPs because using
haplotype improves the chance of identifying causal genes, and other malaria variants
and it is also cost-effective. The studies of natural selection are not only interesting in

their own right. It demonstrates that by combining this frequency differentiation
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information statistically with association tests, elusive variants can be identified despite

overlapping malaria phenotypes.

1.7 CONCEPTUAL FRAMEWORK

As outlined in Table 1.1, the design is to replicate previous association studies and
explore how to identify other unknown genes associated with malaria infection. The
concept is based on the fact that populations that have been exposed to malaria exhibit
more malaria resistance genes than unexposed populations. Similarly, young cases of
severe malaria are expected to exhibit under-representation of resistance genes.
Conceptually, there is some similarity of this work with some previous workers, who
used information from linkage genome scans to improve the power of the association
(Roeder et al., 2006). In the same way, information from selection studies is used to

improve the power of association.

Table 1.1: The Conceptual framework for this study

Parameters Cases (exposed) Controls (exposed)
Parasitaemia High Low or absent
Haemoglobin

concentration Low or high Normal

Severity of malaria
infection Symptomatic Asymptomatic / normal

Rate of transmission High High




1.8 OPERATIONAL FRAMEWORK

The study involved three phases namely; Sample collection of DNA, genotyping and data
management. The DNA samples were collected from schools and Bondo District
hospital over a period of one and half years. After conducting quality control in Kenya,
all DNA samples were shipped to Harvard Medical School, USA for the second
genotyping . This second phase took 7 months at the Laboratory of David Reich,
Harvard Medical School and Broad Institute of Harvard and Massachusetts Institute of
Technology (MIT), USA. The result for replication of case control association and
combining case control and allele frequency differentiation statistical weights have
already been published in American Journal of Human Genetics. Further work involved
the assessment of haplotype blocks and detection of natural selection. The Figure 1.1

illustrates all the details of the study.
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Collection of Samples
(Hospitals and Schools)

!

DNA extraction, quantization and quality control

v

Sequenom and Illumina Genotyping Process

Figure 1.1:

\

Data management and analysis

v

Publication (First, American Journal of
Human Genetics and second in progress)

The illustration of the operational framework
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1.9 STUDY LIMITATIONS AND ASSUMPTIONS

a) In this study, the definition of severe malaria was limited to parasitaemia and other
overlapping clinical manifestations (Anstay et al., 2007). This definition is different from
that used in other previous studies therefore the failure to replicate these associations

does not mean that negative associations were false.

b) The study only tested 10 SNPs despite the fact that there are over 20 SNPs that are
associated with malaria infection. The fact that a small number of SNPs were used made

it possible replicate only 2 previous associations.

¢) Although this study detected apparent signals of positive selection of HbAS-T and
CD36-G, this study lacked genomic control to assess whether signals were unique. Thus,
the conclusion that these variants indicate strong signals of selection is tentative pending

further confirmation.

d) The study failed to detect a signal of selection based on LD patterns around HbAS-T in
the Luo ethnic group. This could be because the mutation was very old and was exposed
to long period of LD decay due to recombination. The failure to detect this selection also
suggests that either the density of SNPs used in this study is too low or there was an

under-sampling of genetic variation in the study populations.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Overview

The Malaria parasites Plasmodium falciparum, P. vivax, P. malariae and P. ovale, are
responsible for about 500 million new malaria infections and 1.2 million deaths
annually. (Greenwood ef al., 1999). Malaria in humans caused by P. falciparum is the
focus of the current study. With the emergence of epidemics of multi-drug resistant
malaria parasites, understanding how human biology influences the pathogenesis of
malaria infection can contribute to the design of new therapeutic strategies to treat the

disease, and identify potential new targets for drug therapy.

The clinical manifestation of malaria infection is unclear. Most infected people in
endemic areas remain asymptomatic and very few people who are infected progresses to
severity status of the disease. Infected persons present different overlapping clinical
symptoms and there are no clear phenotypes associated with severe or mild malaria. The
clinical manifestations such as hypoglycemia, respiratory distress, circulatory collapse,
fluid and electrolyte imbalance, renal failure, aneamia etc often appear as different
combination and in most cases they overlap without showing specific patterns (Hill.,
2006) and Mackinnon et al., 2006 suggested that genetic variants contribute to 25% of
host resistance. Despite this findings, several studies have concluded that resistance to
malaria is highly polygenic and there exist variable resistance genes in populations, for
example the restriction of HbC in West African populations but not East Africa (Hill.,

2006)
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The importance of genetic variability to malaria susceptibility is underscored by the fact
that there are many variations among humans in their inherent susceptibility to the
infection (Tishkoff er al, 2001; Sabeti et al. 2002a). Indeed, natural selection for
resistance to malaria resistance may explain why only a small fraction of malaria
infections in Africa lead to life threatening complications such as cerebral malaria or

profound anemia (Kwiatkowski ef al., 2000; Sagel and Hill, 2003).

Inorder to dentify genes that have been implicated so far in resistance to severe malaria,
scientists have focused on genes that a priori affect biological pathways relevant to
malaria (Hill et al., 1997). These are polymorphisms in blood cell related genes, or in
immune response and receptor associated genes such as Tumor Necrosis Factor (7NF),
Nitric Oxide Synthase (NOS), Intercellular Adhesion Molecule (ICAM-1), CD40 ligand,
and CD36 (McGuire et al., 1994, 1998; Deitsch and Wellems, 1996; Burger et al., 1998: Knight

et al., 1999; Wattavidanage et al., 1999; Kun et al., 1999, 2001). However, the full complement
of variants governing susceptibility has not yet been identified (Kidson ez al., 1981; Hill et al.,
1991, Ruwende et al., 1995). The resistance genes identified have fallen into 5 categories:

blocking sporozoite and merozoite invasion into liver cells and erythrocytes, b) inhibiting
parasite development in the hepatocytes, c) activating macrophages to phagocytose intra-
erythrocytic = parasites and free  merozoites, d) neutralizing parasite
glycosylphosphatidylinositol (and other key molecules) and e) Inhibiting the
inflammatory cytokine cascade and mediating complement-dependent lysis of

extracellular parasite gametes and development of zygotes.
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Figure 2.1: Global distribution of malaria infection (Adapted from website (WHO.,

2000)

BAreas where malaria infections are common
Areas with limited risk

BEINo malaria

2.2 Geographic distribution of malaria. Malaria is endemic to the tropics and
subtropics. In 1990, about 80% of the infections occurred in Africa, while the remaining
ones were observed in Brazil, India, Afghanistan, Sri-Lanka, Thailand, Indonesia,
Vietnam, Cambodia and China [Figure 2.1] (WHO, 2000). Over the past three decades,
the incidence in Africa in particular has increased 2-3 fold. This upsurge—reversing the
trend that would be expected due to modern treatment as a result of drug-resistant

parasites, insecticide-resistant mosquitoes, increasing poverty and political instability
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(Hartl, 2004). In the past 13 years, malaria epidemics have also spread to previously non-

endemic areas, raising the prevalence in Africa from 20% to 60% (Hartl, 2004).

The present study focuses on the genetics of malaria in East Africa and specifically in
Kenya. Although annually there are an estimated 8.2 million cases of malaria in Kenya
(Githeko and Ndegwa, 2001), minimal research has been done in East Africa than in
West Africa to identify genes that are relevant to malaria resistance, making it important
to study the genetics of malaria in this region. Kenya presents a favorable environment in
which to study the genetics of malaria infection because of its great geographic and

ethnic diversity..

Figure 2.2: Migration history of the Luo and Masai ethnic groups in Kenya.

[Information curated from Ochieng., 1985 and illustrated in this thesis]
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As illustrated in Figure 2.2 the pink colour shows the likely path of migration of the
Nilotic ancestors of both populations from Sudan and southern Ethiopia, beginning
several thousand years ago and continuing until the 17" century. At present, the Masai
tend to live at higher altitudes than the Luo (>1,000 meters) where malaria is much less

common

A striking feature of the Kenyan population—which can in principle be used to increase
the power of this study—is that communities of common ethnic ancestry live in places
where the prevalence of malaria has different. Specifically, The Luo continuously has
lived for thousands of years in low-altitude areas near Lake Victoria where malaria is
endemic (Figure 2.2). By contrast, the Masai (who are Niloties like the Luo and likely
descend from a common ancestral population within the last few thousand years) live at
higher altitudes where the vector for the disease, the anopheles mosquito, is rare.

Because of the similar ethnic backgrounds between the Luo and Maasai, most sections of
the genome are likely to be very similar in terms of the pattern of genetic variation. Only
where there has been strong natural selection has resulted in changes in frequency of
malaria associated variants in the past couple of thousand years since the populations
separated—for example due to a variant conferring resistance to malaria—would expect a
strong difference in allele frequencies between the Luo and Masai. It may therefore be
possible to find new susceptibility genes to malaria by searching for regions of high

genetic differentiation between Luo and Masai.



17

2.3 Published genetic associations to severe malaria.

It is clear that replication in genetic studies is important for the validation of associations
However, numerous published associations to common, complex genetic phenotypes
have not been replicated in follow-up studies, which may be explained by genetic
heterogeneity among populations (Hirschhorn ef al. 2002). It is increasingly being
thought that false-positives explain a substantial proportion of the associations published
in the literature (Ioannidis ef al. 2001; Hirschhorn et al. 2002; Lohmueller et al. 2003).
For instance, a recent large replication study involving 16 variants previously published
as conferring susceptibility to Type II Diabetes, only found replication at one variant
PPARYy (Altshuler et al. 2000). Replication is thus essential in demonstrating biological
and medical relevance. Below is a description of 9 genes containing variants that have
been previously associated with malaria that will be tested in the current study (See Table
2.1 and Table 1 in appendix D for the samples sizes and details of allele frequency

details)
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Table 2.1 Previous association studies for susceptibility to severe P. falciparum malaria

Genotype Population P-value Odds- 95% CI References

ratio

(OR)
HbCC Burkina Faso 0.0011 0.07 0-0.48 Agrawal et al.,2000
HbAC Burkina Faso 0.0008 0.71 0.58-0.87 Agrawal et al.,2000
HbAS Burkina Faso 0.01 0.27 0.17-0.42 Modiano et al., 2001
HbAS Kenya 0.0004 0.04 0.02-0.37 Aidoo et al., 2002
G6PD-A females Gambia 0.02 0.45 0.22-0.42 Ruwende et al., 1995
G6PD-A females Kenya 0.11 0.6 0.33-1.11 Ruwende et al., 1995
G6PD-A hemizygous males Gambia 0.02 0.23 0.06 -0.77 Ruwende et al., 1995
G6PD-A hemizygous males Kenya 0.12 0.54 025-1.15 Ruwende et al., 1995
NOS24-117 C—T homozygote | Tanzania 0.0006 0.12 0.03 - 0.048 Hobbs et al., 2002
(TT)
NOS24-117 C—T homozygote | Kenya 0.012 0.31 0.12-0.84 Hobbs et al., 2002
(TT)
NOS24-117 C—T heterozygote | Kenya 0.005 0.25 0.09 - 0.66 Kun et al., 1999
(CT)
NOS24 1659T heterozygote Gambia 0.04 131 1.0-1.72 Burgner et al., 2003
NOS24 -969(G—C) Gabon 0.04 0.67 0.46-0.96 Kun et al., 2001
ICAMI kilifi heterozygote Gabon 0.012 0.52 0.30-0.92 Fernandez et al., 1998
ICAMI kilifi homozygote Gabon 0.027 0.18 0.04 - 0.86 Kun et al., 1999
CD32 Arg/Arg 131 Kenya 0.0021 0.28 0.12-0.63 Shi et al.,, 1999
CD32 Arg/Arg 131 Gambia 0.03 0.71 0.52-0.98 Cooke et al., 2003
CD36 1264T —G Homozygotes | Thailand 0.0069 0.59 0.40 —0.87 Aitman et al., 2000
CD36 T188G heterozygote Kenya 0.036 0.74 0.55-0.99 Omi et al., 2003
CD40L-726C female carriers Gambia 0.002 0.74 0.48-1.15 Sabeti et al., 2002
CD40L-726C Male hemizygotes | Gambia P<0.05 0.52 0.34-0.81 Sabeti et al., 2002
TNF308A Homozygote Gambia 0.039 3.6 1.1-12.4 McGuire et al., 1994
TNF308A Homozygote Kenya 0.16 33 0.62-17.6 Knight et al., 1999
TNF-238 Heterozygote Gambia 0.04 1.7 1.02-2.8 Knight et al., 1999
TNF-376A heterozygote Gambia 0.008 43 1.5-12.8 McGuire et al., 1994
TNFa* *2 Heterozygote Sri-Lanka 0.013 2.76 ¥ Wattavidanage et al 1999
IFNARI-17470G/G Gambia 0.018 0.74 0.57-0.95 Aucan et al., 2003
homozygotes
IFNARI-LI68V Homozygote Gambia 0.031 0.76 0.59-0.97 Aucan et al., 2003

* Data could not be found in the published article

1) HbCC (Thalassemia) and HbAS (Sickle-cell trait): Both malaria-resistance mutations
occur in the 6™ position in the B-globin amino acid sequence, where glutamic acid is
substituted by either lysine or valine respectively. The heterozygotes and homozygotes
for the B-globin thalassemia allele (HbAC and HbCC) are estimated to have 29% and

93% reduced risk to severe and cerebral malaria respectively (Agarwal et al., 2000;



19

Modiano et al., 2001). The reduction in risk due to the very common HbAS genotype is
about 73% (there is no data for homozygotes as they usually die at a young age due to
sickle cell anaemia) (Bloland et al.,1999; Modiano et al., 2001a, 2001b; Aidoo et al.,

2002: Hobbs et al., 2002).

ii) G6PD: This enzyme has been detected in virtually all cells and plays a crucial role of
catalyzing the first and rate-limiting step of the hexose monophosphate pathway,
pathway for pentose phosphate synthesis (Vulliamy et al., 1991). Mutations in the X-
linked G6PD gene cause low levels of expression of the gene, resulting in anemia in
response to certain food and drug exposures in over 400 million people worldwide
(Beutler, 1990). The G6PD-A variant, which is responsible for the deficiency, has also
been shown to confer a survival advantage to carriers, providing protection against severe
malaria in about 46% in heterozygous females and 58% hemizygous males (Ruwende et

al, 1995) .

iii) ICAM-1I: Is a host receptor, which has been shown in histopathologic studies to bind
to parasite ligands, in particular P. falciparum erythrocyte membrane protein-1
(PfEMP1). The ICAM-1 kilifi variant shows protective effects in Gabon and Kenya as

shown in Table 2.1 (Fernandez-Rayes et al., 1997; Kun et al., 1999).

iv) CD32: Is in the family of Fc receptors (Fcy Rlla) that are expressed on the surface of
lymphocytes and monocytes / macrophages. The molecule provides a link between the

humoral and cellular immune systems. It has been shown that the recognition of CD32 is
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influenced by polymorphism within the gene FcYRIIa (Shi ef al, 2001). Associations
have been described in Gambia and Kenya (Shi et al., 2001; Cooke ef al., 2003) (Table

2.1).

v) CD36: The human CD36 ligand is expressed on P. falciparum-infected red blood cells
(Ockenhouse et al., 1991; Baruch et al, 1999). It is thought that CD36 interacts with
malaria pathology by sequestering infected red blood cells and inhibiting the immune
response to the parasite (Urban ef al., 1999). Interestingly, the CD36 variants shown in
Table 2.1 are strongly associated with a reduction in susceptibility to severe cerebral

malaria in Thailand and Kenya (Aitman et al., 2000); Pain et al., 2001; Omi et al., 2003).

vi) CD40L: This is a type II membrane glycoprotein expressed by activated CD4+ T
cells. CD40L is involved in B cell proliferation, antigen presenting cell activation, and Ig
class switching (Durie et al., 1994a; 1994b). The CD40L variant has been associated with
a significant reduction in risk for severe malaria with odds ratio: 0.52, p<0.002 (Sabeti et
al., 2002b) (Table 2.1). Strong evidence of natural selection around the CD40 ligand gene
has been demonstrated by this group in west African (Nigerian) as well as in Bantu
(Zimbabwean) populations (Sabeti et al., 2002b), presumably reflecting a history of

conferring resistance against severe malaria.
vii) TNF: This plays a critical role in immune response to infectious and inflammatory

diseases. Homozygotes for the TNF-308A variants have been associated with

susceptibility to severe malaria in Kenya and Gabon, whereas the heterozygotes have

CENYATTA UNIVERSITY 1 IRRARY
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been shown to have increased susceptibility (McGuire ef al, 1994, 1998; Knight et
al.1999). Comaparison in of the populations, show that heterozygotes in Sri Lankan
population were less  susceptibility to malaria than the  African populations
(Wattavidanage et al., 1999) [See Table 2.1]. Attempts to understand 7NF haplotype
structure in Gambian and Malawian populations have shown that the SNPs most strongly
associated with susceptibility differ between these two African populations (Ackerman ef
al., 2003), emphasizing the importance of defining the haplotype structure in each study
population separately. The strategy for this study is to create a haplotype map for ICAM,

Bata globin and CD36 genes specifically for the Luo, Masai, Kikuyu and Yoruba.

viil) NOS24: This gene is a mediator of immunity. The effects of each variant genotype
associated with malaria infection are shown in Table 2.1 (Kun et al., 1999; Hobbs et al.,
2002; Burger ef al, 2003). The heterozygous variant G-954C in Gabon may be as

protective as sickle cell trait (Kun ez al., 2001).

ix) IFN—y: This gene is a key element for innate and adaptive immunity and has been
implicated in a wide range of infectious and inflammatory disease processes, especially
during a clinically important episode of malaria (Kwiatkowski, 2000). A variant /FNGR-
56 at the promoter region appears to often protect against malaria infection among
Gambian children (Koch at el, 2002). The other variants found to be associated with
malaria are the Interferon—alpha receptor—1 (IFNARI), 17470 and LI68V variants (Aucan

et al., 2003’ Hill, 2003). The effects of the variants are reported in Table 2.1
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The Duffy antigen / Chemokine receptor (DARC) has also been associated with
resistance to malaria. An allele that disrupts a GATA-1 binding site in the DARC
promoter region specifically inhibits the expression of the Duffy antigen on erythrocytes
but not other cells (Miller et al., 1976; Tournamille et al., 1995). The absence of an
expressed Duffy antigen on erythrocytes seems to confer complete resistance to P. vivax
malaria (the frequency of this mutation is nearly 100% in West Africa, but essentially 0%
outside Africa, presumably because of selection for this protective variant). Because the
focus of this study is on P. falciparum malaria, the one responsible for highest level of
morbidity and mortality in African populations, the replication of Duffy mutation was
excluded in this study.

2.4 Parasite’s life cycle

The parasite exists in three to four different forms and each form is specialized to survive
in or for survival within in a certain environments. The gametocyte is the form that
infects the mosquito and reproduces itself, as if it a hemophodite. When the mosquito has
sucked blood containing gametocytes, these pass into the salivary glands of the mosquito,
where they develop into a new form, the sporozoite. The sporozoite can be passed on to
man when the mosquito bites, injecting its saliva into blood vessels. The sporozoite
travels with the blood to the liver and enters the liver cells. In the liver some of the
sporozoites divide (tachysporozoites) and become thousands of merozoites. The
merozoites are released from the liver to the blood where they are taken up by red blood
cells. Some of these turn into ring-formed trophozoites, which split again to form
schizonts? Schizonts burst the red blood cells at a certain stage, releasing the merozoites.

This release coincides with the rapid increase in body temperature following Malaria
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infection.. The trophozoites that are left over during division can, in the course of the next
day, develop into the sexual form, the gametocyte, which can be taken up by any blood-
sucking mosquito to start another cycle. The incubation period is about 10 to 15 days.
This period can be much longer depending on medication. Plasmodium ovale and
Plasmodium vivax can also produce a dormant form, a hypnozoite, which can cause
relapses of the disease for several months or years after the original disease (relapsing

malaria), because it remains dormant in the liver cells (See Appendix D, Figure 1).

2.5 Genetic understanding of malaria parasite.

Plasmodium falciparum has a complex life cycle because it invades both mosquitoes and
vertebrate host cells. Target cells include mosquito salivary glands, red cells and liver
cells. The invasion process in each cell is still unclear; nonetheless, other proteins such
as cirumsporozoite (CS), thrombospondin-related anonymous protein (TRAP) and
membrane apical erythrocyte binding like surface protein (MAEBL) have been associated
with the invasion. These are therefore target proteins for biomedical research to
developing immunoprophylactic and theurapeutic methods. The broad genetic variation
of the Plasmodium falciparum populations however is a challenge to understanding how
the parasite overcomes chemotherapeutic agents, vaccines and vector control strategies.
The parasite (P. falciparum) demonstrate rich diversity (n =1.16 x 1073) (Volkman ef al.,
2006) and comparative genomics of P. falciparum and P. reichenowi shows that adaptive
evolution has occurred in the P falciparum at the level of transcript, gene function,
protein expression and cellular localization. (Jeffares et al, 2007). It has also been
observed that non-paralog genes contain immunogene and other known drug targets

consistent with the idea that human immune systems and drug use contributed to the
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parasite’s evolution (Kidgell ef al, 2006). Others have also pointed at the alteration of
target enzyme by point mutations resulting in an unusual complement of mismatch of
repair genes contributing to the drug resistance (Kidgell ef al., 2006). Similarly, gene
amplification of GTP cyclohydrolase enzyme in folate biosynthesis pathway has been

associated with the resistance to anti-foliate drugs (; Bethke et al., 2006)
2.6 Pathogenesis of malaria.

Malaria stands out among the systematic infectious diseases of humans. The fact that P
falciparum is easy to locate within the blood vessels or is fixed onto the blood vessels
means that there is a plausible explanation that malaria pathogenesis is due to poor
oxygen delivery because of obstructed blood vessels. Nonetheless, focusing on malaria in
isolation has caused a great deal of controversy as far as its pathogenesis is concerned.
Evidence suggests that cell to cell interactions are responsible for the pathogenesis but
clinical manifestations are protean. Adherence and invasion appear to generally correlate
with severity (Pasvol er al, 2001). The interactions occur mostly at the asexual
reproductive stage of parasite. Some of the well defined interactions include areas as
follows:

2.6.1 The invasion of red cells

The severity of malarial relates is thought to be correlated with parasite density which
may determine the ability of the parasite to invade and multiply within the red blood cells
(Chotivanich et al., 2000, Mackinon.,2005 ). P. falciparum from severe malaria patients
possess high in vitro multiplication rate, which are approximately three times higher than
those from uncomplicated cases. They could invade the cells without any restriction in

their invasion.
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2.6.2 What is the mechanism?

Inva;c,ion is a highly specific, ordered and sequential process that lasts about 30 seconds.
Merozoites attach to a susceptible red blood cell, re-orient itself so that the apical end is
apposed to red cell membrane and then slowly moves into a localized invagination of the
red cell which subsequently envelops it as the Parasitophorous Vacuolar Membrane
(PVM). The red cell membrane however poses a formidable barrier to invasion.
Currently, some intensive research is on the identification of the molecules in the red cell

surface that merozoites bind to.

2.6.2.1 The binding of parasitized red cells (PRBC) to uninfected red cells (rosetting)

Rosetting has been associated with severe malaria but the mechanism under which it
leads to disease is still obscure. A study in The Gambia showed that all isolates of P.
falciparum obtained from children with cerebral malaria were capable of rosetting,
whereas many isolates from patients with mild disease were not (Carlson et al.,1990).
One other studies have implicated variants of PfEMP-1 and CD36 with the rosetting
(Handunnetti et al.,1992). This kind of interaction is thought to enhance invasion and
parasite multiplication especially under conditions of blood flow but this has never been

proved through experiment (Pasvol.,2001).

2.6.2.2 The binding of PRBC to endothelial cells in critical organs (cytoadherence)
Cytoadherence is the process in which the mature PRBCs bind to endothelial cells in
post-capillary venules, this explains why PRBCs are rarely seen in peripheral samples.

Upon scanning using Electron Microscope (EM), several regular and symmetrically
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arranged “knobs” appear on the surface of the infected cell as P. falciparum matures.
These knobs are thought to be the sites at which the parasitized red cell attaches to
endothelial cells in deep tissues; they are also capable of cyto-adherence in vitro. Several
molecules such as PfEMP-1, ring surface proteins (RSP I and 2) have been identified in
the immature PRBCs. PfEMP-] variants are of particular interest because the amino
terminal head structure of the molecule — which includes a Duffy-like binding domain
and a cysteine-rich inter-domain region — appear to mediate adherence to a diverse set of
host receptors (Barry et al., 2007) Host - Parasite interactions led to immune evasion
due to differential expression of var genes of P/EMP-1 (Rottmann et al., 2006; Barry et
al, 2007). Nonetheless, analyses of cellular interactions have revealed marked
heterogeneity in molecular specificity that suggests complexity of pathogenesis. First, by
immobilizing the parasites in various organs, cytoadherence prevents their passage
through the spleen, a major site of parasite destruction. Localizing maturing parasites at
the sites of reduced oxygen tension favours parasite growth and may facilitate invasion of
uninfected red blood cells. Secondly, though is still unclear cytoadtherant parasites
presumably lead to microvasculature obstruction. Lastly, cytoadherence may lead to local
endothelial cell activation, release of cytokines and subsequent damage to adjacent

tissues.

2.6.2.3 Induction of pro-inflammatory cytokines.
There is considerable evidence supporting the notion that malaria infection is primarily
an inflammatory cytokine driven disease (Clark et al., 2006; 2007). The broad clinical

manifestations of malaria infection have been associated with the balance between pro-
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inflammatory and anti-inflammatory cytokines (Clark et al., 2007). Furthermore, the
clinical effect of low or high level of cytokine production is similar in many bacteria,
rickettsia and viral infections (Clark er al., 2006). Recent studies involving different
populations in West Africa (The Gambia), East Africa (Kenya) and the Far East
(Vietnam) associated a SNP polymorphism (IFNARI C-G) with susceptibility to severe
malaria. The combined effect was an odd ratio of 1.38, 95% confidence Interval of 1.17-
1.64 and a P value of 0.00017 (Khor et al., 2007). Attempts are underway to use anti-
inflammatory synthetic drugs to block the production of TNF, which has been associated

with severe malaria (Specht ef al., 2008)

2.7 Natural selection

Human adaptation occurs at two levels: species wide genetics adaptation and population
adaptation (Tishkoff et al., 2002). Genetic adaptation involves physiological, biochemical
and behavioral adjustments. To acquire evidence substantiating evidence of natural
selection, one needs to understand demographic events in human history such as
population expansion, bottlenecks, and population structure, all of which have left a
unique signature across patterns of genetic variation in the genome. So far some of the
strongest evidence of selection and genetic adaptation in Africans involves the
polymorphism at G6PD (Sabeti et al., 2002a; Tishkoff et al., 2002)), Beta globin
(Kwiatkowski,. 2000) and at the duffy blood group (Miller., 1976) most of which are
maintained by selective pressure from P. falciparum and P.vivax malaria.. Furthermore,
advances in comparative genomics, population genetics, and molecular evolutionary

theory have provided data and methodology that can be used to test hypotheses of natural
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selection and adaptation. The greater difficulty in testing for natural selection is isolation
of signal of selection due to malaria infection and demographic history.. Nonetheless, the
availability of large datasets has made it possible to make inferences about human

demographic history.

The DNA sequences that differ among individuals are known as polymorphisms and the
nucleotide that differ among species are often referred to as fixed differences; differences
among individuals are known as SNPs. Tests at the SNP level are powerful because there
are large-scale datasets that can be used to empirically and robustly test departures from
neutrality and infer population parameters. The neutral model states that evolutionary
changes at molecular level are a consequence of genetic drift and not adaptive evolution
(Kimura et al 1983). Selection under neutral model therefore contributes little to the
observed variation within or between species (Kimura et a/ 1983). A current area of high
interest is examining the selection pattern of candidate’s genes across populations in the
entire genome. The putative genes under selection can then be further studied from

functional perspectives.

The study of selection is based on null hypothesis of neutrality. Here are some of the
theoretical predictions under neutral model about the relationship between the rate of
mutation and evolutionary parameters (Kimura and Ahta., 1978). H =4 Nu/ (1+4 Nu)
where H stands for expected heteozygosity, N is the effective population size, u is the
permutation rate, (Kimura and Ahta., 1978). The set of assumptions for this test are
genetic drift explains evolutionary change and the population is panmictic devoid of sub-
populations, and that the population size has remained constant for a long time. The

neutrality test therefore tests in effect the null-hypothesis of neutrality-equilibrium.



29

Natural selection is expected to after the frequencies in the genetic variant and therein
alter individual survival probabilities. Favored mutations arise with the linked markers;

thus selection extends beyond the immediate selected regions.

2.8 Evidence for natural selection at genes associated with malaria resistance.

Selection for resistance to malaria is one of the few areas where the impact of selection
on genetic variation has been well-documented. The high gene frequency of haemoglobin
S (sickle-cell trait) in Africa, has been shown to be protective against severe malaria in
heterozygous individuals. However, the frequency of the variant is moderated by the fact
that homozygotes have fatal sickle-cell anaemia (Kwiatkowski., 2000). The geographic
distribution of Hemoglobin S variant shows a clear correlation with the prevalence of
malaria (Flint e al., 1986), confirming further the importance of natural selection on

variant.

Evidence for natural selection for malaria resistance in Africa has also been documented
at two other genes. Tishkoff er al., 2002 and Verreli et al., 2002 showed evidence for
selection at the G6PD-A allele. Sabeti et al., 2000b also showed that malaria infection has
left a powerful signature of selection on the core haplotypes containing the G6PD-A and
TNFS5 alleles. Each gene appeared to be just a few thousand years old based on the
flanking pattern of linkage disequilibrium, but is much more frequent than expected in

the absence of selection.
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CHAPTER THREE

MATERIALS AND METHODS

3.1: Overview

This chapter explains the study design by describing study areas, populations and the
selection criteria, approach used to conduct case-control associations test, genotyping
methods and data management tools.

3.2: Study design

The designed of this study is based on the fact that malaria infection has exerted pressure
on the human genome and therefore there is differential selection in the endemic and non-
endemic populations. The study has therefore considered two exposed and other two with
limited exposed malaria. In addition, the design includes unmatched age between cases
and controls. In usual approach case-control association studies, the age of cases and
controls are matched. The average age of the cases was 2.6 years (Table 3.1), reflecting a
focus on individuals with no previous immunological protection against malaria. For the
controls, the study focused on older controls because had survived to an older age; thus,
they are likely to have a higher frequency of variants protecting against severe malaria,
making it easier to detect associations.

3.3: Study areas

3.3.1: Areas for the collection for case-control association tests samples.

All the malaria samples were collected from Bondo District Hospital in the Western part
of Kenya. The district is at the shore of Lake Victoria at an altitude of ~1240 m above sea
level (Figure 3.1) .All severe malaria cases were collected from the Bondo District

hospital’s children’s emergency ward or from its out-patient clinic between May 2004
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and August 2005. The control samples however were collected from secondary schools
namely: Barkowino, Barchando, Chianda, Mituri, Nyagoma and Nyamira within Bondo

District.

3.3.2: The study areas for collection of selection study samples.

The samples were collected in two regions in Kenya namely:-

3.3.2.1: Nyeri District

The samples were collected from Nyeri District in Central Kenya (Figure 3.1). The
district is found at an altitude of ~ 1950 m above sea level and is non-malaria endemic
area. All the samples were collected from the secondary schools such Nyeri Mixed
Complex, St’ Mary Boys, Kangubiri girls in the in Central Kenya

3.3.2.2: Narok District

The samples were collected from Narok District in the Rift Valley province of Kenya
(Figure 3.1). The district is found at an altitude of ~ 1880m above sea level. The samples
were also collected from the secondary schools such as Narok Boys, Masai girls and St

Mary’s girls.
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Figure 3.1: Shows the map of Kenya describing distribution and ethnic profiles of 3
ethnic used in this study [Note: NAD ~ Narok District; ND ~ Nyeri District; BD ~
Bondo District] [Adapted and revised from www.cia/gov/library., 1974]

3.3.2.3: International Haplotype Map project

The samples for Yoruba ethnic group were obtained from the International Haplotype
Map (HapMap) project at their USA centre at Broad Institute of MIT and Harvard.

3.4: Study populations

The study invoived four ethnic groups namely Luo, Masai, Kikuyu and Yoruba. The
samples were collected as shown in Table 3.1. The Luo ethnic group speaks a Nilotic

language and lives in a malaria-endemic region in western Kenya. Controls for case-
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Figure 3.1: Shows the map of Kenya describing distribution and ethnic profiles of 3
ethnic used in this study [Note: NAD ~ Narok Disirict; ND ~ Nyeri District; BD ~
Bondo District] [Adapted and revised from www.cia/gov/library., 1974]

332.3: International Haplotype Map project

The samples for Yoruba ethnic group were obtained from the International Haplotype
Map (HapMap) project at their USA centre at Broad Institute of MIT and Harvard.

3.4: Study populations

The study involved four ethnic groups namely Luo, Masai, Kikuyu and Yoruba. The
samples were collected as shown in Table 3.1. The Luo ethnic group speaks a Nilotic

language and lives in a malaria-endemic region in western Kenya. Controls for case-
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control association tests were randomly collected from volunteers at nearby secondary

schools

For the selection study, population control samples were assembled from the Maasai,
Kikuyu and Yoruba ethnic groups. The Kikuyu group is Bantu speaking group whereas
Maasai ethnic is a Nilotic speaking group. According to linguistics, the Maasai and Luo
ethnic groups are often regarded to be closely related. The Yoruba is often regarded as
Bantu speaking group who are found in Nigeria.

Table 3.1: Characteristics of the populations included in the study

Population Source Malaria Altitude above sea
Endemicity Level (m)

Luo cases Bondo Distrcit hospital Endemic 1,240

Luo controls Bondo Distrcit hospital Endemic 1,240

Masai controls Narok, Schools Nonedemic 1,880

Kikuyu controls | Nyeri, Schools Nonedemic 1,950

Yoruba controls | International Haplotype map project | Nonedemic 1,950

3.5: Inclusion criteria

3.5.1: Severe malaria

All children under 10 years of age with severe malaria infection were included in the
study. Severe malaria was defined according to the World Health Organization (WHO)
criteria and also as used in the previous association studies. (WHO., 2000; Mockenhaupt
et al., 2006). The therefore considered or included all the subjects with the overlapping
clinical manifestations at the time of hospitalization. The clinical manifestations
included: respiratdry distress, convulsions, prostration and hyperthermia (> 38°C). Severe
malaria status was not only determined by clinical manifestations but was also confirmed

through blood smears and Giemsa staining. A subject was therefore declared to be
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suffering from severe malaria when he or she presented malaria associated clinical
manifestation with 12 or more parasites per 200 red blood cells.

3.5.2: Selection study

The controls for severe malaria cases were expected to be students from the Luo
community in Bondo District who have been exposed to malaria for about 13 years.
Other populations for the selection study were also expected to be above 14 years of age.
Matching the ages of the control subject was critical because they had survived through
diseases that target infants. For the Yoruba, the study focused on unrelated men and
women, the parents in HapMap mother-father-child trios.

3.6: Exclusion criteria

The selection of severe malaria patients excluded all children that were tested HIV
positive, malnourished with the sign of under- weight. All children who were hospitalized
but were negative for the parasite or had parasite counts less than 12 per 200 red blood
cells were excluded in the study..

3.7: Ethical considerations

All the participants gave informed consent while for children an informed consent was
obtained from either their parents and/or guardians (See Appendix E part 1). The study
was reviewed and approved by Harvard Medical School and Kenyatta University ethical
reviews boards, and both ministry of health and education (See Appendix E part 2, 3 and
4).

3.8: Sample collection and DNA extractions procedure

About 2 ml of blo.od was obtained by venipuncture for all the samples that I collected

from study areas. The DNA was extracted within 10 hours following blood collection
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using a Qiagen DNA Blood mini kit, and then stored at —20 OC before being shipped to
Kenyatta University for long-term storage. For details as regarding DNA extraction

procedures look at this website (http://www1.qgiagen.com/SelectLocation.aspx).

3.9: Genotyping at 10 candidate SNPs

All human subjects were genotyped for 13 candidate malaria Single Nucleotide
Polymorphisms (SNPs) using mass spectrometry (Sequenom). SNPs with minor allele
frequencies averaging less than 5% across the four ethnic groups were discarded, leaving
10 SNPs for subsequent analysis (Table 4.3). Although the X-linked G6PD and CD40
genes are important candidates for malaria resistance, these were excluded from the study
because the focus was on autosomal SNPs that could be compared to an empirical panel
of autosomal variants in the genome. Details for the sequenom genotyping protocol is
available in this website

(http://www.broad.mit.edu/gen analysis/genotyping/sequenom ncrr.html)

To assess genotyping quality for 85 genotypes obtained in duplicate, had 2 discrepancies
and a discordance rate of 2.4%. After removing samples with < 80% genotyping
completeness, the average completeness of genotypes was 97.8%. Genotyping results of
9 SNPs in Yoruba samples were compared to data from HapMap Errort Beckmark not defined.  p

30 genotypes obtained in duplicate, there was 1 discrepancy (3.33%). All SNPs were in

Hardy-Weinberg equilibrium in all the four ethnic groups studied (P>0.05).
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3.10: Genotyping at 1454 random SNPs

For the assessment of allele frequency differentiation at random SNPs, the Illumina Bead
Lab System was used to genotype 1,536 random SNPs from the Illumina linkage panel
(covering chromosomes 1, 2, 3 and 22) in 45 of the Luo controls, 47 Masai controls and
37 Kikuyu controls. Genotypes for these SNPs in 55 Yoruba samples were obtained from
the HapMap datababase.. Of these SNPs 1,454 passed standard quality control checks
and had been genotyped in all the four populations. For the details protocol for illumina

genotyping are available in below website)

(http://www.broad.mit.edu/gen analysis/genotyping/illumina infinium ncrr.html)

3.11: Genotyping at 500,000 random SNPs

For the detection of signal of positive selection, Affymetrix Micro-Array was used to
genotype 500,000 random SNPs covering all chromosomes in 90 Luo controls, 70 Masai
controls and 80 Kikuyu controls (Tang et al., 1999). Genotypeswere also obtained for
these SNPs in 55 Yoruba samples from the HapMap database (The International
HapMap., 2005). Of these SNPs 80% passed standard quality checks and had been

genotyped in all four populations.

For the details of Affymetrix Micro-Array genotyping are available in below website.

(http://Iwww.affymetrix.com/products/arrays/specific/500k.affx)
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3.12: Case-control association analysis

Statistical significance of allele frequency differences was assessed between Luo cases
and Luo controls using a y test with one degree of freedom. A 1-tailed P-values was
used to test for statistical significance since our interest was in testing whether a genotype
or allele previously associated with malaria is more common in cases than in controls.
Odds ratios (ORs) were computed as A = (Pcase/1-Pease) / (Peontrol/ 1-Peontrols), Where Peage 1s
the frequency in cases and Pcontrol 1S the frequency in controls. A 95% confidence interval
was also computed to give the range of ORs that produced a likelihood ratio consistent
with the data (P>0.05). Specifically, the standard error of the log-odds ratio was
estimated as (1/ncase_,ef+1/ncase-var+1/ncomml-,efkl/ncom,ol-va,)o's, where Nease-ref aNd Neage-var are
the counts of the reference and tested genotypes in cases, and Neontrol-ref @nd Neontrol-var are
the analagous quantities in controls. The 95% confidence interval is quoted as the range
(MAF16B (In(A)+1.65By

3.13: Statistical test for natural selection

The model of allele frequency differentiation between two populations that were used to
test for selection at a given marker is that the difference in population frequencies is
normally distributed with mean 0 and variance cp(1-p), where p is the ancestral frequency
of the marker. This model is similar to that of Nicholson et al.,2002 who showed that for
populations with modest genetic divergence times, it is a good approximation of allele
frequency differentiation (Nicholson et al, 2002). Under certain assumptions, the ¢
parameter is expected to equal two times Fsr. From a population genetic perspective, ¢

can be viewed as measuring genetic drift between populations.

YENYATTA UNIVERSITY LIRRARY



38

To estimate ¢ empirically, data from the 1,454 randomly chosen markers was used. For a
given pair of populations, ¢ as the empirical variance of the difference in population
frequencies was estimated after normalizing by p(1-p) and accounting for sampling noise,
which has variance p(1-p)(1/N; + 1/N;) where N, and N, are total allele counts for the
two populations at a given marker. The normalization term p(1-p) was approximated by
setting p equal to the average of observed frequencies of the two populations, and
approximated binomial sampling noise as normally distributed. The same approximations
were applied both to our estimation of ¢ and our subsequent analysis of individual
markers. SNPs with average minor allele frequency less than 5% for the two populations
being analyzed were omitted from all computations, since the normal approximation
becomes less reliable.

To test whether an individual marker was more differentiated than expected between two
populations, I compared the observed difference in frequency to the expected distribution
N(0, p(1-p)(c + 1/N; + 1/N,)), using the value of ¢ estimated above, and computed a >
statistic with one degree of freedom. A feature of this test is that the y statistic has mean
value of 1 across the set of markers used to infer ¢. The test appropriately handles

different sample sizes for candidate markers vs. random markers used to infer c.

3.14: Combining case-control association and the test for differentiating selection

The combined test formally evaluates whether the observed data is consistent with the
null-null model of no case-control association and no selection. The test is carried out by
summing the association x> statistic and the differentiation y* statistic, forming a e

statistic with two degrees of freedom. The association y” statistic used in this test is by
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definition a 2-tailed statistic. Sum for each pair of populations was computed by using the
same association statistic in each case. When one of the two populations being compared
is the Luo population, the summed counts of Luo cases and Luo controls in the combined
statistics reported in appendix B Table 5 was used. This generally leads to less significant
P-values than using Luo controls only (and so is conservative). Using summed counts of
Luo cases and Luo controls is appropriate under the null assumption of no association,
and ensures that the association statistic and differentiation statistic are independent.
However, for the selection-only statistics reported in Appendix B Table 5. Luo controls
only was used to evaluate the evidence of selection in the control population without
regard to evidence of case-control association.

3.15: Assessing the haplotype pattern around or in ICAM, HbAS and CD36 genes.

14-20 SNPs (these were tagged SNPs with r* > 8 in Hapmap database) flanking ICAM,
HbAS and CD36 variants were selected in order to compare the LD pattern in both
exposed and un-exposed populations (Weale et al., 2003). Haploview program was used
to analyze this data, it is designed to simplify and expedite the process of haplotype
analysis by providing a common interface to several tasks relating to haplotype block

analyses. See (http://www.broad.mit.edu/mpg/haploview/)

3.16: Detection of the signals of selection from LD data

80 and 158 SNPs within 1 Mb of the CD36 and HbAS genes were assessed respectively.
The goals were to use the Long Range Haplotype test (LRH) to test for alleles of high
frequency with long range linkage disequilibrium suggesting that the haplotype a rose to

high frequency before recombination could break the association of the nearby SNPs. the
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below formula was applied to test for Extended Haplotype Homozygosity (EHH), which

is a signal of selection.
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Where ¢ is the number of samples of a particular core haplotype, e is the number of

samples of a particular extended haplotype and s is the number of unique extended

haplotypes. (http://www.broad.mit.edu/mpg/sweep)
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CHAPTER FOUR:

RESULTS

4.1 Overview

This chapter shows the results of replication of case and control associations tests of 10
malaria variants, improved case and control association test by combining statistical
weights of case control and allele frequency differentiation tests, population structure of
the four study populations by principal component analysis approach, LD patterns of

SNPs around three selected genes and lastly preliminary result signal of selections.

4.2 Case —control associations

Ten variants were tested for association to malaria by comparing Luo cases to controls.
Variants HbAS and CD36-GT showed nominally statistically significant associations by
2-sided and 1-sided tests. All the 2-sided and I-sided tests on either allele or genotypes
were statistically significant (See Table 4.1 and appendix A Table 1, 2, 3 and 4). The

highest and lowest genotype and allele frequency were 25% and 3% respectively



Table 4.1: Replication analysis for 10 previous genetic associations
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Mockenheupt et al.,2006)

Biraction of Genotype / Od(%%;" 8o P-value of test of
Genotype / allele W allele cobih decr,1 - association to the
previously associated to a;)sociation frequency interval) previously associated
malaria susceptibility in controls genotype or allele
(
?Ati)dAoSo et al.,2002) Protection *° 24% 0.57 (0.41-0.79) 0.0004
CD36-GT ‘ol b
(Aitman et al,,2000) Risk 12% 1.5 (1.03-2.18) 0.015
:gﬁ"g;ngg) Protection 7% 0.71 (0.42-1.21) 0.10
NOS2A-1659-AA
& b 5005 Risk ° 6% 0.42 (0.21-0.83) 0.99
urgner et al.,
TNF-238 A allele :
(Knight et al.,2002; McGuire et Risk 10% 1.0 (0.73-1.39) 0.49
al.,1994)
CD32-AA
(Shi et al.,2001:Cooke et Protection ** 25% 0.95 (0.71-1.29) 0.38
al.,2003)
IFNARI-LI168V -CC . b
Protection 3% 1.18 (0.54-2.07) 0.76
(Aucan et al.,2003)
TNF-308-A allele
.
(Knight et al., 1999; Flori et Risk 9% 1.13 (0.82-1.56) 0.21
al.,2005)
IFNARI-17470-CC _—
Protection 10% 0.85 (0.53-1.36) 0.34
(Aucan et al.,2003)
TLR-4-AG L a
: Risk 10% 1.36 (0.85-2.17) 0.10

Published association was to: *Severe malaria, °Cerebral malaria, “Mild malaria, 4Severe malarial anemia, or

®*Parasitaemia.




43

A well-known association in which heterozygotes for the sickle cell trait HbAS (HbAS-
T) was replicated with a P < 0.0004, Odds Ratio (OR) of 0.57 and 95% Confidence
Interval (CI) of 0.41-0.79 (Materials and Methods, Section 3.12 and Table 4.1).
Association in which heterozygotes for CD36-GT are at increased risk for severe malaria
was also observed with the P<0.015, OR of 1.50 and 95% CI = 1.03-2.18) NOS
(rs8078340) gives a nominally significant 2-sided P-value, but when tested against
susceptibility as observed in previous study, the P <0.99. (Table 4.2; Appendix A Table

2 and 4). (Burgner et al., 2003).
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Table 4.2: Shows the distribution of allele frequency in 4 ethnic groups.

SNP Information Allele frequency (# alleles used in assessment)

Allele name Ref. SNP ID Luo Yoruba Masai Kikuyu

HbAS-T rs334 13% (908) 11% (102) 0% (194) 0% (200)
CD36-G rs3211938 6 % (914) 22% (100) 1% (186) 0% (202)
ICAM-T rs5491 25% (910) 24% (100) 16% (186) 18% (206)
NOS2A-1659-A rs8078340 21% (910) 19% (98) 25% (188) 21% (204)
TNF-238-A rs361525 9% (914) 1% (100) 21% (192) 16% (202)
CD-32-A rs1801274 50% (900) 50% (98) 50% (190) 44% (210)
IFNARI-L168V-C rs2257167 16% (914) 16% (98) 25%(192) 19% (208)
TNF-308-A rs1800629 9% (866) 6% (96) 6% (188) 7% (204)
IFNARI-17470-C rs1012335 32% (904) 22% (108) 33% (190) 35% (202)

4.2.1 Allele differentiation in the four study populations

The sickle cell allele HbAS-T is present at appreciable frequency in the Luo (13%) and

Yoruba (11%), but is absent in the non-endemic Masai and Kikuyu. The CD36-G allele is

present at 22% in the Yoruba and 6% in the Luo, but occurs at only ~1% frequency in the

non-endemic populations (See Table 4.2). This result is illustrated in Figure 4.1 and the

result shows that frequency of HbS-T in Yoruba and Luo ethnic groups not statistically

significant whereas that of CD36-G is statistically significant (error bars are not

overlapping).
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Figure 4.1: Shows Allele frequency distribution of HbS-T and CD36-G alleles that
associated with protection and risk to severe malaria.
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43: Combined case-control and allele selection.
By contrast, the 8 SNPs that do not give positive case-control association show no evidence for
differentiating selection (P>0.25 for each SNP and pair of populations after correcting for

multiple hypotheses tested; P=0.39 for sum of 32 x2 statistics at these 8 SNPs) (Table 4.3).

Furthermore, robustness of our selection test was evaluated by computing ¥ statistics for each
of the 1,454 random SNPs, for each of 4 pairs of populations. Restricting to SNPs in which the
average allele frequency across the two populations tested was at least 5%, a > value observed
was greater than 3.84 in 255/5090 = 0.05 of tests performed; thus the test does not have a

propensity to false-positives.
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Table 4.3: Tests for differentiating selection between endemic and non-endemic

populations

SNP Information Comparison of endemic and non-endemic population

Allele name Ref. SNP ID Luo vs Luo vs Yoruba vs Yoruba vs Kikuyu
Masai Kikuyu Masai

HbAS-T rs334 0.00149 0.00036 0.044 0.025
CD36-G rs3211938 n/a n/a 0.00590 0.00096
ICAM-T rs5491 0.19 0.25 0.41 0.48
NOS2A-1659-A rs8078340 0.62 0.86 0.57 0.89
TNF-238-A rs361525 0.04 0.13 0.00741 0.010
CD-32-A rs1801274 1.0 0.37 1.0 0.56
IFNARI-L168V-C rs2257167 0.20 0.61 0.37 0.72
TNF-308-A rs1800629 0.60 0.74 1.0 0.84
IFNARI-17470-C rs1012335 0.92 0.64 0.32 0.18
TLR-4-G rs4986790 0.60 1.0 0.6 0.84

P-values for selection are based on allele frequency differentiation tests between malaria
endemic (Luo and Yoruba) and non-endemic populations (Kikuyu and Masai). Statistics
for SNPs with average minor allele frequency less than 5% for the two populations analyzed

are reported as n/a.

The evidence from association with the evidence from the selection tests was formally
combined as noted in the methods. Combined test evaluateed whether the observed data is
consistent with the model of no case-control association and no selection. While the evidence
for association at HbAS-T and CD36-G is only moderate by the association analysis alone (See
2-sided P-values in Appendix A, Table 2), significance is boosted dramatically when the
association and selection evidence are combined: P=0.000018-0.00029 for HbAS-T and
P=0.00043-0.017 for CD36-G, depending on which populations are compared (Table 4.4).

These results remain statistically significant after correcting for 40 comparisons tested

(P=0.00072 for HbAS-T and P=0.017 for CD36-G)
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Table 4.4: Combining case-control analysis and tests of natural selection

SNP Information

P-value from combining case-control association with
tests for differentiating selection

Allele name Ref. SNP ID Luo Luo Yoruba Yoruba
S Vs 'S VS
Masai Kikuyu Masai Kikuyu
HbAS-T rs334 0.000056  0.000018 0.00048 0.00029
CD36-G rs3211938 n/a n/a 0.0023 0.00043
ICAM-T rs5491 0.19 0.23 0.32 0.36
NOS2A-1659-A rs8078340 0.033 0.038 0.032 0.038
TNF-238-A rs361525 0.12 0.30 0.028 0.038
CD-32-A rs1801274 0.96 0.65 0.96 0.81
IFNARI-L168V-C rs2257167 0.34 0.68 0.52 0.73
TNF-308-A rs1800629 0.63 0.69 0.76 0.75
IFNARI-17470-C rs1012335 0.91 0.79 0.56 0.38
TLR-4-G rs4986790 0.42 0.41 0.38 0.42
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4.4: Test for population structure

The genetic differentiation among populations ranges from 0.0012 between Masai and
Kikuyu (lowest differentiation), to 0.021 between Yoruba and Masai (highest
differentiation). . The Fgr values estimated between pairs of populations are Yoruba-Luo
(0.008), Yoruba-Masai (0.021), Yoruba-Kikuyu (0.015), Luo-Kikuyu (0.008), Luo-Masai
(0.011) and Kikuyu-Masai (0.0012) (Figure 4.2).The top eigenvector is highly
statistically significant by principal components analysis (P<<10"%). The second
eigenvector is not significant (P = 0.09). Evidence for population substructure in the Luo

which could in principle confound our case-control tests of association was not observed.



eigenvector 2

50

0.2
1 I+ 1 I 1 Yor!uba +
015 L * Kiktuya * |
* Masai
*
+
0.1+ S . &
¥* * * .
+ * %
0.05 |- = = « T o#F e o, .
* + . ¥ S
*x : tuaF + o+
Q- * o = ¥ o+ - —
* e Sk
. 't} + +
5 » N + T+
0.05 * * ® * . Tt + -
+ +
* + + +
01} " w o 7 -
»
015 . -
=
07 i
_025 1 1 1 1 1 1
02 -0.15 -0.1 -0.05 0 0.05 0.1 .15
eigenvector 1

Figure 4.2 Principal components analysis of samples from four different populations
genotyped at 1,454 SNPs.
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45 Linkage disequilibrium pattern of malaria candidate genes

4.5.1: Haplotype pattern around CD36-GT.
The Figures; 4.3 and 4.4, show haplotype blocks around CD36-GT in the Yoruba and Luo
ethnic groups. The pattern is assessed within 55 Kb with 14 SNPs. The haplotype pattern
around the candidate malaria variant CD36-GT (rs3211938) looks quite different with a
block of 1 Kb ~600 base pairs away from the candidate SNP in Luo ethnic group whereas

that block is absent in the Yoruba ethnic groups despite the fact that they are all exposed to

malaria.
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Figure 4.3: Haplotype block pattern of CD36 in Luo ethnic group
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Figure 4.4: CD36 in Yoruba ethnic group
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4.5.2: Haplotype pattern around ICAM-T

ICAM-T (rs5491) was present in both the exposed and unexposed populations and
haplotype patterns in the 4 populations are as illustrated in figures; 4.5, 4.6, 4.7 and 4.8.
The assessment was done within 32 Kb region consisting of 11 SNPs. Two blocks were
observed. The block (~ 600 base pairs) that carried the candidate SNP was present in
Kikuyu, Masai and Yoruba but absent in the Luo ethnic group. However, one unique
block (~ 3 Kb) that carried the candidate SNP was observed in the Luo ethnic group.
Another single block 16 Kb away from the rs5491 was present only in the exposed

populations (Luo and Yoruba ethnic groups).
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The Figure 4.6: Haploview of ICAM in Masai ethnic groups
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The Figure 4.8: Haploview of ICAM in Yoruba ethnic groups

4.5.3: Haplotype pattern around HbAS

The haplotype block pattern around HbAS (rs334) was observed as shown in figures; 4.9
and 4.10. 16 SNPs within 106 Kb (rs10837375- rs11036364) of HBB gene were assessed
and two different blocks observed. A 13 Kb block was observed in the Luo ethnic group
(Figure 4.9) and 1 Kb block in Yoruba ethnic group (Figure 4.10). Each was observed at

distance of 35 Kb and 26 Kb respectively, from the candidate SNP.
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4.6: Preliminary results of signal for selection (HbAS and CD36).

For detection of the signal of selection, 992, 130 Kb (~ 1 MB) of CD36 gene was
assessed. The region consisted of 89 SNPs and the core regions as generated by the
sweep program were 306Kb and 255 Kb (79942371-79945100 Kb regions of
chromosome 7). The SNP CD36-GT was observed in haplotype GCTG and the frequency
was 7 % in the population of 164 chromosomes (82 individuals from Luo ethnic group).
The result shows that the haplotype extends for 418 Kb on the left and 254 on the right

suggesting that it recently arisen in the Luo ethnic group (See figure 4.11)
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Figure 4.11: Ehh vs distance of CD36 generated from Luo ethnic group

In Yoruba ethnic group, the region was spanning 985,887 KB (~ 1 MB) with 84 SNPs.
The core region as generated by the sweep program consisted of 306Kb and 306 Kb that
were overlapping within 79942371-79948723 regions of chromosome 7. The SNP CD36-
GT is in haplotype GCTG and its frequency is 24 % in a population of 120

chromosomes.. The result shows that the haplotype extends for a long distance 472 Kb on
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the left and 507 on the right similarly suggesting that SNP CD36-GT must have recently

arisen. (See figure 4.12)
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Figure 4.12: Ehh vs distance of CD36 generated from Yoruba ethnic group

Further look at about 967, 736 Kb ( ~ 1 MB) with about 156 SNPs revealed that sweep
program never generated blocks within the core region ( 5204808-5205217) regions of
chromosome 11 in a population of 164 chromosomes (82 individuals from Luo ethnic

group). (See figure 4.12)
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Figure 4.13: Ehh vs distance of HbAS generated in Luo ethnic group

Contrary to what was observed in the Luo ethnic group, the assessment of 967, 736 Kb (~

1 MB) with about 156 SNPs, generated core region with 299Kb and 300 Kb blocks. The

blocks were overlapping within 79942371-79945100 regions of chromosome 11. The

SNP HbAS is in haplotype AA and it frequency is 12 % in the population of 240

chromosomes (120 individuals from Yoruba ethnic group). The result shows that the

haplotype extends beyond 467 Kb on the left and 500Kb on the right suggesting that this

SNP HbAS must have recently arisen in the Yoruba ethnic group (See figure 4.14)
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Figure 4.14: Ehh vs distance of HbAS generated in Yoruba ethnic group
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CHAPTER FIVE:

DISCUSSION

5.1: Overview

There are between 350 million and 500 million clinical cases reported each year resulting
in 1 million deaths in Sub-Saharan Africa especially P. falciparum (Guerra et al., 2006)
The focus of biomedical research is on development of vaccine and new drugs but
genetic research attempts to identify variants that provides absolute protection against
P.falciparum that are candidate for drug and vaccine development. As a strategy to take
genetic approach to another level, this study attempts to replicate previous associations
studies in order to provide insurance against errors, investigators biases and over-
elaborate data exploration (Cardell and Clayton., 2005). The study also attempts to
improve power of association tests, assesses the pattern of haplotype blocks around
malaria candidate genes and also tests for signals of selection for variants associated with
malaria in the study in order to facilitate identification variants which may have absolute

protection against P.falciparum malaria.

5.2: Case and control association and allele differentiation tests.

The study replicated the association of HbAS-T with severe malaria. The odds ratio (OR)
was (.57 with a confidence interval (CI) of 0.41 to 0.79 and P value of 0.0004. Although
the odds ratio differed from past published results, the difference was due to the fact that
the average of study population in this study was lower than previous studies. This is
supported by the work of Williams et al., 2005 that showed that the protection of HbAS is
strongly associated with the age. The study also replicated the association of CD36 with

severe malaria and the result was OR = 1.50, 95%CI =1.03 -2.18 and P value = 0.015.
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The odds ratio and confidence interval overlapped with those previous association study
of CD36 (Aitman et al.,2000). Further association of NOS revealed OR = 0.42, 95%CI =
0.21-0.83 and P value = 0.99 but the variant was associated with protection contrary to
what others observed (Burgner et al., 1998; 1999; 2003). Other 7 variants were not
associated with severe malaria in this study. This could be as result of use parasitemia as
a baseline characteristic that was contrary to previous phenotype used in previous

associations (Appendix A, Table 4).

Malaria infection selection pressure on the human genome has been demonstrated in
several studies (Tishkoff et al., 2007). The most outstanding example in Duffy antigen in
African populations (Miller.,1976). Other studies have demonstrated frequency
differentiation of sickle cell trait and G6PD-A in African populations suggesting the
effect of differential exposure (Moormann et al., 2003). This study confirms differential
distribution of the sickle cell allele HbAS-T in endemic and non-endemic populations.
The Luo ethnic group have HbAS-T frequency of 13% and 11% was observed among
the Yoruba group.but HbAS-T is absent in the non-endemic Masai and Kikuyu ethnic

groups.

This study however reports for the first time, the differential distribution of CD36-G
allele in the endemic and non-endemic populations .The CD36-G allele is present at 22%
in the Yoruba and 6% in the Luo, but occurs at only ~1% frequency in the non-endemic
populations Kikuyu and Maasai. The striking observation is that CD36 variant is seen to

be associated with increasing susceptibility in Luo ethnic group but has a higher
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frequency in the endemic populations. The explanation could be that historically the
selection on this variant has changed over time because of host-parasite genetic

interactions (Ayodo et al., 2007).

On comparing allele frequency differentiation between malaria-endemic and non-
endemic populations, Luo and Kikuyu comparison showed a significant differentiation at
HbS-T with P of 0.00036 whereas Yoruba and Kikuyu showed P value of 0.00096 at
CD36-g. Other 8 SNPs showed no sign of differentiating selection. The observation leads

to the rejection of null hypothesis.

5.3: Improved power of case control tests.

This study validated a long standing idea to increase power of association test by
combining the evidence of association with that from test of natural selection (Roeder et
al., 2006). Previous studies have priotized SNPs by natural selection on the basis of a
combination of the allele being frequent and surrounded By a long-range haplotype
(Sabeti et al., 2002: Voight et al., 2006). The study however demonstrates that
combining association analysis with evidence of natural selection can increase power to
detect risk variants by order of magnitude.- up to P = 0.000018 for HbS — T and P =
0.00043 for CD36-G (Table 4.4).

5.4: Population structure of the 4 ethnic groups

Population sub-structure results in false negative or false positive and in this study no
sub-structure of the Luo ethnic groups was observed and therefore no cause for false-

positives or false negatives. .(Freedman et al., 2004: Patterson et al., 2006; Tishkoff et
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al.,2007). . However, we observed unusual cluster pattern between Luo and Yoruba, and
Masai and Kikuyu (See figure 4.2). This observation was inconsistent with the linguistic
cluster pattern where Masai and Luo who are Nilotic speakers were expected to cluster

together.

5.5: LD pattern in the exposed and un-exposed populations.

The study considered the LD pattern around 3 malaria variants in CD36, HBB and ICAM
genes because CD36-G and HbAS-T were associated with severe malaria in this study
but ICAM-1 provides an example of adaptive evolution. There is evidence that ICAM-1
interacts with the different strains of P. falciparum and also influences the interferon
response (Howell et al., 2008; Bertonati and Tramontano., 2007; Jenkins et al., 2007,
2005; Baratin ef al., 2007; Logan et al., 2005). The observation of different haplotype
block patterns around CD36 and HBB (Figure 3.3, 3.4, 3.9 and 3.10) may demonstrate an
interesting history of malaria infections in the Luo and Yoruba ethnic groups. Further
work can in principle discern the haplotype block pattern and can be useful in mapping
causal genes (Reich et al.,2001; Patil et al.,2001; Johnson et al., 2003; Gabriel et al
2002;Carlson et al.,2003; Khor et al.,2007). On other hand, haplotype block patterns
around ICAM-1 in both exposed and unexposed population (See Figure 3.5 and 3.8)
suggest that ICAM-1 can be used to empirically demonstrate adaptive evolution as the
gene interacts with the malaria parasite (Bertonati and Tramontano., 2007)

5.6: Detection of signal of positive selection.

The study of genetic imprints has profound implications in studying the population

history and medicine (Sabeti et al., 2002b). Here, a Long range haplotype test in two
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populations (Luo and Yoruba) that have been exposed to malaria for thousands of years
were carried out. The genes of interest have been implicated in malaria infection in
several studies (Ayodo et al, 2007) and this study confirms their associations with
malaria. The study reports preliminary result that the surrogate haplotype that carry the
locus CD36-G is under selection in both the malaria endemic or exposed Luo and Yoruba
ethnic groups. This is supported by both high frequency and EHH (See figure 4.11 and
4.12) suggesting that the mutation on the haplotype is recent and arose faster than
expected through neutral evolution (Sabeti ef al.,2002b)). Interestingly, the preliminary
results show evidence of selection for HbAS in the Yoruba but not the Luo ethnic group
(See Figure 3.14 and 3.14). These observations tentatively support the view as observed
in the case of CD36 gene that the Luo and Yoruba may have different history of exposure
or transmission intensity to the malaria infection. Although this study suggests different
length of time exposure to malaria infections between Luo and Yoruba ethnic groups,
there is a need to determine the period of selection. There is also a need to assess the
evidence of selection of HbAS using dense SNPs as the selection at HbAS looks quite old
in the Luo ethnic group (Stephens et al., 1998). This means the haplotype that carries the

HbAS-T allele has undergone recombination and thus the LD has decayed over time.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS
6.1 Overview
The study replicated two associations, observed unusual frequency differentiation of the
two variants in endemic and non-endemic populations, combined the statistical weights
of case-control association and allele frequency differentiation to increase power of
association test, observed no sub- structure of population Luo ethnic group, observed
different haplotype block patterns in exposed and un exposed population and also
observed signal selection of malaria associated variants., The work that stands out in this
study is that it has come up with a novel ways to improve the power of genetic studies to
identify host factors modulating response to infectious disease.
6.2 Summary of conclusions

e This study has not only replicated 2 previous associations (HbAS and CD36-GT)
but has also developed a novel method that increases power to identify malaria
variants using limited sample-size (<60 samples). By statistically combining the
case-control association and frequency differentiation statistics, the power of the
association tests increased by several orders of magnitude (HbAS with P value =
0.000018 and CD36-GT with P value =0.00043) (See Table 4.5)

e This study has also ascertained that genetic clusters are not consistent with
linguistic clusters. In linguistic cluster, Luo ethnic group are expected to be
closer to Masai than Kikuyus. This was however contrary to the observation as
the Masais were closer to Kikuyus than Luos despite the fact that they speak

Nilotic language (See cluster pattern in figure 4.2).
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e By observing different haplotype patterns in exposed and un-exposed
populations, the haplotype patterns look appear different suggesting that linkage
disequilibrium can be sued to identify causal polymorphisms or genes related to
specific infections. The outstanding example is of ICAM- 1 (Figures 4.5, 4.6, 4.7
and 4.8)

e The investigation of positive signal of selection in the exposed populations,
particularly on the replicated SNPs suggest that each ethnic group may have had
either a unique demographic history or an unstable fluctuating malaria infection
selection pressures (See the pattern of CD36 and HbAS in Figures 4.11, 4.12,
4.13 and 4.14).

6.3 Recommendation for further research

e This study has developed a novel method that combines case-control and allele
frequency differentiation statistics that may be useful in the context of whole
genome scan association mining scans and can be used for future identification of
malaria variants.

e The study recommends that any association tests should clearly define phenotypes
as in most cases the phenotypes overlap and may hinder the success of any
replication.

e There is need to conduct thorough population structure assessment as this study
suggests that linguistic cluster pattern does not represent genetic cluster. Any
attempt to ignore this in association study may result into false positives or lack of

replication.
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e There is a need to improve the sweep program so as to correct for variable sizes of

overlapping core haplotype.
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LIST OF APPENDICES

APPENDIX A: DATA SETS FOR CASE-CONTROL ASSOCIATIONS AND DETAILS

OF PREVIOUSLY PUBLISHED ASSOCIATIONS OF 10 GENES SELECTED IN THIS
STUDY.

Appendix A Table 1: Result of the replication test.

Genptype / aIIeIe. Rafaiabing Genotype / Od(%sé{/i‘ i P-valqe pf test of
prewo_usly assoqa_t_ed to SNP ID allele Cases/ Confidonts a;socnatuon to t_he
malaria susceptibility frequency controls interval) previously associated
in controls genotype or allele
HbAS rs334 24% 447/454 | 0.57 (0.41-0.79) 0.0004
CD36-GT rs3211938 12% 456/457 | 1.5(1.03-2.18) 0.015
ICAM-TT rs5491 7% 460/455 | 0.71 (0.42-1.21) 0.10
NOS2A-1659-AA rs8078340 6% 450/455 | 0.42 (0.21-0.83) 0.99
TNF-238 A allele rs361525 10% 459/457 | 1.0(0.73-1.39) 0.49
CD32-AA rs1801274 25% 454/450 | 0.95(0.71-1.29) 0.38
IFNARI-LI168V -CC rs2257167 3% 455/457 | 1.18 (0.54-2.07) 0.76
TNF-308-A allele rs1800629 9% 450/433 | 1.13 (0.82-1.56) 0.21
IFNARI-17470-CC rs1012335 10% 451/452 | 0.85 (0.53-1.36) 0.34
TLR-4-AG rs4986790 10% 407/303 | 1.36 (0.85-2.17) 0.10
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Appendix A Table 2: Full set of statistical tests for association (expansion of Table 4.2 in

main text)

Genotype / allele Genotype/Allele | Cases / Odds ratio Tests of previously
name Reference frequency in controls (95% associated
SNP ID Luo controls Confidence genotype: 2-sided
Interval) (1-sided)
HbAS-AT rs334 24% 447/454 | 0.57 (0.41-0.79) 0.0008 (0.004)
CD36-GT rs3211938 12% 456/457 1.5 (1.03-2.15) 0.03 (0.015)
ICAM-TT rs5491 7% 460/455 | 0.71 (0.42-1.21) 0.20 (0.10)
NOS2A-1659-AA rs8078340 6% 450/455 | 0.44 (0.23-0.83) 0.01 (0.99)
TNF-238 A allele rs361525 10% 459/457 1.0 (0.73-1.39) NA
CD32-AA rs1801274 25% 454/450 | 0.95 (0.71-1.29) 0.76 (0.38)
IFNARI-LI168V-CC rs2257167 3% 455/457 | 1.18 (0.54-2.07) 0.48 (0.76)
TNF-308-A allele rs1800629 9% 450/433 | 1.13 (0.82-1.56) NA
IFNARI-17470-CC rs1012335 10% 451/452 | 0.85 (0.53-1.35) 0.68 (0.34)
TLR-4-AG rs4986790 10% 407/303 | 1.36 (0.86-2.13) 0.20 (0.1)
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Appendix A. Table 3: Data sets for case-control association analysis

Variants Genotypes Cases Controls
TT 2 3
HbAS-AT
AT 71 113
AA 374 338
CD36-GT GG 0 1
GT 79 56
TT 377 401
ICAM-TT AA 253 262
AT 182 159
TT 25 34
NOS2A1659-AA AA 12 28
AT 163 140
EL 275 287
TNF238-A AA 2 5
AG 77 71
GG 380 381
CD32-AA AA 111 114
AT 231 226
JiI 112 110
IFNARI-LI168V-CC GE 14 12
CG 120 126
GG 321 319
TNF308-A AA 4 7
AG 79 61
GG 367 365
IFNARI-LI168V-CC CC 14 12
CG 120 126
GG 321 319
TLR4-AG AA 350 270
AG 55 31
GG 2 0




Appendix A. Table 4: Previous published association tests for 10 genes tested in this

study.
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Genotype / allele*

HbAS (AT)
(Aidoo et al.,2002)

HbAS (AT)
(Modiano et
al.2001)

CD36 (GT)
(Aitman et
al.,2000)

Direction of
association

Seve
re
cases

Mild
Cases

Controls

Frequency
in controls

Protection®

Protection®

1022 children cohort 2-16months

359

476

NA

Population

Kenya

P-value

Odds/ risk**-ratio
(95% Confidence
Interval)

0.0001

0.45%* (0.24-0.84)

3,513

10%

Burkina
Faso

0.001

0.27(0.17-0.42)

Risk®

430

NA

Gambia

97

331

NA

Kenya,
Kilifi

0.01

1.5 (1.0-2.3)

ICAMI kilifi (TT)
(Kun et
al.,1999)Error!
Bookmark not
defined.

NOS24 1659 (TT)
(Burgner et
al.,1999)
‘TNF-238A
(Knight et
al.,1999)Error!
Bookmark not
defined.
'TNF-2384
(McGuire et

al., 1994)

Protection®

100

100

6%

Gabon

0.027

0.18 (0.04-0.86)

Risk®

246

259

10%

Gambia

0.03

1.8 (1.02-3.07)

Risk¢

193

349

371

6%

Gambia

0.02

1.9 (1.1-3.1)

Risk®

257

311

NA

Kenya,
Kilifi

0.01

0.2 (0.08-0.71)

CD32 Arg/Arg
131 (Shi et
al.,2001)

Protection®

320

132

121

34%

Kenya,
Luo

0.0021

0.28 (0.12-0.63)

CD32 Arg/Arg
131(Cooke et
al.,2003)

Protection®

353

524

558

50%

Gambia

0.03

0.71 (0.52-0.98)

IFNARI-LI68V
(GG)(Aucan et
al.,2003)Error!
Bookmark not
defined.

Protection®

528

338

554

6%

Gambia

0.031

0.76 (0.59-0.97)

TNF308(AA)
(Knight et
al.,1999)

Risk®

384

371

NA

Gambia

0.039

3.6 (1.1-12.4)

"TNF308A
(Flori et
al.,2005)

Risk ©

Risk®

197 Individuals in 34 families

NA

Burkina
Faso

0.03

NA

0.0005

NA

IFNARI-
17470(GG)(Auc
an et al.,2003)
(GG)

Protection®

528

338

554

45%

Gambia

0.018

0.74 (0.57-0.95)

TLR-4 (AG)
[Mockenhaupt et
al.,2006)

Risk?

290

0

290

22%

Ghana

0.049

1.53 (1.0-2.3)

" Published association was to the allele rather than to the genotype




89

Published association was to: *Severe malaria, *Cerebral malaria, “Mild malaria, “Severe malaria anemia or Parasitemia®

APPENDIX B. DATA SETS FOR POPULATION DIFERENTIATION TESTS.

pendix B Table 5: Tests for differentiating selection between endemic and non-endemic
populations\

Luo controls Luo cases Masai Kikuyu Yoruba

Alleles ref var ref var ref var Ref | var Ref var

Allele’s
HbAS-T 789 119 819 75 194 0 200 0 name 11
CD36-G 856 58 883 79 184 2 202 0 78 22
ICAM-T 683 227 688 232 156 30 169 37 76 24
NOS2A-1659-

A 714 196 713 187 141 47 162 42 79 19
TNF-238-G 833 81 837 81 152 40 169 33 99 1
CD32-A 454 446 453 455 95 95 92 118 49 49

IFNARI-

LI168V-C 764 150 762 148 144 48 168 40 98 16
TNF-308-A 791 75 813 87 176 12 189 15 90 6
IFNARI-

17470-C 616 288 622 280 128 62 131 71 84 24
TLR-4-G 571 31 755 59 165 13 161 9 109 5

Note:-ref. is the ancestral allele and var. is the derived allele
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APPENDIX C: REVIEW OF PREVIOUS ASSOCIATIONS OF OTHER
GENETIC VARIANTS INCLUDING THE 10 TESTED IN THIS STUDY.

Appendix C Table 6: Previous association studies for susceptibility to severe P.
falciparum malaria

Genotype Odds- 95% Confidence
Severe Mild frequency P-value ratio Interval for OR
Genotype cases Cases Controls in controls | Population (OR)
HbCC 359 476 3,513 0.02 Burkina 0.0011 0.07 0-0.48
Faso
HbAC 359 476 3,513 0.23 Burkina 0.0008 0.71 0.58-0.87
Faso
HbAS 359 476 3,513 0.1 Burkina 0.01 0.27 0.17-0.42
Faso
HbAS 69 45 42 0.17 Kenya 0.0004 0.04 0.02 - 0.37
G6PD-A 255 0 182 0.14 Gambia 0.02 0.45 0.22-0.42
females
G6PD-A 133 0 143 0.27 Kenya 0.11 0.6 0.33-1.11
females
G6PD-A 279 0 239 0.06 Gambia 0.02 0.23 0.06-0.77
hemizygous
males
G6PD-A 117 0 149 0.19 Kenya 0.12 0.54 025-1.15
hemizygous
males
NOS24-117 134 0 45 0.2 Tanzania 0.0006 0.12 0.03 -0.048
C->T
homozygote
(TT)
NOS24-117 144 0 916 0.19 Kenya 0.012 0.31 0.12-0.84
CF
homozygote
(TT)
NOS24-117 134 0 45 0.3 Kenya 0.005 0.25 0.09 - 0.66
C—>T
heterozygote
(&)
NOS24 246 0 259 0.41 Gambia 0.04 1.31 1.0-1.72
1659T
heterozygote
NOS24 - | 100 100 0 0.3 Gabon 0.04 0.67 0.46-0.96
969(G—C)
ICAM1  kilifi | 100 0 100 0.42 Gabon 0.012 0.52 0.30-0.92
heterozygote
ICAM1  kilifi | 100 0 100 0.06 Gabon 0.027 0.18 0.04 -0.86
homozygote




CD32
Arg/Arg 131

320

132

121

91

0.34

Kenya

0.0021

0.28

0.12-0.63

CD32
Arg/Arg 131

353

524

558

0.5

Gambia

0.03

0.71

0.52-0.98

CD36 1264T
-G
Homozygotes

272

203

0.32

Thailand

0.0069

0.59

0.40 -0.87

CD36 T188G
heterozygote

693

693

0.18

Kenya

0.036

0.74

0.55-0.99

IFNGR-56
Heterozygotes

562

569

0.51

Gambia

0.016

0.54

CD40L-726C
female
carriers

298

142

0.64

Gambia

0.002

0.74

0.48-1.15

CD40L-726C
Male
hemizygotes

332

129

0.5

Gambia

P<0.05

0.52

0.34-0.81

TNF308A
Homozygote

384

371

Gambia

0.039

3.6

1.1-12.4

TNF308A
Homozygote

257

311

Kenya

0.16

33

0.62-17.6

TNF-238
Heterozygote

193

349

371

0.12

Gambia

0.04

1.7

1.02-2.8

TNF-376A
heterozygote

384

371

0.015

Gambia

0.008

43

1.5-12.8

TNFa**2
Heterozygote

35

116

84

0.7

Sri-Lanka

0.013

2.76

IFNARI-
17470G/G
homozygotes

528

338

554

0.45

Gambia

0.018

0.74

0.57-0.95

IFNARI-
LI68V
Homozygote

528

338

554

0.06

Gambia

0.031

0.76

0.59-0.97

* Data could not be found in the published article
+ References for these association studies are given in the text.




92
APPENDIX D: THE LIFE CYCLE OF MALARIA PARASITE

Appendix D Figure 1: The life cycle of malaria parasite.
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The malaria parasite life cycle involves two hosts. During a blood meal, a malaria-infected female Anopheles mosquito inoculates
sporozoites into the human host ®#. Sporozoites infect liver cells ““and mature into schizonts %, which rupture and release
merozoites . (Of note, in P. vivax and P. ovale a dormant stage [hypnozoites] can persist in the liver and cause relapses by invading
the bloodstream weeks, or even years later.) After this initial replication in ’_tl_xf liver (exo-erythrocytic schizogony" , the parasites
undergo asexual multiplication in the erythrocytes (erythrocytic schizogony *-%). Merozoites infect red blood cells “=". The ring stage
trophozoites mature into schizonts, which rupture releasing merozoites 2 some parasites differentiate into sexual erythrocytic stages
(gametocytes) L7 A Blood stage parasites are responsible for the clinical manifestations of the disease. The gametocytes, male
(microgametocytes) and female (macrogametocytes), are ingested by an Anopheles mosquito during a blood meal 0 The parasites’
multiplication in the mosquito is known as the sporogonic cycle While in the mosquito’s stomach, the microgametes
penetrate the macrogametes generating zygotes é The zygotes in turn become motile and elongated (ookinetes)

which invade the midgut wall of the mosquito where they develop into oocysts @ The oocysts grow, rupture, and release

sporozoites &', which make their way to the mosquito's salivary glands. Inoculation of the sporozoites ®¥into a new
human host perpetuates the malaria life cycle.
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APPENDIX E: RESEARCH AUTHORIZATION DOCUMENTS FOR
THIS RESEARCH

Appendix E Part 1 Consent form

a) Invitation to participate

Mr George Ayodo, a registered PhD student at Kenyatta University under the supervision
of Prof.Alloys SS Orago, Dr Micheal Otieno (Kenyatta University) and Prof. David
Reich (Harvard Medical School) in the United States, is conducting a study to establish
the reason for the variability in prevalence of severe Plasmodium falciparum in Kenyan
populations among the Luo, Kikuyu and Masai ethnic groups. You are being invited to
participate in this study because of your ethnic affiliation and history of exposure to

malaria infection.
b) Purpose and Background

The purpose of the study is to identify genes that influence a person’s susceptibility to
malaria infection.

Genes are the building blocks of heredity. A gene carries biological information in a
form that must be copied and transmitted from each cell to its offspring. Genes are made
of DNA and are located on chromosomes. They are inherited in pairs, one from each
parent. As you can see in the figure below, DNA is shaped like a twisted stepladder, the

famous “double helix”. The genetic information is carried on the rungs of the ladder.
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Gene 1

Gene 2

Chromosome

Genes

It appears that resistance to malaria infection has a complex pattern of inheritance, as a
single gene does not cause it., several genes or combinations of genes may make an
individual more protected against the disease. At this time, the identities of only some of
these genes are known. A vast body of previous research shows that there is a strong
genetic influence on the development of malaria. In fact some families have more than
one member with severe malaria, and persons that have an identical twin with severe

malaria are at an increased risk of also developing the disease.

A vast body of previous research shows that there is a strong genetic influence on malaria
infection. Several genes have been found to be associated with malaria susceptibility. In

order to identify which genes may be involved., large numbers of people are being

{ENYATTA UNIVERSITY LIBRARY
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studied. DNA extracted from blood cells or from saliva is analyzed to find genes which
may make people more resistant to malaria infection. It is important to screen affected
members as well as individuals without malaria infection to determine how these genes
are distributed. Thus, studying unrelated healthy persons without malaria infection is

important in order to ensure that variants are of equal frequency in cases and controls.

¢) Procedure

If you or a family member has definite, probable or suspected malaria infection, you may
be asked if you are willing to participate in the study.

If you agree to participate, you will be asked to describe your symptoms in an interview,
to undergo blood tests, and / or to permit your medical records to be reviewed by a
member of the study team. An interview, lasting approximately fifteen minutes, consists
of a series of questions related to your medical and family history as it pertains to malaria
infection or to your physical signs. Parasite count and hemoglobin tests will be carried
out to determine the severity of your infection. Your medical records will be used to
verify your diagnosis for study purposes only, and will be reviewed exclusively by two
people: the investigating scientist and the study coordinator. Although your DNA sample
will be analyzed for this study in laboratories in Kenya and in the United States, no
researchers except for Mr. George Ayodo will be able to connect your name to the
randomized identification number that will go with the sample. The key connecting your
name to that number will be kept in a locked safe.

It is possible, although highly unlikely, that review of your medical records will disclose

a feature of your malaria infection that was previously undetected. If this occurs, I will
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speak to your primary care physician to obtain more information. Of course, any new

information I find will be shared with your physician and thus contribute to your care.

Your will be asked to provide contact information (address and phone numbers) and
demographic information such as my date of birth and ethnicity. You may also be
contacted periodically (by mail or phone) by a member of the study team to inquire of

any changes in clinical status or for other relevant items that may have occurred.

You will be asked to donate a small sample of blood, approximately five tablespoons (75
milliliters), through a vein in my arm. This will take place either at the hospital’s
premises or at the site of investigation. The actual blood draw will take about five

minutes to perform.

Biological materials obtained from blood cells (DNA, RNA, serum, plasma) may be

shared in the future with other qualified researchers.
d) Risks/Discomforts/Confidentiality

Blood drawing could cause some temporary discomfort from the needle stick, bruising
and/or rarely, infection at the puncture site

While participation in research also entails some loss of privacy, your records and other
information that you share with the investigators will be handled in a confidential
manner. Your blood donation will be coded with a number and any data obtained from

the study will never have my name or any identifiable characteristics attached to it that
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can be traced back to you. Thus, except as part of the initial data gathering, you will not

receive any results from the analysis that pertain to me as an individual.

e) Economic Consideration

You will not receive any monetary or other compensation for my participation in this
study. There will be no charges for participation in this study.

f) Benefit

There is no direct benefit to you from my participation in this study. However, the
knowledge that is gained from the study will help the investigators learn more about how
malaria infection is inherited and may help to develop improved treatments for the
disease in the future.

g) Alternatives

You may choose not to participate in this study or withdraw at any time. If I do so, this
will not have any consequence on the care you receive.

h) INFORMED CONSENT FORM

Questions

This study has been explained to me by a member of the investigating team. If I have
further questions, comments or concerns I can call George Ayodo on Telephone, 0735
568114, P.O.Box 54, NYILIMA, WEST ASEMBO LOCATION, RARIEDA
DIVISION, BONDO DISTRICT.

If for some reason I do not wish to speak to the investigating team, I may contact the
Kenyatta University ethical committee, which is concerned with the protection of

volunteers in research projects. I may reach the committee office between 8:00 and 5:00,
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Monday through Friday, by calling (020) 810901, or by writing: Ethical Committee:
P.O. Box 43844, Kenyatta University, Nairobi.

Consent

PARTICIPATION IN RESEARCH IS VOLUNTARY. I have the right to decline to
participate and to withdraw at any point in this study without jeopardy to my continued
medical care or my future interactions with the Kenyatta University.

I have been given a copy of this consent and a copy of the Experimental Subject’s Bill of
Rights to keep.

If I wish to participate I should sign below.

Date Signature of Study Participant

For participants below 18 years, parental or legal guardian permission
is required

I wish to have my child participate in this study. Signing below gives my permission for

my child to do so.

Date Signature of Parent or Legal Guardian

Person obtaining
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Questionnaire

Note: George Ayodo will fill this questionnaire form while interviewing the child and the parent.
Before the start of an interview, the content of the consent document will be discussed with the
subject’s parent. This will be followed by consenting.

a) Details of the subject

1) What is the child’s name?

2) How old is the child?

3) What is the sex of the child?

5) Where are the hospital records?
6) Are all four grandparents from the same ethnic group as the child?-----------------

b) Physical address of the subject

1) Village,

2) Sub-location,

3) Location,

4) District

5) Nearest school?

b) Retrieval of Genetic information. The information obtained at this stage will be compared

with the information obtained from the hospital records.

|) How often do you bring your child to the hospital?
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2) When did your child start experiencing this disease and how long has it lasted?

3) Has your child previously ever had such a severe case of malaria

4) How often have you taken your child to the hospital for this illness?

5) Have any of your other children had such severe malaria?

6) Are they twins? If yes has the other twin ever had a severe case of malaria?------

A) Clinical signs as described with the assistance of Hospital Physician:

a) Unarousable coma (Blantyre score <3)

b) Impaired consciousness,

c) Convulsions and respiratory distress

d) Clinical shock or severe prostration,



101

e) History of convulsions,

f) Extent of alertness

B) Laboratory tests results:

1) Hypoglycemia glucose level g/dL
2) Parasite counts trophozoites / nL
3) Hemoglobin concentration g/dL

Investigator’s comments

() Categorization

[) Cerebral malaria

3) Severe malarial anemia

4y Mild or uncomplicated malaria

5) Control

Comments: by George Ayodo
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SIGNATURE
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Appendix E Part 2: Authorization letters



MINISTRY OF EDUCATION, SCIENCE AND TECHNOLOGY

legrams : “EpucatioN’, Nairobi

ephone : Nairobi 334411
en replying please quote

JOGOO HOUSE “B”
HARAMBEE AVENUE
P.O. Box 30040-00100
NAIROBI

24" January, .20.0.5., 20.....

George Ayodo

Kenyatta University

P.O. BOX 43844

NAIROBI .

Dear Sir

RE: RESEARCH AUTHORISATION

IFollowing your application for extension to conduct rescarch on “Associating Genetic
variation to Resistance to severe Malaria in Kenya”, [ am pleased to inform you that you
have been authorised to conduct research in Bondo and Narok Districts for a period
ending 31° June, 2005.

You are advised to report to the District Commissioner and the District Education
Officers of the respective Districts of your research before embarking on your research
project.

You arc further expected to deposit two copics of your research findings to this Office
upon completion of your research project.

Yours faithfully

FOR PERMANENT SECRETARY

e

The District Commissioner The District Education Officer 2
Bondo Bondo Pece - o d o ~d P e it
plarek i _LJ YL& cl= s wA (R TR & 2
The Medical Officer of Health RON, = UCAT‘;Q-‘!DFFICEI |

Bondo o

T

- 5 980 =q
Narok Districts e *-\\ -..\_ 5
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APPENDIX G: PUBLISHED PAPERS AND MANUSCRIPTS



ARTICLE

Combining Evidence of Natural Selection with Association
Analysis Increases Power to Detect Malaria-Resistance Variants

George Ayodo, Alkes L. Price, Alon Keinan, Arthur Ajwang, Michael F. Otieno, Alloys S. S. Orago,

Nick Patterson, and David Reich

Statistical power to detect disease variants can be increased by weighting candidates by their evidence of natural selection.
To demonstrate that this theoretical idea works in practice, we performed an association study of 10 putative resistance
variants in 471 severe malaria cases and 474 controls from the Luo in Kenya. We replicated associations at HBB (P =
.0008) and CD36 (P = .03) but also showed that the same variants are unusually differentiated in frequency between
the Luo and Yoruba (who historically have been exposed to malaria) and the Masai and Kikuyu (who have not been
exposed). This empirically demonstrates that combining association analysis with evidence of natural selection can
increase power to detect risk variants by orders of magnitude—up to P = .000018 for HBB and P = .00043 for CD36.

Malaria infection (MIM 248310) has exerted severe pres-
sure on the human genome within the past 10,000 years,'-
* and there are more cases today than ever before, with
an estimated 300-660 million new episodes of clinical
Plasmodium falciparum malaria every year.* Despite high
infection rates, only 1%-2% of patients develop life-
threatening complications, such as cerebral malaria and
profound anemia,® so natural selection has likely operated,
to a large extent, on severity. In the context of high in-
fection rates, the genetics of host response are likely to
play an important role.® In sub-Saharan Africa, the pop-
ulations in which malaria is endemic generally have a
lower proportion of cases with severe disease.>’ This sug-
gests that there exist genetic variants that have risen to
higher frequency in malaria-endemic populations because
they modulate risk of P. falciparum malaria, similar to the
case of the Duffy-null variant that protects against P. vivax
malaria.®

A handful of genetic variants have already been asso-
ciated with risk of or protection against severe malaria
infection.® Our first objective in this study was to test var-
iants of B-globin (HbAS*'°), intercellular adhesion mole-
cule J[CAMTT"), CD36 (CD36 GT*?), nitric oxide synthase
(NOS2A 1659 AA"™), tumor necrosis factor (TNF 238 A
and TNF 308 A'*'¢), Fc y-receptor IIA (CD32 AA'""), in-
terferon-o receptor-1 (IFNARI LI168V CC' and IFNARI
17470 CC"), and Toll-like receptor (TLR4%), which had
previously been associated with malaria susceptibility. The
particular phenotype we focused on was high levels of
parasitemia in young children due to malaria infection.

Second, we compared the frequency differentiation in
populations in which malaria is endemic and in closely
related populations in which it is not endemic, searching
for the differences that would be expected if natural se-

lection had affected those alleles in one population but
not in the other, because malaria began to affect only one
group. Finally, we formally combined the evidence of as-
sociation from case-control studies with evidence of nat-
ural selection in populations that have been exposed to
malaria infection. We note that there has been discussion
elsewhere of how one could formally combine case-con-
trol association studies with statistical weights obtained
on the basis of evidence of natural selection.?® Our goal
in this study was to empirically demonstrate the power
of this approach.

Material and Methods
Human Subjects

We collected 471 severe malaria cases and 474 controls from the
Luo ethnic group, a population that speaks a Nilotic language
and lives in a malaria-endemic region in western Kenya. All the
severe malaria cases were collected from the Bondo District Hos-
pital’s children’s emergency ward or from its outpatient clinic
between May 2004 and August 2005. The average age of the cases
was 2.6 years (table 1), reflecting our focus on individuals with
no previous immunological protection against malaria. The con-
trols were randomly collected from volunteers at nearby second-
ary schools, with an average age of 16.9 years (table 1). We focused
on older controls, because we knew that they had survived to an
older age. Thus, the control samples selected for this study may
be slightly enriched for variants protecting against severe malaria,
which should make it slightly easier to detect associations.

For the selection study, we assembled population control sam-
ples from the Masai, Kikuyu, and Yoruba ethnic groups. We col-
lected samples from the Masai and Kikuyu from secondary
schools in Narok and Nyeri, Kenya, respectively (table 1). The
Yoruba samples were from the International Haplotype Map pro-
ject??; we analyzed data from unrelated men and women, the
parents in HapMap mother-father-child trios.

From the Department of Genetics, Harvard Medical School, and Broad [nstitute of Harvard and MIT (G.A; A.L.P; A.K; N.P; D.R), Boston; and Department
of Pre-Clinical Sciences, Kenyatta University, Nairobi (G.A; A.A; M.E.O; AS.S.0)
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Table 1. Characteristics of the Populations Included in This Study
Altitude above
Mean No. in Sample Malaria Sea Level

Population Age (Range) (Male/Female) Source Endemicity (m)

Luo cases 2.6 (1.5-10.0) 471 (232/239) Bondo District Hospital, Kenya Endemic ~1,240
Luo controls 16.9 (14-20) 474 (290/184)  Bondo schools, Kenya Endemic ~1,240
Masai controls 16.9 (13-21) 97 (42/55) Narok schools, Kenya Nonendemic ~1,880
Kikuyu controls ~ 17.1 (15-19) 110 (46/64) Nyeri schools, Kenya Nonendemic ~1,950
Yoruba controls NA* 55 (27/28) International Haplotype Map Endemic ~700

* NA = not available.

About 2 ml of blood was obtained by venipuncture for all the
samples we collected in Kenya. We extracted DNA within 10 h
of blood collection, using a Qiagen DNA Blood mini kit, and then
stored it at —20°C. All the participants provided informed con-
sent, and, for children, informed consent was obtained from the
parents and/or guardians. The study was reviewed and approved
by the Harvard Medical School and Kenyatta University ethical
review boards and by the Kenyan government.

Clinical Identification of Human Subjects with Severe
Malaria

We identified human subjects who had severe malaria according
to World Health Organization criteria. Blood smears and Giemsa
staining were used to determine the asexual parasite count (par-
asitemia level). We identified cases as young children with >12
parasites per 200 red blood cells. All cases were also required to
have overlapping clinical manifestations at the time of hospital-
ization, such as respiratory distress, convulsions, prostration, and
hyperthermia (>39°C).

Genotyping at Candidate Genetic Variants

We genotyped all human subjects for 13 candidate malaria SNPs,
using mass spectrometry (Sequenom).” We discarded SNPs with
minor-allele frequency averaging <5% across the four ethnic
groups, leaving 10 SNPs for subsequent analysis (table 2). Al-
though the X-linked G6PD and CD40 genes are important can-
didates for malaria-resistance genes,* we excluded them from this
study because we wished to focus on autosomal SNPs that we
could compare with an empirical panel of autosomal variants in
the genome.

As an assessment of genotyping quality, we observed that, for
85 genotypes obtained in duplicate, there were 2 discrepancies,
for a discordance rate of 2.4%. After removing samples with <80%
genotyping completeness, we found that the average complete-
ness of genotypes was 97.8%. We also compared genotyping of
10 SNPs in Yoruba samples with data from HapMap.? Of 30 ge-
notypes obtained in duplicate, there was 1 discrepancy (3.33%).
All SNPs were in Hardy-Weinberg equilibrium in all the ethnic
groups we studied (P> .0S).

Genotyping at 1,454 Random SNPs

For the assessment of allele-frequency differentiation at random
SNPs, we used the [llumina Bead Lab System to genotype 1,536
random SNPs from the [llumina linkage panel (covering chro-
mosomes 1, 2, 3, and 22) in 45 of the Luo controls, 47 Masai
controls, and 37 Kikuyu controls. We also obtained genotypes for
these SNPs in 55 Yoruba samples from the HapMap database.?

Of these SNPs, 1,454 passed standard quality checks and had been
genotyped in all four populations.

Case-Control Association Analysis

We assessed the statistical significance of allele-frequency differ-
ences between Luo cases and Luo controls, using a x* test with
1 df. We used a one-tailed test of statistical significance, since our
interest was in assessing whether a genotype or allele previously
associated with malaria is more common in cases than in controls.
We computed odds ratios (ORs) as A = (foe/1 = fas)/ (fonual 1 —
fronto)» Where ... is the frequency in cases and [ .o is the fre-
quency in controls. We also computed a 95% CI as the range of
ORs that produced a likelihood ratio consistent with the data
(P> .05). Specifically, we estimated the SE of the log OR as

0.5
B = 1 + 1 + : ot 1 ’
n n n

case-ref ncase-var control-ref control-var,

where 1. and n,....,, are the counts of the reference and vari-
ant genotypes in cases, and M nyopret ANA Meonuravar are the anala-
gous quantities in controls. The 95% CI is quoted as the range
(eln(A)-l.s.iB to eln(A)*L&SB).

Epistasis Testing

To test for possible epistasis between any two SNPs, we used lo-
gistic regression. We compared the fit of three models with the
data (case-control status for all the Luo samples): (1) genotype at
the first SNP, (2) genotype at the second SNP, and (3) genotype
at both SNPs.>* We performed a one-tailed test for association
with the genotypes previously associated with malaria. We cal-
culated a Wald statistic and assessed significance for the epistatic
interaction by a x* test with 1 df. :

Statistical Test for Natural Selection

The model of allele-frequency differentiation between two pop-
ulations that we used to test for selection is that the difference
in population frequencies at a given polymorphism is normally
distributed with mean O and variance cp(1—p), where p is the
ancestral frequency. This model is similar to that of Nicholson et
al.,”® who showed that, for populations with modest genetic di-
vergence times, it is a good approximation for allele-frequency
differentiation. Under certain assumptions, the ¢ parameter is
expected to equal 2 x Fs;! From a population genetics perspective,
¢ can be viewed as measuring genetic drift between populations.

To estimate ¢ empirically, we used data from the 1,454 ran-
domly chosen markers. For a given pair of populations, we es-
timated c as the empirical variance of the difference in population

www.ajhg.org

The American Journal of Human Genetics Volume 81

August 2007 235



Table 2. Replication Analysis for 10 Genotypes or Alleles Previously Associated with Malaria Susceptibility

Direction of Frequency in

Previous Controls No. of Cases/Controls

Genotype or Allele  Reference SNP Association (%) Genotyped OR (95% CI) P
HbAS™ 15334 Protection™® 25 447/454 .57 (.41-.79) 0004
(D36 GT* rs3211938 Risk® 12 456/457 1.50 (1.03-2.18) 015
ICAM TT* 55491 Protection® 7 460/455 71 (.42-1.21) .10
NOS2A 1659 AA® 158078340 Riske? 6 450/455 .42 (.21-.83) .99
TNF 238 A rs361525 Risk* 9 459/457 1.00 (.73-1.39) .49
(D32 AAY® 151801274 Protection®* 25 455/447 T .95 (.71-1.29) .38
IFNARI L1168V CC* 152257167 Protection® 3 455/457 1.18 (.54-2.07) .76
TNF 308 A'1® rs1800629 Risk® 9 450/433 1.13 (.82-1.56) .21
IFNARI 17470 CC® 151012335 Protection® 3 455/452 .85 (.53-1.36) .34
TLR4 AG*® 54986790 Risk* 10 407/303 1.36 (.85-2.17) .10

* Previously published association with severe malaria.

® Previously published association with mild malaria.

¢ Previously published association with cerebral malaria.

4 Previously published association with severe malarial anemia.
¢ Previously published association with parasitemia.

frequencies, after normalizing by p(1—p) and accounting for sam-
pling noise, which has variance p(1 — p)(1/N, + 1/N,), where N,
and N, are total allele counts for the two populations at a given
marker. We approximated the normalization term p(1 —p) by set-
ting p equal to the average of observed frequencies of the two
populations, and we approximated binomial sampling noise as
normally distributed. The same approximations were applied
both to our estimation of ¢ and to our subsequent analysis of
individual markers. SNPs with average minor-allele frequency
<5% for the two populations being compared were omitted from
all computations, since the normal approximation becomes less
reliable (table 3).

To test whether an individual marker was more differentiated
than expected between two populations, we compared the ob-
served difference in frequency with the expected distribution
N[O,p(1 = p)(c + 1/N; + 1/N,)], using the value of ¢ estimated
above, and computed a x* statistic with 1 df. A feature of this test
is that the x? statistic has a mean value of 1 across the set of
markers used to infer c. The test appropriately handles different
sample sizes for candidate markers versus random markers used
to infer c. A detailed statistical treatment will appear elsewhere
(A.L.P, N.P,, and D.R., unpublished data).

Combining Case-Control Association and the Test
for Differentiating Selection

The combined test formally evaluates whether the observed data
are consistent with the model of no case-control association and
no selection. The test is performed by summing the association
x* statistic and the differentiation x* statistic, forming a x* statistic
with 2 df. We note that the association x? statistic used in this
test is, by definition, a two-tailed statistic. We computed this sum
for each pair of populations, using the same association statistic
in each case. When one of the two populations being compared
was the Luo population, we used the summed counts of Luo cases
and Luo controls in the combined statistics reported in table 4.
This generally leads to less significant P values than does using
Luo controls only (and so is conservative). Using summed counts
of Luo cases and Luo controls is appropriate under the null as-
sumption of no association and ensures that the association sta-
tistic and differentiation statistic are independent. However, for
the selection-only statistics reported in table 3, we used Luo con-

trols only, since we wished to evaluate the evidence of selection
in the control population, without regard to evidence of case-
control association.

Results
Case-Control Association

We tested each of the 10 variants for association with
malaria, comparing Luo cases with Luo controls. Two of
the variants showed nominally statistically significant as-
sociations by one-tailed tests that searched for an associ-
ation with the genotype or allele previously proposed to
affect malaria resistance (table 3). We replicated the well-
known association in which heterozygotes for the sickle-
cell trait HbAS (HbAS T) are protected against severe ma-
laria (P = .0004; OR 0.57 [95% CI 0.41-0.79]) (see the
“Material and Methods” section). Although the ORof 0.57
isless strong than that observed in some previous studies,’
itis in the same range as the OR of 0.45 (0.24-0.84), which
was observed in another study of young children with a
similar phenotype of severe malaria.'® Different case-con-
trol studies focus on different phenotypes, and the pro-
tection of HbAS against severe malaria is known to vary
with age,? so it is not surprising that the estimated ORs
are heterogeneous across studies. We also replicated the
association in which heterozygotes for CD36 GT are at
increased risk for severe malaria (P<.015; OR 1.50 [95%
CI 1.03-2.18]).* _

We note in passing that NOSA (rs8078340) gives a nom-
inally significant P value (by a two-tailed test), but the
association is in the opposite direction to previous reports
(P = .99) (table 2). Our null findings at the other variants
do not necessarily mean that they are unassociated; the
CIs for the ORs are broad (table 2) and are often consistent
with substantial association. We also note that our study
included only individuals with parasitemia; we had no
power to detect associations that were specific to cerebral
malaria, a phenotype that was the focus of some previous
studies, 32728
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Table 3. Tests for Differentiating Selection between Malaria-Endemic and -Nonendemic Populations

Allele Frequency (%) (No. of Alleles Used

in Assessment) e
Reference Luo vs. Luo vs. Yoruba vs. Yoruba vs.

Allele SNP Luo Yoruba Masai Kikuyu Masai Kikuyu Masai Kikuyu
HbAS T rs334 13 (908) 11 (102) 0 (194) 0 (200) .00149 .00036 044 .025
(D36 G rs3211938 6 (914) 22 (100) 1 (186) 0 (202) NA NA .00590 .00096
ICAM T rs5491 25 (910) 24 (100) 16 (186) 18 (206) o =19 25 41 48
NOS2A 1659 A rs8078340 21 (910) 19 (98) 25 (188) 21 (204) .62 .86 57 .89
TNF 238 A rs361525 9 (914) 1(100) 21 (192) 16 (202) .04 I3 .00741 .010
032 A 151801274 50 (900) 50 (98) 50 (190) 44 (210) 1.0 .37 1.0 .56
IFNARI L168V C 152257167 16 (914) 16 (98) 25 (192) 19 (208) .20 .61 37 .72
TNF 308 A rs1800629 9 (866) 6 (96) 6 (188) 7 (204) .60 74 1.0 .84
IFNARI 17470 C  rs1012335 32 (904) 22 (108) 33 (190) 35 (202) .92 .64 .32 .18
TLR4 G 154986790 5 (633) 4 (114) 7 (178) 5 (170) .60 1.0 .6 .84

* Pvalues for selection are based on allele-frequency differentiation tests between malaria-endemic (Luo and Yoruba) and -nonendemic populations
(Kikuyu and Masai). Values in bold are significant. Statistics for SNPs with average minor-allele frequency <5% for the two populations analyzed

are denoted as NA (not available).

Finally, we tested for epistatic interactions between each
pair of variants,® but no pair showed a statistically sig-
nificant interaction by a Wald test (not shown). We also
tested for different strengths of association by sex but
found no evidence of this (table Al).

Allele-Frequency Differentiation and Tests for Natural
Selection

To test for differentiating natural selection, we compared
the frequencies of the putative susceptibility variants be-
tween populations in which malaria is endemic and non-
endemic (tables 3 and A2). We observed the most-signif-
icant frequency differentiation at the two SNPs that also
showed the strongest associations (table 3). The sickle-cell
allele HbAS T is present at appreciable frequency in the
Luo (13%) and Yoruba (11%) but is absent in the malaria-
nonendemic Masai and Kikuyu. The CD36 G allele is pre-
sent at 22% in the Yoruba and at 6% in the Luo but occurs
at only ~1% frequency in the populations in which ma-
laria is nonendemic.

To test whether these allele-frequency differences are
greater than what could be explained in the absence of
selection, we compared them with a panel of 1,454 ran-
dom SNPs* for which we obtained genotypes in 45 Luo,
47 Masai, 37 Kikuyu, and 59 Yoruba. (We first assessed
whether there was evidence of population substructure in
the Luo,* which could, in principle, confound our case-
control tests of association. No structure was detected, in-
dicating that population stratification is not likely to cause
false-positive or false-negative results in the association
analysis.) We also used the data to assess the genetic re-
lationships among the populations; understanding this is
crucial to the tests for differentiating selection.

The genetic differentiation among populations ranges
from Fs; = 0.0012 between Masai and Kikuyu (lowest dif-
ferentiation) to Fg = 0.021 between Yoruba and Masai
(highest differentiation). We found that the Luo and Masai
do not cluster genetically, despite the fact that they both

speak Nilotic languages, whereas the Masai and Kikuyu
are closely related (despite the fact that the Kikuyu speak
a Bantu language) (fig. 1). These results show that the
linguistic patterns in Kenya do not correlate with the ge-
netic patterns, which is at odds with what has been sug-
gested elsewhere.?? Sampling of more populations should
elucidate the relationships between genetic and linguistic
groups in East Africa.*®

To formally test for differentiating selection, we com-
puted a x* statistic for frequency differentiation at each
tested SNP, assuming it was drawn from the empirical
distribution defined by 1,454 random SNPs (see the “Ma-
terial and Methods” section and table 3). Allele-frequency
differentiation between malaria-endemic and -nonendem-
ic populations is significant at HbAS T (P = .00036 for
the most extreme Luo-Kikuyu comparison) and CD36 G
(P = .00096 for Yoruba-Kikuyu), with the results signifi-
cant even after use of a Bonferroni correction for testing
40 comparisons of malaria-endemic and -nonendemic
populations at 10 SNPs (this essentially involves multi-
plying the nominal P values by a factor of 40). By contrast,
the eight SNPs that do not give positive case-control as-
sociation show no evidence of differentiating selection
(P> .25 for each SNP and pair of populations after correc-
tion for multiple hypotheses tested; P = .39 for the sum
of 32 x? statistics at these eight SNPs). We further evaluated
the robustness of our selection test by computing x* sta-
tistics for each of the 1,454 random SNPs for each of the
four pairs of populations. If the test is robust, we would
expect to achieve a x* value >3.84, with probability 0.05.
Restricting the analysis to SNPs in which the average allele
frequency across the two populations tested was at least
5%, we observed a x? value >3.84 in 255 (5%) of 5,090 of
tests performed. Similarly, only 4 of 5,090 tests produced
a Pvalue <.001, and the lowest P value was not statistically
significant after correction for 5,090 hypotheses tested
(P>.16). These results show that our test for differenti-
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Table 4. Formal Combination of Case-Control Association Analysis and Tests of Natural

Selection
P'

Reference Luo vs. Luo vs. Yoruba vs. Yoruba vs.
Allele SNP Masai Kikuyu Masai Kikuyu
HbAS T rs334 .000056 .000018 .00048 .00029
(D36 G 153211938 NA NA .0023 .00043
ICAM T rs5491 .19 23 32 .36
NOS2A 1659 A rs8078340 .033 .038 | .032 .038
TNF 238 A 15361525 iR .30 .028 .038
(D32 A rs1801274 .96 .65 .96 .81
IFNARI L168V C 152257167 .34 .68 52 43
TNF 308 A rs1800629 .63 .69 .76 A5
IFNARI 17470 C 151012335 .91 .79 .56 .38
TLR4 G 154986790 42 41 .38 42

* P values from combining case-control association studies with the test for differentiating selection
between malaria-endemic (Luo and Yoruba) and -nonendemic (Masai and Kikuyu) populations. Values in

bold are significant. NA = not available.

ating natural selection is not prone to false-positive results
in a large selection of randomly chosen SNPs.

We note that both HbAS T and CD36 G have been iden-
tified elsewhere as targets of recent positive natural se-
lection.?**-*¢ However, the long-range haplotype test used
to detect selection at these alleles detects evidence of se-
lection from any cause and thus is not specific to a par-
ticular type of selection (e.g., for malaria resistance). The
tests of allele-frequency differentiation we present here are
much more specific to malaria. By comparing malaria-en-
demic and -nonendemic populations, we increase the
probability that the loci detected as being affected by se-
lection are specifically associated with malaria resistance.
Of all the SNPs we tested for population differentiation—
1,454 random SNPs and 10 candidates for malaria suscep-
tibility—2 of those that achieve a nominal P value <.001
for at least one pair of populations were among the can-
didate malaria-resistance SNPs.

Combined Analysis of Case-Control Association
and Selection

Finally, we formally combined the evidence of associa-
tion with the evidence from the selection test (see the
“Material and Methods” section). The combined test eval-
uates whether the observed data are consistent with the
model of no case-control association and no selection.
Whereas the evidence of association at HbAS T and CD36
G is only moderate by the association analysis alone (see
Pvalues in table A1), significance is greatly increased when
the association and selection evidence is combined: P =
.000018-.00029 for HPAS T and P = .00043-.017 for CD36
G, depending on which populations are compared (table
4). These results remain statistically significant after cor-
rection for 40 hypotheses tested (P = .00072 for HbAS T
and P = .017 for CD36 G).

Discussion

We performed a case-control association study of malaria
resistance in the Luo, an East African population, analyz-
ing 10 previously implicated variants. We replicated as-
sociations at HbAS (OR 0.57 [95% CI1 0.41-0.79]) and CD36
(OR 1.50 [95% CI 1.05-2.18]). Our OR for CD36 is in agree-
ment with the results published elsewhere.'? Similarly, the
OR for HbAS is in agreement with the previously reported
longitudinal study in the same population (OR 0.45 [95%
CI10.24-0.84]; P = .0001).'° For HbAS, the protective effect
that we observed is smaller than in some previous reports,
which is potentially due to the fact that the cases we stud-
ied were young (average age 2.6 years) and thus lacked an
immune basis for HbAS protection. (Williams and col-
leagues showed that HbAS has a more protective effect for
older individuals.>'2) A possible reason why we did not
replicate all the previous associations is that, in our study,
the phenotype was parasitemia, whereas previous studies
sometimes focused on cerebral malaria (table 2). We also
show in table 2 that the Cls for the ORs are broad; thus,
many of the variants we tested are consistent with an
effect on malaria susceptibility, even if we could not reject
the hypothesis of no association.

A particularly striking observation is that, at CD36,
where we observe significant case-control association and
highly significant allele-frequency differentiation, the
variant increasing susceptibility actually has higher fre-
quency in malaria-endemic populations. A possible his-
torical explanation is that the selection pressures on this
variant may have changed over time because of host-par-
asite genetic interactions. For example, the variant may
have historically reduced susceptibility to malaria, and
then, as the parasite evolved to adapt to the human im-
mune system, the allelic association might have reversed.
This hypothesis would be consistent with the known tem-
poral and geographical heterogeneity in CD36 binding
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Figure 1.

Principal-components analysis of samples from four different populations genotyped for 1,454 SNPs. The first eigenvector

clusters the Yoruba, Luo, Kikuyu, and Masai. This is contrary to the expectation based on linguistics (the Luo and Masai both speak
Nilotic languages) or geography. The F;; values estimated between pairs of populations are as follows: Yoruba-Luo, 0.008; Yoruba-Masai,
0.021; Yoruba-Kikuyu, 0.015; Luo-Kikuyu, 0.008; Luo-Masai, 0.011; and Kikuyu-Masai, 0.0012. The top eigenvector is highly statistically
significant by principal-components analysis® (P << 107%). The second eigenvector is not significant (P = .09).

and pathogenicity.'? For example, genetic variation at the
PfEMP1 gene in the malaria parasite has been shown else-
where to be associated with the pathogenicity,** and par-
asite PfEMP1 and human CD36 are known to interact.**-
“!In future studies, it will be interesting to explore whether
human variants at CD36 have different interactions with
genetically different malaria parasite strains.*

These results finally provide empirical validation for a
long-standing idea.** The idea is that, to increase power
in case-control studies, one can combine the evidence of
association with that from tests of natural selection. Pre-
vious studies have prioritized SNPs by natural selection on
the basis of a combination of the alleles being frequent
and being surrounded by a long-range haplotype****; the
present study adds to this in several ways. First, we provide
a formal x* test of statistical significance, which can be
combined with a case-control statistic to provide evidence
that a SNP is a statistical outlier and, thus, a strong can-
didate for being associated with malaria. Second, our se-
lection evidence is more specific to our phenotype of in-
terest, since we are comparing frequency variants in pop-
ulations differentiated by whether malaria has been his-
torically endemic or nonendemic. Tishkoff et al.** recently
applied a similar strategy to the phenotype of lactase per-
sistence. They compared pastoral and nonpastoral popu-
lations in East Africa that have been differently exposed
to diets including cow’s milk. This analysis demonstrated
high allele-frequency differences at variants near the lac-
tase gene LCT and simultaneously showed that these

highly differentiated variants also conferred the pheno-
type of lactase persistence.

We conclude that, in future whole-genome association
scans, evidence from case-control comparisons can be
combined with allele-frequency differentiation between
differently exposed populations—and, potentially, other
sources of evidence about recent selection****—to provide
increased sensitivity and power in tests to detect disease-
related genetic variants. It has been suggested that the
identification of targets of selection may soon become a
mainstream approach to finding genetic variants affecting
human disease; our results provide empirical validation
for this idea.* In our study, P values for HbAS and CD36
were enhanced by several orders of magnitude with the
use of <60 samples from each population analyzed, sug-
gesting that this strategy may be cost effective relative to
the number of additional samples needed to obtain a sim-
ilar increase in power within the conventional case-con-
trol paradigm.
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Appendix A

Table A1. Statistical Tests for Association

Frequency . : .
Genotype/Allele, in Luo No. of TIer]trs‘ z‘:(;-r:if:sl(f;z-s?c‘il:fe) # P in Tests
Reference SNP, Controls Cases/ Based on 3x 2
and Sex (%) Controls OR (95% CI) Genotype Allele Genotype Table
HbAS AT:
r5334:
All 25 447/454 .57 (.41-.79) .0008 (.0004) .006 (.003) .0031
Female 25 232/175 .55 (.33-.90) .02 (.01)
Male 25 215/279 .59 (.38-.93) .02 (.01)
(D36 GT:
rs3211938:
All 12 456/457  1.50 (1.03-2.18) .03 (.015) .06 (.03) .061
Female 12 232/174  1.40 (.85-2.33) 1.19 (.60)
Male 13 224/283  1.57 (.90-2.74) .11 (0.06)
ICAM TT:
rs5491:
All 7 460/455 .71 (.42-1.21) .20 (.10) .89 (.45) .22
Female 8 235/176 .43 (.18-1.00) .04 (.02)
Male 7 225/279  1.05 (.53-2.09) .90 (.45)
NOS2A 1659 AA:
rs8078340:
All 6 450/455 .42 (.21-.83) .01 (.99) .69 (.5) .015
Female 4 6 229/179 .55 (.22-1.40) .21 (.11)
Male 6 221/276 .28 (.09-.85) .02 (.01)
TNF 238 A:
rs361525:
All 9 459/457  1.00 (.73-1.39) .28 (.14) .97 (.49) 47
Female 8 233/173  1.33 (.82-2.17) 24 (.12)
Male 9 226/284 .74 (.47-1.16) .20 (.10)
(D32 AA:
rs1801274:
All 25 455/447 .95 (.71-1.29) .76 (.38) .81 (.45) .95
Female 24 229/176  1.06 (.67-1.67) 37 (.19)
Male 25 226/271 .45 (.30-.70) .66 (.33)
IFNARI L1168V CC:
rs2257167:
All 3 455/457  1.18 (.54-2.07) .48 (.76) .93 (.47) .86
Female 2 231/180  1.37 (.45-4.17) .37 (.19)
Male 3 224/277 .37 (.11-1.24) .66 (.33)
TNF 308 A:
rs1800629:
All 9 450/433  1.13 (.82-1.56) .21 (.11) .42 (.21) .25
Female 6 234/166  1.33 (.75-2.37) .33 (.17)
Male 11 216/267  1.17 (.78-1.74) 45 (.23)
IFNARI 17470 CC:
rs1012335:
All 3 455/452 .85 (.53-1.36) .68 (.34) .70 (.35) .78
Female 2 234/180  1.73 (.52-5.70) 34 (.17)
Male 3 221/272 .46 (.15-1.43) .66 (.33)
TLR4 AG:
154986790:
All 10 407/299  1.36 (.86-2.17) .20 (.10) .067 (.02) .20
Female 9 201/123  1.48 (.70-3.16) .67 (.34)
Male 11 206/176  1.33 (.74-2.40) .17 (.09)

Note.—This table is an expansion of table 2. Values in bold are significant.
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Table A2. Allele Counts in Cases and Controls for the 10 Polymorphisms

Luo
Rafarence Controls Luo Cases Masai Kikuyu Yoruba
Allele SNP Ref ~Var Ref Var Ref Var Ref Var Ref  Var
HbAS T rs334 789 119 819 75 194 0 200 0 91 11
(D36 G 153211938 856 58 883 79 184 d 202 0 78 22
ICAM T rs5491 683 227 688 232 156 30 169 37 76 24
NOS2A 1659 A rs8078340 714 196 713 187 141 47 162 42 79 19
TNF 238 G rs361525 833 81 837 81 152 40 169 33 99 1
CD32 A 151801274 454 446 453 455 95 95 92 118 49 49
IFNARI L1168V C  rs2257167 764 150 762 148 144 48 168 40 98 16
TNF 308 A rs1800629 791 75 813 87 176 12 189 15 90 6
IFNARI 17470 C rs1012335 616 288 622 280 128 62 131 71 84 24
TLR4 G 154986790 571 33158 59 165 13 161 9 109 5

Note.—Ref = reference allele; Var = variant allele.

Web Resource

The URL for data presented herein is as follows:

Online Mendelian Inheritance in Man (OMIM), http://www.ncbi
.nlm.nih.gov/Omim/ (for malaria infection)
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ASSOCIATING GENETIC RESISTANCE WITH PLASMODIUM FALCIPARUM
MALARIA INFECTION AMONG ETHNIC GROUPS RESIDENTS OF
MALARIA ENDEMIC AND NON-ENDEMIC REGIONS OF KENYA

BY GEORGE AYODO

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF THE REQUIREMENTS
FOR DEGREE OF DOCTOR OF PHILOSOPHY IN GENETICS OF INFECTIOUS
DISEASES IN THE SCHOOL OF HEALTH SCIENCE OF KENYATTA
UNIVERSITY

ABSTRACT -1

A striking difference between human populations where malaria is endemic and non-
endemic is that infections in malaria-endemic areas include fewer life-threatening cases.
We hypothesized that part of the reason for this epidemiological difference is that over
the last few thousand years, endemic populations have built up genetic resistance to
severe malaria infection. To test this hypothesis, we searched for evidence of natural
selection in malaria exposed and unexposed populations by (a) carrying out a large-scale
collection in Kenya of severe malaria cases and controls from the Luo ethnic group and
also of population controls from the Masai and Kikuyu ethnic groups, (b) carrying out an
association study at 10 genetic variants previously associated with malaria resistance, (c)
studying frequency differences across populations to determine which of these variants
have been subject to selection for malaria resistance in the past few thousand years, and
(d) also studying haplotype and linkage disequilibrium patterns around malaria resistance
genes to search for evidence of natural selection. In the Luo case-control samples, we
replicated the previously described associations at CD36-GT (P value = 0.004) and HbAS
(P value = 0.015). Strikingly, we also found that there was unusually high frequency
differentiation of the HbAS and CD36-GT variants in the exposed (Luo and Yoruba) vs.
relatively unexposed (Kikuyu and Masai) populations compared to a panel of 1,454
randomly chosen markers that we studied in the same samples (P = 0.00036 and 0.00096
respectively). We found that by statistically combining the case-control association and
frequency differentiation statistics, we were able to increase the power of the association
analysis by several orders of magnitude (HbAS with P value = 0.000018 and CD36-GT
with P value =0.00043), which provides a potential tool for researchers to find risk
factors for infectious disease in future. The further assessment of haplotype blocks
flanking HbAS-T, CD36-G and ICAM-T suggested that exposed and un-exposed
populations exhibit different haplotype block patterns, supporting the evidence of natural
selection. CD 36-GT appears to be under selection in both the Luo and Yoruba ethnic
group, whereas HbAS is under selection in the Yoruba ethnic only but not in Luo ethnic
groups. These results suggests Yoruba and Luo—perhaps because they are on different
sides of the African continent—evolved different genetic response to malaria since they
began to be exposed to it several thousand years ago. This study has not only developed a
novel method to identify malaria variants but has also provided an insight on the
possibility of exploiting haplotype block patterns to map causal genes.



ABSTRACT-2
Combining evidence for natural selection with association studies increases power to
detect malaria resistance variants

George Ayodo"**, Alkes L. Price'?, Alon Keinan'?, Arthur Ajwang’, Michael F.
Otieno’, Alloys S.S. Orago®, Nick Patterson® and David Reich!*

'Department of Genetics, Harvard Medical School, Boston, MA USA; *Broad Institute of
Harvard and MIT, Cambridge, MA USA; 3Departrnent of Pre-Clinical Sciences, Kenyatta
University, Kenyatta, Kenya

[t has been suggested that the power of case-control association studies to detect genetic
variants can be increased by weighting polymorphisms according to their evidence for
natural selection. As a proof-of-principle, we carried out an association study of 10
putative resistance variants in 464 severe malaria cases and 463 controls from the Luo
ethnic group in Kenya. The study not only replicates associations at the BB (P =0.0008)
and CD36 (P=0.03) genes, but also shows that the same two alleles are unusually
differentiated in frequency between the Luo and Yoruba who have been historically
exposed to malaria, and the Masai and Kikuyu who have not (compared with an
empirical distribution based on 1,454 SNPs that we genotyped in the same populations).
Combining evidence for association and/or selection, the evidence that these alleles are
unusual becomes more significant by several orders of magnitude (as significant as
P=0.000018 for HBB and P=0.00043 for CD36), demonstrating empirically that
combining evidence from differentiating selection, with association studies, can boost
power to detect variants. Interestingly, the frequency differentiation at CD36 is in the
opposite direction from what would be expected if it has always conferred resistance to

malaria, raising the question of whether the pressure of selection on CD36 has changed
over time.



ABSTRACT-3

An Ethnic-Specific Polymorphism in the Catalytic Subunit of Glutamate-Cysteine
Ligase Impairs the Production of Glutathione Intermediates that is implicated in
several dlseases

Truc M Le', Alecia S. Willis?, Freder1ck E. Barr'?, Gary R. Cunningham'?, Jeff A.
Canter’ RachelK Price’, George Ayodo*, David Reich?*, and Marshall L, Summar™”’

'Division of Pedlamc Critical Care Medicine, Vanderbilt University Medical Center,

Nashville, TN ? Department of Genetics, Baylor College of Medicine, Houston, TX

® Center for Human Genetic Research, Vanderbilt University Medical Center Nashville,
TN “Department of Genetics, Harvard Medical School, Boston, MA, ’Division of
Medical Genetics, Vanderbilt University Medical Center, Nashville, TN

Glutathione plays a crucial role in free radical scavenging, oxidative injury, and cellular
homeostasis. Glutamate cysteine ligase (GCL) is the rate-limiting enzyme in the
glutathione biosynthesis pathway, and genetic variation in this gene can affect the ability
to produce glutathione and respond to oxidative injury. Previously, we identified a non-
synonymous polymorphism (462S) present only in individuals of African descent.
Herein, we report that this ethnic-specific polymorphism (462S) encodes an enzyme with
decreased or no in vitro activity when expressed in either a bacterial expression or a
mammalian cell expression system. We also present evidence that apoptotic
mammalian cells overexpressing the 462S enzyme have increased caspase activation and
increased DNA laddering compared to cells overexpressing the wild-type enzyme.
Finally, we also genotyped several African or African-descent populations and
demonstrate that the allele frequency of the 462S polymorphism is increased in
populations from malaria endemic areas and some African —descent in USA as compared
to populations from Africa in non-malaria endemic areas. These findings describe a
glutathione production pathway polymorphism common in individuals of African descent
with decreased or no in vifro activity. Furthermore, demonstrating an increased
frequency of the 462S GCLC allele among malaria endemic populations and African-
descent in USA , we also show that this polymorphism has clinical significance. In
addition, the complete lack of individuals who are homozygous for this genetic variant
suggest that this genotype may exhibit a lethal phenotype in humans.



ABSTRACT-4

TITLE: - EMPIRICAL DEMONSTRATION OF THE CONSEQUENCE OF
HUMAN AND P. FALCIPARUM CO-EVOLUTION.

The malaria parasites and the human hosts have co-evolved for thousands of years;
consequently, there are individuals who remain asymptomatic despite infections. The co-
evolution and its impacts on the host and parasite are still unclear. Using the observation
from my previous work that demonstrated differential selection of ICAM and CD36
variant, I want characterize alleles and haplotypes of var genes of the parasite,
Intercellular adhesion molecule 1 (ICAM-1) and CD36 of the human host. The var genes
encode Plasmodium falciparum erythrocyte membrane proteins (pfEMP1) that interacts
with the host receptors (ICAM-1 and CD36). The study will be a comparative genomic
work where the subjects will consist of asymptomatic and severe malaria patients. |
anticipate that this work will not only identify specific alleles or haplotype associated
with malaria pathogenesis but will also identify a combination of host and parasite
variants responsible for the parasite’s fitness. This work in real-sense may demonstrate
that virulence is consequence of parasite’s fitness and it will further provide an insight as
far as identifying drugs targets and vaccine candidate antigens
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