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Abstract

Common mycobacterial diseases, including tuberculosis and leprosy, contribute to

major mortality and morbidity worldwide. Despite evidence of an important role of

host genetic factors in susceptibility to these infections, few compelling genetic asso-

ciations have been identified with previous candidate gene and linkage approaches.

This thesis investigates the genetic factors of human immunity to these mycobacterial

diseases using a high-throughput approach of association testing. To assess genetic

susceptibility to tuberculosis, I have conducted a genome-wide association study in

the Gambian population as part of the Wellcome Trust Case Control Consortium

(WTCCC). The study reveals the region flanking CADM1 as a potential suscepti-

bility locus. Combining this study with a Ghanaian cohort further implicates two

genetic loci at chromosome 18q11.2 (P = 9.2×10−9) and PARD3B (P = 1.4×10−6).

For leprosy, I have performed a gene-centric association study in the New Delhi

Indian population. Evidence of significant association was observed in the HLA-

DRB1/DQA1 (P = 4.9 × 10−14) and TLR1 (P = 1.7 × 10−9) loci. These studies

identify important genomic regions that may be involved in immunity to tubercu-

losis and leprosy. Further analysis revealed a significant immunogenetic overlap be-

tween tuberculosis and leprosy. This provides proof-of-principle for the subsequent

aggregate analysis for mycobacterial susceptibility, which suggests that the steroid

biosynthesis pathway may be important in anti-mycobacterial immunity.

This thesis represents one of the largest studies to identify the genetic factors for

human immunity against mycobacteria. These novel findings will further enhance

vaccine and pharmaceutical efforts into prevention and treatment of these mycobac-

terial diseases.
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Chapter 1

Introduction

1.1 Common mycobacterial diseases

Human mycobacterial diseases consist of a wide range of diseases caused by the genus

of bacteria Mycobacterium. Tuberculosis and leprosy, caused by Mycobacterium tu-

berculosis (Koch, 1882) and Mycobacterium leprae (Hansen, 1874) respectively con-

tribute to a major global health burden. The tubercle bacilli infect more than 2

billion people, equivalent to one-third of the world’s population (Dye et al., 1999),

about 10% of which will develop the active disease in their lifetime (Selwyn et al.,

1989). A survey by the World Health Organization (WHO) showed that tuberculosis

had an incidence of 9.4 million cases, and caused 1.8 million deaths in 2008 in which

many are in developing countries (The World Health Organization, 2009). Tuberculo-

sis is also the leading killer in individuals infected with the human immunodeficiency

virus (HIV), who are 20-40 times more likely to develop active tuberculosis than their

counterparts (Selwyn et al., 1989). As for leprosy, although it does not kill as many

people as tuberculosis, it is endemic in many parts of the world, and remains a major

global health concern with an incidence of more than 200,000 in 2007 (The World
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Health Organization, 2007).

Atypical mycobacterial diseases consist of a wide variety of infections affecting the

skin, lungs, joints and bones. Although these infections are well documented espe-

cially with M. ulcerans, M. avium-intracellulare, M. marinum and M. kansaiii, they

are uncommon in immunocompetent individuals and therefore do not contribute to a

significant health burden in the population at large. For this reason they are beyond

the scope of this thesis. It is important to remember that, because of the similar

characteristics among certain mycobacteria, research on atypical mycobacteria may

provide insight into the pathophysiology of tuberculosis and leprosy.

1.1.1 Tuberculosis

Tuberculosis is one of the oldest and deadliest diseases of mankind. The earliest

known human remains showing signs of M. tuberculosis are 9,000 years old (Her-

shkovitz et al., 2008). Studies of human skeletons have shown features characteristic

of Pott’s disease, showing collapse and anterior fusion of adjacent mid-thoracic verte-

bra as a sequela of disseminated tuberculosis (Sager et al., 1972). The tubercle bacilli

have been identified in human skeletons from Germany and Denmark dating back to

5,000 B.C. (Sager et al., 1972; Zimmerman, 1979). Tuberculosis has allegedly killed

more people than any other infectious disease (Bloom and Murray, 1992). Although

its exact prevalence before the modern times cannot be ascertained, the description

of tuberculosis (previously known as phthisis or consumption) as the white plague

indicates that the disease may have had a high incidence and mortality in medieval

Europe. This led to the widespread establishment of sanitaria, where patients were

admitted for an indefinite period under strict discipline. A vast number of therapies

were tried but with little success, including iron salts supplement, oxygen and sun-

light therapies and the later surgical collapse therapies. The late nineteenth century
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saw the discovery of M. tuberculosis by Robert Koch. The Bacille Calmette-Guérin

(BCG) vaccine was first used in humans in 1921 (Figure 1.1), and was developed

by subculturing M. bovis to give an attenuated strain. Despite this being very ef-

fective against tuberculous meningitis and military tuberculosis, its efficacy against

pulmonary tuberculosis appears variable (Pönnighaus et al., 1992; Rodrigues et al.,

1993; Colditz et al., 1994). It was not until the discovery of streptomycin in 1944

(Jones et al., 1944) that it was possible to envisage a cure for pulmonary tubercu-

losis (Figure 1.1). Combinational chemotherapy remains the mainstay of treatment

(Crofton, 1959).

Tuberculosis commonly infects the lung, causing pulmonary tuberculosis, but it can

also disseminate to other organs including lymph nodes, bone and joints, intestines

and meninges. The primary transmission route is air-borne. Upon infection, small

mycobacterial bacilli (1-2µm) are inhaled and a local inflammatory reaction develops

in the lung. A Ghon focus is established when the bacilli reach the mediastinal lymph

nodes, recruiting further inflammatory cells and enlarging as a primary complex. The

patient may be asymptomatic in the primary infection stage. Over a course of 3-8

weeks, the adaptive immune system begins to recognise the pathogen, causing a pos-

itive tuberculin reactivity which can be demonstrated using the Mantoux test. After

this primary infection, the tubercle bacilli remain dormant in the lung parenchyma.

The infection is reactivated when immunity is weak, presenting as pulmonary tuber-

culosis or less commonly disseminated tuberculosis. The risk of reactivation is highest

in the first year after infection (1.5-2%) (Ferebee et al., 1963) and is about 5-10% in

the first five years. The remaining life long risk is about 0.1% per annum, and some

individuals remain asymptomatic for life. The current recommended treatment for

pulmonary tuberculosis involves a Directly Observed Therapy, Short-course (DOTS)

with isoniazid, pyrazinamide, rifampicin, and ethambutol or streptomycin for several

months.
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1.1.2 Leprosy

Like tuberculosis, the history of leprosy is long and intertwined with the history of

human civilization. The pathological changes caused by leprosy have been observed

in a human skeleton from 2,000 B.C. in India (Robbins et al., 2009), and an early

description of the disease has been found on Egyptian papyrus dating back to 1,550

B.C. (Hulse, 1972). Clinical descriptions consistent with leprosy have been described

in ancient Sanskrit, Chinese, Greek and Latin languages (Haak et al., 2005; Robbins

et al., 2009). The arrival of leprosy in Europe was evident in the fourth century B.C.

(Monot et al., 2005), and appeared to be a serious public health problem in Europe

during the Middle Ages (Robbins et al., 2009). Numerous leprosaria, or leprosy

hospitals, were built throughout Europe to treat the patients as well as to segregate

them from the public.

Throughout history, leprosy has been associated with intense social stigma. The

term leprosy originates from the Latin word lepros, meaning defilement. The disease

was conceived of as a divine punishment for sin, and the patients were regarded

as unclean or cursed by God. This is illustrated by the sentence “he is a leprous

man, he is unclean” in the Book of Leviticus. Leprosy patients were ostracised from

society and condemned to living in seclusion in Medieval Europe. Once identified as

a leper, a Mass of Separation was performed by the local priest which would declare

the sufferer legally dead and forbid him or her from sharing church, home or market

with the public. Considerable social stigma was also common in ancient society in

India, China and Japan (Jopling, 1991), and it remains commonplace in some parts

of the world today (Senior, 2009).

Leprosy, also known as Hansen’s disease, is a chronic infection affecting mainly the

skin and peripheral nerves. It commonly manifests with skin nodules and depig-

mentation, nerve thickening, loss of sensation and muscle weakness, and can result
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in complications like deformities and blindness. The clinical disease can be classi-

fied into the tuberculoid and lepromatous types. The tuberculoid form is a subtype

where the infection is relatively well-contained and manifests with a limited number

of skin nodules. The lepromatous form represents the other end of the clinical spec-

trum with widespread skin lesions and profound neurological deficits. Distinct types

of histoid leprosy and diffuse lepromatous leprosy were also described as variants

of the lepromatous type. Most patients, however, present with aspects of tubercu-

loid and lepromatous leprosy. The Ridley-Jopling classification system classifies the

disease into several types (Ridley and Jopling, 1962, 1966): tuberculoid, borderline-

tuberculoid, borderline-borderline, boderline-lepromatous, lepromatous and indeter-

minate, according to clinical and immunopathological characteristics. The WHO

simplified the classification into two types: paucibacillary leprosy with a negative

skin smear and multibacillary leprosy with a skin smear positive for acid-fast bacilli

at any lesion site. Multidrug therapy (MDT) of dapsone with rifampicin alone, or

in conjunction with clofazimine, is used as a standard regimen for the treatment of

leprosy.

1.2 The Mycobacteriaceae family

Understanding the pathogens is the first step in studying the diseases they cause. In

this section, I briefly describe the Mycobacteriaceae family with emphasis on the mi-

crobiology, bacterial genomes and genetic diversity of M. tuberculosis and M. leprae.

These characteristics provide insight into their pathogenicity, virulence and interac-

tion with the human host.

Mycobacterium is a genus of rod-shaped, aerobic, Gram positive bacteria with its own

family, the Mycobacteriaceae. More than 100 species have been identified, and many

of them are ubiquitous in water, soil and food sources. Some mycobacteria, including
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Figure 1.2: Staining for M. tuberculosis using the Ziehl-Neelsen stain

M. tuberculosis and M. leprae however, are obligate intracellular parasites and are not

found free-living outside living cells. This genus is unique in that all Mycobacterium

species share a characteristic cell wall thicker than many other bacteria. The cell

wall consists of an inner layer of peptidoglycan covalently bound to arabinogalactan,

which is in turn linked to the outer layer of glycolipids and mycolic acids. The mycolic

acids are strong hydrophobic molecules that form a waxy layer, reducing permeability

to chemicals. This renders the bacterium resistant to desiccation as well as lysozymal

digestion, hydrogen ions and oxygen radicals in phagocytic granules (Russell, 2001).

The cell wall is also impermeable to usual stains including the Gram’s stain. For this

reason mycobacteria are visualised by the special Ziehl-Neelsen stain (Figure 1.2),

which consists of carbolfuchsin that binds to mycolic acid to give a contrast to the

background.

1.2.1 Mycobacterium tuberculosis

Microbiology of M. tuberculosis

The discovery of M. tuberculosis by Robert Koch in 1882 could be considered as

the beginning of the microbiology of mycobacteria (Figure 1.1). In his experiments,
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Robert Koch was able to fulfil the postulates of Henle (1840) to identify M. tu-

berculosis as the causative agent of tuberculosis (Koch, 1882). The postulates was

later ascribed to him as Koch’s postulates because of the successful application in

infectious disease research.

M. tuberculosis is a slow growing species with the characteristic thick cell wall of the

Mycobacterium genus. Apart from the cell wall components of peptidoglycan, ara-

binoglactan, glycolipids and mycolic acids, M. tuberculosis also processes immuno-

genic proteins like lipoarabinomannan, lipomannan and phosphatidyl-myoinositol

mannosides (Quesniaux et al., 2004). M. tuberculosis is also known to secrete a

variety of different proteins, including the antigen 85 complex (85A, 85B, 85C), early

secretory antigenic target 6 (ESAT-6) and culture filtrate protein 10 (CFP-10) (Lewis

et al., 2003). Many of these proteins are immunogenic, and are likely to be important

as part of its virulence mechanisms and in resistance to phagocytic killing.

M. tuberculosis can be stained with the Ziehl-Neelsen stain to look for pink staining

against a blue background. The definitive diagnosis, however, is the isolation of M.

tuberculosis in culture. The most commonly used medium is the Lowenstein-Jensen

medium. The presence of M. tuberculosis is indicated by rough and brown-coloured

colonies within 8 weeks at 37◦C. Apart from microscopy and culture, molecular tech-

niques including nucleic acid amplification have been used to detect and trace M.

tuberculosis in both clinical and research settings (Piersimoni and Scarparo, 2003;

Greco et al., 2006; Laraque et al., 2009). This technique has been widely used espe-

cially for tracing the multidrug resistant (MDR) and extremely drug resistant (XDR)

strains of M. tuberculosis.
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The M. tuberculosis genome

The complete genome sequence of a virulent strain of M. tuberculosis, H37Rv, was

published in 1998 (Cole et al., 1998) (Figure 1.1). The bacterial genome has a size

of 4.4 Mb and about 4,000 genes, and is rich in guanine and cytosine (65.6%). M.

tuberculosis differs from other bacteria in that an unusually large portion of its coding

capacity is devoted to enzymes involved in lipogenesis and lipolysis. A total of about

250 distinct enzymes involved in fatty acid metabolism were found, compared to

only 50 in Escherichia coli (Cole et al., 1998). This accounts for the diverse array

of lipophilic molecules synthesised by M. tuberculosis. The sequencing effort also

identified two unrelated families of acidic, glycine-rich proteins carrying the Pro-

Glu (PE) and Pro-Pro-Glu (PPE) motifs, which are encoded by 10% of the coding

capacity of the genome. These proteins represent a major source of antigenic variation

(Choudhary et al., 2003; Chakhaiyar et al., 2004), and may interfere with immune

responses by inhibiting antigen processing (Talarico et al., 2005). These variations

may lead to the predominant differences in pathogenesis between the Mycobacterium

species.

Genetic diversity of M. tuberculosis

Recent work with comparative whole-genome hybridization as well as deoxyribonu-

cleic acid (DNA) sequencing has revealed the population genetics of M. tuberculosis.

This species is highly geographically structured and can be divided into six main

phylogeographical lineages (Gagneux et al., 2006) despite a low level of diversity

compared to other pathogens (Sreevatsan et al., 1997; Comas et al., 2010). Impor-

tantly, these lineages include two West African lineages that are also known as M.

africanum and do not occur elsewhere. This shows that the M. tuberculosis pathogen

has likely adapted to specific human populations. This is also of particular interest
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Characteristic Tuberculosis Leprosy

Pathogen

Main species M. tuberculosis M. leprae

Doubling time 16-24 hours 14 days

Growth in vitro 4-6 weeks in medium Cannot grow in vitro

Experimental hosts Mouse, rabbit, guinea pig Armadillo

Pathogen genome

Genome size 4.41 Mb 3.27 Mb

GC content 65.6% 57.8%

Protein coding proportion 90.8% 49.5%

Encoding genes 3,959 1,604

Pseudogenes 6 1,116

Clinical disease

Transmission Respiratory Respiratory or contact

Primary affected organs Lungs Skin, peripheral nerves

Other affected organs Lymph nodes, meninges Eyes, testicles

Classification Pulmonary / Extra-pulmonary Paucibacillary / Multibacillary

Table 1.1: A brief comparsion between tuberculosis and leprosy

to the studies in this thesis, since some of the case-control samples come from the

West Africa. This has important implications in genetic studies where genetic effects

may be population specific due to host-pathogen compatibility.

1.2.2 Mycobacterium leprae

Microbiology of M. leprae

M. leprae was identified by Armauer Hansen in 1873 as the first pathogen to cause

a major human disease (Figure 1.1) (Hansen, 1874). Despite this early identifica-

tion, microbiological research for the bacillus was slow due to the inability to culture

or infect animals with M. leprae. It was not until 1960, more than 80 years after

its identification, that limited infection of M. leprae was first demonstrated in mouse

footpads. The nine-banded armadillo was found to be the only immunocompetent an-

imal apart from humans that can be reliably infected (Kirchheimer and Storrs, 1971;

25



Kirchheimer et al., 1972). Today, M. leprae remains the only disease-causing bac-

terium that cannot be cultured in artificial media. Similar to other mycobacteria, M.

leprae demonstrates strong acid-fast staining with carolfuchsin. Under microscopy,

the bacilli are often observed grouping together to form clumps known as globi, and

in smaller clumps they characteristically appear like “bundles of cigars”. M. leprae

has a uniquely slow rate of multiplication even compared to other the slow-growing

mycobacteria, with a generation time of 11-13 days compared to 20 hours for M.

tuberculosis.

The M. leprae genome

The genome sequence of the leprosy bacillus was completed in 2001 (Figure 1.1).

The sequence from an armadillo-derived Indian isolate of the bacillus revealed an

extreme case of reductive evolution (Cole et al., 2001). At a size of 3.3 Mb, the

genome of M. leprae is significantly smaller than that of M. tuberculosis, and just

49.5% of this is functional and containing coding genes. Another 27% of the genome

is recognised as pseudogenes, and the remaining 23.5% of the genome does not appear

to be coding and may correspond to regulatory sequences or mutated gene remnants.

It is estimated that the bacillus may have lost more than 2,000 genes since diverging

from the last common mycobacterial ancestor with M. tuberculosis.

This sequencing effort identified M. leprae as an organism with the most degraded

genome known to date. It also provided explanations for the unique properties of the

bacterium. Due to the loss of genes coding for proteins in the metabolic pathway,

the ability of M. leprae to generate energy is very limited. This genetic reductionism

is thought to account for its slow rate of growth. Such reductive evolution has

been documented in obligate intracellular parasites such as Rickettsia and Chlamydia

species, due to the inactivation of genes whose functions are no longer required. As
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for M. leprae, having committed itself to a highly specialised niche in humans and

armadillos, the bacterium is relatively free from the evolutionary pressure experienced

by other microbes (Young and Robertson, 2001). As mutations are rarely reversed in

organisms that asexually reproduce without exchange of genetic material, deleterious

mutations accumulate and result in a highly degraded genome (a phenomenon known

as Muller’s ratchet (Felsenstein, 1974)). This has likely contributed to the degradative

genome of M. leprae.

Genetic diversity of M. leprae

Recent phylogeographic analysis has suggested that the population of M. leprae arises

from a single clone, due to its asexual reproduction by binary fission (Monot et al.,

2005, 2009). A total of 16 subtypes belonging to four main lineages have been identi-

fied, which show strong geographical association that reflects early human migration

patterns. This study suggests that the progenitor strain may have originated in East

Africa and spread to Europe and Asia. Notably, M. leprae shows a lack of diversity

with only 215 polymorphic sites throughout its 3.3 Mb genome. This may have im-

portant implications in host genetic studies, and points to the postulation that the

phenotypic variation may be more attributable to host factors.

1.2.3 Other important mycobacterial species

The Mycobacterium tuberculosis complex

Apart from M. tuberculosis, tuberculosis also be caused by few other closely related

mycobacteria: M. africanum, M. bovis, M. canetti and M. microti. M. africanum

is most closely related to M. tuberculosis and is often regarded as a lineage of M.

tuberculosis. It is common in West Africa and causes symptoms resembling those of
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infections by M. tuberculosis, except that the infection is less likely to progress to

clinical disease in immunocompetent individuals. M. bovis was once a common cause

of tuberculosis but has been largely eliminated by milk pasteurisation. M. canetti is

rare and M. microti is mostly seen in immunodeficient individuals. Together with

M. tuberculosis, these mycobacteria are collectively known as the Mycobacterium

tuberculosis complex. Previous work has shown that this complex lacks interstrain

genetic diversity with a rarity of nucleotide change (Sreevatsan et al., 1997).

Mycobacterium lepromatosis

Recently, a new Mycobacterium species M. lepromatosis was identified to cause a

distinct type of diffuse lepromatous leprosy, also known as diffuse leprosy of Lucio

and Latapi (Han et al., 2008). This type of leprosy is characterised by multiple,

well-defined purpuric lesions evolving into massive ulcerations, and is restricted to

patients from Mexico and the Caribbean. Phylogenetic analysis revealed significant

divergence from M. leprae with an overall level of nucleotide diversity of 90.9% (Han

et al., 2009), below the 95% level cut-off used to distinguish between species (Goris

et al., 2007).

1.3 Human immunity to mycobacteria

The immune system is the direct interface of the interaction between mycobacteria

and human. A proper understanding of immmunology is important for mycobacterial

research. In the context of genetics, understanding immunity against mycobacteria

has two advantages: to guide candidate gene studies and help interpret results of

genome-wide studies. In this section I briefly describe human immunity against

mycobacteria.
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The mammalian immune system uses two separate types of immunity to protect the

host against pathogens: innate and adaptive. The differences between the two sys-

tems are attributable to their specificity. The innate immune system is encoded by

the germ-line to provide a non-specific but immediate response, whereas the adaptive

immune system is specific and is generated de novo through somatic rearrangements

during B- and T-cell development (Medzhitov and Janeway Jr., 2000; Medzhitov,

2001). The subsequent B- and T-cell expansion is subject to the recognition of anti-

gens presented on major histocompatibility complex (MHC) on antigen-presenting

cells (APCs).

1.3.1 Immunology of tuberculosis

M. tuberculosis is considered one of the most successful pathogens, and has managed

to latently infect one third of the human population. Despite the highly sophisti-

cated mammalian immune system, M. tuberculosis has the ability to manipulate the

immune response to escape killing by host cells. Understanding the intricacies of this

interaction would help to identify genes affecting tuberculosis susceptibility and may

lead to vaccine and therapeutic development for disease control.

Innate immunity

Recognition of M. tuberculosis Immunity against M. tuberculosis starts with

the recognition of pathogen associated molecular patterns (PAMPs) on the mycobac-

terial cell wall by pattern recognition receptors on the host cells. Studies have found

that the human macrophage uses the mannose receptor and complement receptor

to recognise lipoarabinomannans on M. tuberculosis and phagocytose the bacterium

into the cells (Schlesinger et al., 1990; Schlesinger, 1993), whereas the dendritic cell

uses the receptor dendritic-cell specific intercellular molecule-3-grabbing non-integrin
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(DC-SIGN) to achieve the same result (Tailleux et al., 2003). These interactions have

been shown to inhibit the macrophage response to M. tuberculosis (Nigou et al., 2001;

Kang et al., 2005; Doz et al., 2007), suggesting that the bacterium may have utilised

these interactions to subvert the host defences as part of their virulence mechanisms.

Consistent with this, genetic associations between variants in DC-SIGN and suscep-

tibility to tuberculosis have been reported (Barreiro et al., 2006; Vannberg et al.,

2008).

Toll-like receptors (TLRs) are important receptors in the detection of pathogens and

activation of the immune response (Medzhitov and Janeway Jr., 2000; Medzhitov,

2001). Once stimulated by respective ligands, the receptor binds to an adaptor

molecule, myeloid differentiation factor 88 (MyD88) or MyD88-adaptor-like (MAL)

proteins, to activate a downstream signal cascade that stimulates pro-inflammatory

nuclear factor kappa B (NF-κB) mediated transcription (Horng et al., 2002). In vivo

studies have suggested that MyD88 mediates the immune response to M. tuberculosis,

with a greater than hundred-fold increased number of bacteria in the lung among

knockout animals (Fremond et al., 2004; Scanga et al., 2004). Several in vitro studies

also showed a central role of TLR2 in recognising M. tuberculosis (Brightbill et al.,

1999; Means et al., 1999; Underhill et al., 1999) by cooperating with TLR1 and

TLR6 (Bulut et al., 2001; Takeuchi et al., 2002). This is supported by several studies

suggesting an association between variants in TLR2 and susceptibility to tuberculosis

(Ben-Ali et al., 2004; Ogus et al., 2004; Thuong et al., 2007). These show that the

TLR pathway is important in the immunity to M. tuberculosis.

Intracellular events The innate immune system has developed several mecha-

nisms active in intracellular defence against M. tuberculosis. The human macrophage

is able to generate reactive oxygen intermediates (ROIs) and reactive nitrogen inter-

mediates (RNIs), which are unstable radicals that can kill mycobacteria by damag-
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ing their DNA. The importance of this pathway is demonstrated by children with

chronic granulomatous disease (CGD), who are hyper-susceptible to tuberculosis due

to a defective oxidative burst mechanism (Bustamante et al., 2007; Lee et al., 2008).

Phagosomes containing bacteria are normally diverted for lysomsomal fusion upon

phagocytosis, killing the bacteria by acidification and lysosomal digestion. How-

ever, being an obligate intracellular pathogen, M. tuberculosis has developed several

mechanisms to ensure its survival inside host cells. This includes its ability to ex-

clude radical generating enzymes (Davis et al., 2007) and to synthesise proteins to

protect its DNA (Martinez and Kolter, 1997; Colangeli et al., 2009). Certain virulent

strains of M. tuberculosis have been shown to arrest phagosomal maturation (Russell,

2001; Vergne et al., 2005) and with acidification inside the phagosomes (Vandal et al.,

2008).

Nevertheless, autophagy represents another major host defence mechanism to kill

M. tuberculosis. It is an evolutionarily conserved process in which cell components

are degraded by the lysosomal machinery (Deretic et al., 2009; Deretic, 2010), and

has been recently shown to be an effective defence mechanism against intracellular

pathogens including mycobacteria (Gutierrez et al., 2004; Levine and Deretic, 2007;

Biswas et al., 2008). Autophagy can be induced by the immunity-related guanine

triphosphatase family M (IRGM) (Singh et al., 2006) and TLRs (Sanjuan et al., 2007;

Delgado et al., 2008), and is regulated by cytokines as an integral part of the immune

response (Gutierrez et al., 2004; Singh et al., 2006; Djavaheri-Mergny et al., 2006;

Harris et al., 2007).

Adaptive immunity

Effector cells and cytokines The adaptive immune system is closely intertwined

with the innate immune system and is characterised by a specific response against
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pathogens by the B-cells or T-cells. In humans, the activation of adaptive immunity

against M. tuberculosis requires antigen presentation by MHC molecules on antigen

presenting cells (APCs) to T-cells, which are essential in the protective immunity

against tuberculosis. In particular, it is clear that CD4+ T-cells are central to immu-

nity against M. tuberculosis (Orme et al., 1992; Havlir and Barnes, 1999; Chackerian

et al., 2001; Khader et al., 2007). Several studies suggested that CD8+ T-cells may

also play a role (Flynn et al., 1992; Stenger et al., 1997; Liebana et al., 1999; Cho et al.,

2000). As for the cytokines, interferon-γ (IFN-γ) is an important cytokine which can

activate macrophages to kill mycobacteria, through regulating autophagy (Gutierrez

et al., 2004; Singh et al., 2006) and overcoming phagolysosomal block (MacMick-

ing et al., 2003). The release of IFN-γ is enhanced by interleukin-12 (IL-12) which

differentiates CD4+ T-cells into Th1-cells. Consistent with this, mutations in genes

encoding IFN-γ receptors (IFNGR1 and IFNGR2 ) and an IL-12 subunit (IL12B)

have been identified to cause unusual Mendelian susceptibility to environmental my-

cobacteria (Al-Muhsen and Casanova, 2008), highlighting the importance of type 1

cytokines in immunity against M. tuberculosis. The cytokine tumour necrosis factor

α (TNF-α) is important for the formation of granulomas (Kindler et al., 1989; Roach

et al., 2002; Algood et al., 2005). Individuals receiving anti-TNF therapy for chronic

inflammatory disease are at increased risk of developing tuberculosis (Gardam et al.,

2003).

1.3.2 Immunology of leprosy

Research in leprosy immunology has been hampered by the inability to culture the

bacterium in vitro and to infect laboratory animals with the exception of armadillos.

Nevertheless, certain overlap is observed between the immunological response to M.

leprae and M. tuberculosis. They are both intracellular pathogens recognised by the
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innate immune system, with a central importance of an adaptive T-cell response in

both diseases.

Innate immunity

Recognition of M. leprae Like M. tuberculosis, the human TLRs are crucial

for the recognition of M. leprae by macrophages and dendritic cells during innate

immunity. In vitro studies have shown that lipoproteins from M. leprae could activate

monocytes and monocyte-derived dendritic cells through TLR1 and TLR2 (Krutzik

et al., 2003), initiating a downstream signalling cascade for transcription of pro-

inflammatory cytokines (Tapping and Tobias, 2003; Quesniaux et al., 2004). Genetic

variants in TLR2 have been found to associate with susceptibility to lepromatous

leprosy (Kang and Chae, 2001; Kang et al., 2005). Other receptors likely to be

involved in recognizing M. leprae include the mannose receptor (Astarie-Dequeker

et al., 1999), complement receptors 1 and 3 (Schlesinger and Horwitz, 1991) and

DC-SIGN (Maeda et al., 2003; Koppel et al., 2004).

Adaptive immunity

Effector cells and cytokines The essential role of T-cells immunity against M.

leprae is supported by evidence of accelerated bacterial growth in neonatally thymec-

tomised (Rees et al., 1967) and congenitally athymic (Colston and Hilson, 1976) mice.

Furthermore, the wide range of clinical spectrum observed in leprosy is dictated by

the T-cell immune response. Tuberculoid leprosy has a predominant cell-mediated

immunity component with a Th1 immune response, whereas lepromatous leprosy

has a dominant humoral Th2 immune response (Modlin, 1994). Such a difference

may be determined by the cytokine milieu (Spellberg and Edwards Jr., 2001). A

preponderance of CD4+ T-cells with IFN-γ, IL-2 and lymphotoxin-α are observed in
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lesions from tuberculoid leprosy patients (Modlin et al., 1983b). Under the influence

of cytokines, particularly TNF-α, macrophages fuse to form the Langhans giant cells

in granuloma (Algood et al., 2005). In contrast, the CD8+ T-cells seem to predom-

inate in lepromatous leprosy with poor granuloma formation (Scollard et al., 2006).

The cytokines which predominate are IL-4, IL-5 and IL-10, showing a Th2 immmune

response profile.

Immunology of leprosy reactions

Type 1 reaction The type 1 reactions, also known as reversal reactions (RR),

are caused by enhancement of cellular immunity and delayed hypersensitivity to

M. leprae antigens. They usually affects about 30% individuals with borderline to

tuberculoid leprosy, and present with acute inflammation of the skin lesions or nerves.

They can arise spontaneously or follow start of therapy. Functional studies showed

increased number of CD4+ T-cells (Modlin et al., 1983a, 1988) with elevation in a

wide spectrum of cytokines including IL-2, IL-6, IL-12 and IFN-γ in reacting skin

lesions (Yamamura et al., 1992; Moraes et al., 1999).

Type 2 reaction The type 2 reactions are also known as the erythema nodosum

leprosum (ENL) reaction. They occur in about 10% of borderline lepromatous and

about 50% of lepromatous leprosy patients, and presents with systemic inflammation

affecting multiple organs. They may result in profound neurological deficit, skin

ulceration, fever, lymphadenitis, scleritis, uveitis and polyarthritis. Elevated levels of

cytokines, particularly TNF-α, are observed (Sarno et al., 1991; Barnes et al., 1992).

There is evidence that the type 2 reaction results from an inability to develop cell-

mediated immunity upon IFN-γ stimulation, the effect of which is channelled into

pathways that lead to enhanced humoral immune activity (Sampaio et al., 1992).
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1.4 The science of heredity

Genetics is the study of heredity. Genetics defines the relationship between genotype

and phenotype in a biological system, and seeks to understand the basis of how

information in DNA is transcribed to ribonucleic acid (RNA) and then translated to

protein (molecular genetics). Genetics in a border sense, however, embraces many

different branches of studies including population genetics, evolutionary genetics,

developmental genetics and others. Here I describe the general background of the

field and several key concepts pertinent in disease mapping.

1.4.1 General background of genetics

The field of genetics began in 1865 when Gregor Mendel described his experiments

with peas showing the inheritance of phenotypic traits. Working in the garden of his

monastery, he observed that the colours of the second generation peas consistently

showed a 3:1 ratio when he crossed pure breeding lines with each other. His observa-

tion led him to come up with the theory that there were two alternative forms of a

factor controlling the pea colour, with one form being dominant and the other being

recessive. These alternative forms were later known as alleles. During the formation

of gametes, alleles are separated such that each gamete receives one copy of the allele

(law of segregation). The diploid state in somatic cells is restored when two gametes,

one from each parent, combine during reproduction. As one allele is dominant and

masks its recessive counterpart in the heterozygous state, the offspring will show a

phenotypic ratio of 3:1 when parents of the two homozygous states are mixed. This

important work showed that hereditary information is transmitted in discrete units,

and illustrated the concept of allele dominance affecting a phenotypic trait.

In 1949, Linus Pauling described the first molecular disease in humans, when he
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and his colleagues attributed sickle cell anaemia to a change in the structure of

haemoglobin (Pauling et al., 1949). Using electrophoresis, they demonstrated that

individuals with sickle cell disease had a modified form of haemoglobin (HbS) in their

red blood cells. Individuals with the sickle cell trait showed the heterozygous state

with both the normal (HbA) and modified (HbS) forms. The cause of this structural

change was later identified to be due to a mutation resulting in the substitution of

glutamic acid with valine in the sixth amino acid position in the beta globin chain

(Ingram, 1956; Saiki et al., 1985). This was an important finding because it was the

first time that the molecular mechanism of a disease was understood. Moreover, this

mutation was also shown to be under natural selection, with an increased frequency

in regions where malaria was endemic due to the increased resistance to the parasite

of the heterozygous individuals (Allison, 1954).

The double helix structure of DNA was elucidated by James Watson and Francis

Crick in 1953 (Watson and Crick, 1953). Prior to their discovery, DNA was known to

be made of nucleotides with a phosphate residue, a deoxyribose sugar and one of the

four nitrogenous bases of adenine (A), cytosine (C), guanine and thymine (T). It was

also known that the DNA is highly symmetrical with an equal amount of adenine

and thymine, and cytosine and guanine (Wilkins et al., 1953). The model described

by Watson and Crick correctly described the double helix structure of DNA, with

sugar and phosphate forming two anti-parallel strands and the bases pointing into

the helix. It also described the hydrogen bonds linking the bases specifically, with

an adenine always pairing with a thymine, and a cytosine pairing with a guanine.

This discovery of the structure of DNA was essential to understanding how DNA is

duplicated, and how information is transcribed from DNA to RNA and translated

to protein which is commonly described as the “central dogma of molecular biology”

(Crick, 1958).
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The chain-termination method of DNA sequencing was first described by Frederick

Sanger in 1975 (Sanger and Coulson, 1975). By eliminating the 3-hydroxyl group

from nucleotides, he produced dideoxynucleotides incapable of forming phosphodi-

ester bonds for extension. These dideoxynucleotides (ddNTPs) are randomly incor-

porated into the DNA strands, resulting in fragments of varying length separable

by gel electrophoresis. The DNA bands can then be visualised by autoradiography

to determine the sequence. Another major breakthrough in molecular technology

was the invention and the development of polymerase chain reaction (PCR) by Kary

Mullis (Mullis and Faloona, 1987). The PCR allows in vitro amplification of DNA

by a cyclic three-step process of denaturation, annealing and extension, producing

billions of copies of a specific DNA segment in a few hours (Saiki et al., 1988).

The Human Genome Project was launched in 1990 (Watson, 1990). The aim of the

project was to map and sequence the human genome, which was estimated to contain

about three billion nucleotides. The project was completed in 2003, two years ahead

of schedule (Collins et al., 2003). The data provided a reference sequence for the

human genome, and covered 99% of the human genome with an accuracy of 99.99%.

At the time near the completion of the Human Genome Project, the International

HapMap Project (HapMap) was commenced with a goal to catalogue common genetic

variants, using a reference panel of 270 individuals from the USA, China, Japan and

Nigeria (The International HapMap Consortium, 2003, 2005). Over three million

variations were documented at the completion of phase II of the project (Frazer

et al., 2007). This effort provided the foundation for the subsequent genome-wide

association (GWA) studies which have unravelled many common variants affecting

common disease traits.
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1.4.2 Important concepts in disease mapping

One of the main goals of geneticists is to find genes that cause diseases and to under-

stand their underlying molecular mechanisms. This process involves quantifying a

genetic effect and determining the nature of the disease phenotype. This information

is then taken forward to the design of the experiment. In this section I discuss several

important concepts relevant to disease mapping.

Measuring genetic effects

The first step in mapping a disease is to determine whether the disease is genetic in

nature, that is, how much do genetic factors contribute to the disease. Heritability

(H2 or h2) refers to the proportion of phenotypic variation in a trait that is at-

tributable to genetic variation (Visscher et al., 2008). The heritability of a disease is

classically determined by twin studies. If a disease is heritable, the disease concor-

dance will be higher in monozygotic twins which have an identical genetic make-up,

than dizygotic twins who share only half of their genomes. Heritability can therefore

be determined by comparing disease concordance between the two types of twins,

which allows dissection of the genetic effects from the environmental effects. The

sibling relative risk (λS), which is the ratio of an individual’s risk given an affected

sibling compared to the general population, measures the combined effects of the

genes and environment shared by the siblings.

Defining the nature of phenotypes

The original work described by Mendel described inheritance of a dichotomous trait

determined by one genetic locus. However, organisms have many quantitative traits

such as height and weight that do not follow the simple Mendelian pattern of inher-
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itance. This became a source of debate between geneticists and biometricians, until

1918 when Fisher applied his statistical model to reconcile these concepts (Fisher,

1918). He proposed that a quantitative trait can be explained in Mendelian terms

as if it is determined by multiple genes. The theory predicts that a quantitative

trait is contributed by the additive effect of multiple loci each having a small effect.

Such a trait will approximate a normal Gaussian distribution, and the approximation

improves with more loci involved. Variability of the trait can be described by the

mean and variance of the distribution. This polygenic theory was later applied to

dichotomous traits like coronary artery disease and diabetes, that occur when the

additive sum of genetic effects surpasses a susceptibility threshold (Falconer, 1960).

These disease traits caused by multiple factors are called complex diseases and likely

include tuberculosis and leprosy. This will be discussed in more detail in Section

1.5.3.

Genetic variants and phenotypes

Humans are unique and are shaped by the environment as well as genetic variants.

These variants account for substantial phenotypic variability between humans, in-

cluding distinctive morphological characteristics (such as skin pigmentation and eye

colour) (Relethford, 2002; Liu et al., 2009) as well as susceptibility to diseases. Ge-

netic variations in humans occurs on many different scales, and can take the form

of single nucleotide polymorphisms (SNPs), copy number variations (CNV) or epi-

genetic changes. Single nucleotide polymorphisms (SNPs) are sequence variations in

the genome and account for a substantial proportion of genetic variability between

humans (Collins et al., 1998; Brookes, 1999). These variants are the main source of

variation studied in this thesis.

The last few decades saw a boom in our understanding of genetic variants in suscep-
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Characteristic Complex disease Mendelian disease

Disease

Relative incidence Common Rare

Disease onset Often late Variable

Public health impact Large Small

Example Hypertension Cystic fibrosis

Genetic variant

Genetic model Polygenic Monogenic

Allele frequency Common Rare

Effect size Small Large

Table 1.2: A generalised comparison of complex and Mendelian diseases

tibility to Mendelian diseases, with over 2,000 traits mapped to the human genome

to date. These diseases are relatively rare in the population and are typically caused

by one or few rare mutations of large effect sizes (Bodmer and Bonilla, 2008; Hindorff

et al., 2009). This is due to the fact that deleterious mutations are often lost to pu-

rifying selection during evolution, and are therefore rare in nature (Altshuler et al.,

2008). Due to this force of nature, common diseases, on the other hand, are usually

milder in severity with an onset beyond the reproductive age. This has led to the

common disease-common variant hypothesis, which proposes that common variants

would confer susceptibility to common diseases (Lander, 1996; Risch and Merikangas,

1996). This hypothesis is supported by candidate gene and subsequent GWA studies

identifying putative causal variants to common diseases.

It is noteworthy that despite identification of numerous common variants that con-

tribute to common diseases, these variants only contribute a part of the total genetic

effects. Indeed, work from recent GWA studies suggests that less than 20% of to-

tal genetic effects are caused by common variants (McCarthy and Hirschhorn, 2008;

Manolio et al., 2009). The remaining effects could be due to rarer variants of greater

effect sizes, structural variants, epigenetic imprinting and other mechanisms.
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Mapping by linkage and association

Once the phenotype is defined, genetic mapping can be performed in either of the two

approaches of linkage and association, each having its own merits and weaknesses.

The former approach is built upon the concept of linkage, which describes the ten-

dency of two or more genetic loci to be inherited together. This is because genes on

the same chromosome are aligned in a linear fashion (Morgan et al., 1920) and do

not assort independently of each other during meiosis. Linkage can be disrupted by

homologous recombination between the sister chromatids. Disease mapping by link-

age analysis involves genotyping markers that co-segregate with the disease status.

A marker is linked with a disease trait if it is inherited by diseased individuals more

often than expected by chance. The result can be reflected by the logarithm of odds

(LOD) score which describes the likelihood of linkage.

This linkage approach has been successful in identifying genetic variants of more

than 2,000 Mendelian traits. This has led scientists to envision genetic mapping to

common diseases which also show familial clustering (Altshuler et al., 2008). How-

ever, although Mendelian subtypes of common diseases like breast cancer (Welcsh

and King, 2001), hypertension (Lifton, 1996; Ji et al., 2008) and diabetes (Bell and

Polonsky, 2001) have been elucidated, these genes explain a tiny proportion of the

cases in the population. The use of linkage studies is also limited by their insuffi-

cient power to detect genetic variants of modest effect size (Dawn Teare and Barrett,

2005; Laird and Lange, 2006), which affect susceptibility to common disease traits

according to the common disease-common variant hypothesis (Lander, 1996; Risch

and Merikangas, 1996; Lohmueller et al., 2003). Therefore, the association approach

was advocated as a more powerful way to detect variants contributing to common

disease traits (Risch and Merikangas, 1996). This approach involves the collection of

unrelated samples in a population, followed by marker genotyping and comparison
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of the frequencies between cases and controls. It is built upon the concept of linkage

disequilibrium, which refers to the strong correlation of nearby genetic markers in a

population. The association signal of the disease variant can then be captured by

nearby tagging variants. This approach elicits a powerful way to survey the genome

by a subset of tagging markers in cases and controls. However, it has the disadvan-

tage of being prone to spurious results, if the cases and controls are not properly

matched with respect to ethnicity or other factors that influence the genetic compo-

sition (Devlin and Roeder, 1999).

The candidate gene and genome-wide approaches

Apart from linkage and association, genetic studies can also be categorised into the

candidate gene or the genome-wide approach. The fundamental difference between

the approaches lies with the a priori hypothesis of the experiment. The first step in

conducting candidate gene studies is the choice of a suitable candidate gene that may

plausibly play a relevant role in the disease process. Flanking markers in the gene

are then tested for evidence of linkage or association. This requires prior knowledge

on the function of the gene before the experiment. On the other hand, genome-

wide studies seek to survey the whole genome and therefore do not require a prior

hypothesis about any candidate gene. This has the advantage of being an unbiased

search for genetic variants, and can potentially identify novel genes that contribute

to disease susceptibility.

The advent of microarray technology has allowed many markers to be genotyped in

one experiment, and has taken association studies from a candidate gene to a genome-

wide approach. This was also fuelled by the International HapMap Project which

has identified numerous SNPs to allow alleles tagging (The International HapMap

Consortium, 2003, 2005). As such, the Wellcome Trust Case Control Consortium
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(WTCCC) was established in 2005 to explore the utility, design and analysis of

GWA studies as a proof-of-concept experiment, and has identified many novel vari-

ants affecting susceptibility to different diseases (The Wellcome Trust Case Control

Consortium, 2007). Chapters 3 and 4 in this thesis describe the studies to determine

tuberculosis susceptibility as part of the WTCCC experiment.

1.4.3 Genetics and human health

Genetics has helped us to understand the heredity of life and the basis of variations

between organisms. The use of genetic fingerprinting has been used in forensic inves-

tigations, and recently sequencing technology has been used to expand our knowledge

in the field of palaeoarchaeology (Rasmussen et al., 2010). In the medical context,

progress in genetics has enabled molecular diagnosis of numerous diseases ever since

1983 when the first gene was mapped in Huntington Disease. Human genetics has

expanded our knowledge in more than 2,000 Mendelian traits and provided a method

to diagnose diseases and predict risks.

Until recently our knowledge in disease genetics was largely on Mendelian traits. The

plethora of GWA studies in recent years has unveiled the genetic basis of many com-

mon diseases, and provided insights into novel disease mechanisms (Donnelly, 2008).

For example, variants associated with type 2 diabetes were found in genes that reg-

ulate pancreatic β-cell functioning, suggesting the importance of insulin secretion

rather than resistance in the disease process (Florez, 2008). Findings from GWA

studies of Crohn’s disease have pointed to autophagy and innate immune mecha-

nisms as being important in disease aetiology (Barrett et al., 2008). As for infectious

diseases, a recent GWA study has identified overlapping variants between Crohn’s

disease and susceptibility to leprosy (Zhang et al., 2009). Genetic variants determin-

ing the response to hepatitis C treatment have also been identified (Ge et al., 2009;
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Thomas et al., 2009). The finding of the near-complete resistance of CCR5 432

deletion to HIV-1 in a candidate gene study (Dean et al., 1996; Liu et al., 1996) has

provided insight for the development of novel therapeutic agents against the infection

(Fatkenheuer et al., 2008; Gulick et al., 2008; Hutter et al., 2009). These important

findings will increase our understanding of common diseases and ultimately improve

human health.

1.4.4 Genetics in infectious diseases

The above-mentioned concepts and techniques in genetics have been applied to stud-

ies of infectious diseases, which carry a major health burden for mankind. In this

section I discuss the background and progress in the field of genetics of infectious

diseases.

The role of host genetics

The role of host genetics in infectious diseases is supported by the epidemiological ob-

servation that individuals vary largely in their response upon exposure to pathogens

(Cooke and Hill, 2001). The accidental inoculation of M. tuberculosis to 249 infants in

1930 in Lubeck, Germany, left some individuals unaffected while killing many others.

Haemophiliac individuals who were erroneously transfused with HIV in the 1980s

have also shown significant differences in rates of progression to acquired immun-

odeficiency syndrome (AIDS). Apart from these specific incidents, the variability in

disease manifestation is also observed in routine clinical settings. Only 10% of indi-

viduals infected with M. tuberculosis develop clinical disease (Bloom and Small 1998)

with a highly variable presentation. Some patients rapidly progress to disseminated

tuberculosis while some develop chronic localised disease. Such variability applies to

leprosy which has a wide clinical spectrum between the tuberculoid and lepromatous
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forms, where the former is associated with few demarcated lesions and the latter with

disseminated infiltrates.

Well-conducted epidemiological studies have provided more direct evidence for the

role of host genetics in infectious diseases. Several studies in Burkina Faso in Africa

have shown consistently different P. falciparum infection rates between ethnic groups

(Modiano et al., 1996, 1999). A Danish study on the causes of death among adopted

children suggested that early death of a biological but not the adoptive parent from

infection increased the risk of death of the child from an infectious disease nearly

sixfold (Sorensen et al., 1988). This magnitude is greater than the respective risks

for cancers, cardiovascular and cerebrovascular diseases.

Major genes in infectious diseases

There are notable examples of common genetic variants affecting susceptibility to in-

fectious diseases. The observation that haemoglobinopathies occur more commonly

in places where P. falciparum infection is endemic has led John B. S. Haldane to

hypothesise that red blood cell disorders may protect against severe malaria. This

hypothesis was later confirmed by Anthony C. Allison, showing that sickle cell het-

erozygosity (HbAS) protects against falciparum malaria infection (Allison, 1954),

with a risk of only about 10% that of normal (HbAA) individuals. Furthermore,

absolute protection against P. vivax, another pathogen that causes malaria, is con-

ferred by the Duffy blood group negativity caused by homozygosity for a promoter

variant of the chemokine receptor gene DARC. Other well-known examples include

the above-mentioned near-complete resistance of homozygotes for a 32-bp deletion

in the CCR5 chemokine receptor gene to HIV-1 infection (Liu et al., 1996), and the

absolute resistance to norovirus infection in individuals with the non-secretor pheno-

type conferred by inactivating FUT2 mutations (Lindesmith et al., 2003). As these
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mutations are at reasonably common frequencies, they account for a significant pro-

portion of the phenotypic variation in the population and therefore are justified as

major genes.

1.5 Human genetics and mycobacterial diseases

Like many other diseases, susceptibility to mycobacterial diseases has a genetic com-

ponent. Numerous studies of different scales have been conducted to determine the

genetic factors for tuberculosis and leprosy susceptibility. Despite years of work,

progress in the field has been slow with very few examples of consistent and repro-

ducible genetic loci. In this section I describe the current progress in the field of

human genetics in susceptibility to mycobacterial diseases.

1.5.1 Genetic role in mycobacterial diseases

Early studies consistently suggested an important role for host genetics in suscep-

tibility to mycobacterial diseases. This is supported by a study showing significant

differences in infection rates among different ethnic groups after a tuberculosis out-

break in a nursing home (Stead et al., 1990). Individuals coming from areas of

low tuberculosis prevalence appeared to be more susceptible to tuberculosis (Stead,

1992). Moreover, twin studies have shown consistently higher disease concordance

rates for monozygotic compared to dizygotic pairs in tuberculosis (Comstock, 1978)

and leprosy (Chakravartti and Vogel, 1973).

1.5.2 Mendelian susceptibility to mycobacterial diseases

Studies of families with unusual mycobacterial infection have shown examples of

rare variants affecting susceptibility to certain mycobacteria. These patients usually
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present with susceptibility to mildly virulent species of mycobacteria like Bacille

Calmette-Guérin (BCG) or environmental mycobacteria, with a Mendelian pattern of

transmission in the family. Six genes have been identified to date and are intriguingly

all related to the type 1 cytokine pathway (Al-Muhsen and Casanova 2008). These

are the two chains of the IFN-γ receptor (IFNGR1 and IFNGR2 ) (Newport et al.,

1996; Jouanguy et al., 1999; Döffinger et al., 2000), a subunit of IL-12 (IL12B)

(Elloumi-Zghal et al., 2002; Picard et al., 2002) and its receptor (IL12RB1 ) (de Jong

et al., 1998), the signal transducer and activator of transcription (STAT1 ) (Dupuis

et al., 2001) and the NF-κB Essential Modulator (NEMO) (Filipe-Santos et al., 2006).

Although these mutations are rare and unlikely to account for common infections,

they support the genetic basis of mycobacterial diseases and reflect the importance

of the interferon-γ pathway in immunity against mycobacteria.

1.5.3 Common mycobacterial diseases as a complex phenotype

Although Mendalian susceptibility to mycobacterial diseases has been well described,

it only accounts for a small number of cases due to the rarity of the mutations.

Previous family linkage studies have suggested no major gene in tuberculosis (Bellamy

et al., 2000; Miller et al., 2004; Cooke et al., 2008). Thus, the host genetic component

is likely to be shared by multiple loci each exerting small effects (Kramnik et al.,

1998). This has an important implication for disease mapping, as a large sample size

is required to detect genetic variants of small effect sizes. Extensive follow-up and

combined analysis are therefore of paramount importance in finding true disease loci

(Donnelly, 2008).
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1.5.4 Genetic susceptibility to tuberculosis

Candidate genes from animal studies

Laboratory strains of mice show differential susceptibility to infections and may pro-

vide insight into the immunology of human tuberculosis (Blackwell, 1998). Two

genetic loci affecting tuberculosis susceptibility have been identified through animal

work. The first locus corresponds to the human gene SLC11A1 (solute carrier fam-

ily 11; also known as NRAMP, natural resistance-associated macrophage protein),

which encodes a divalent cation transporter protein that appears to be important

in macrophage activation (Nevo and Nelson, 2004). Significant associations between

variants in this gene and susceptibility to tuberculosis have been reported (Bellamy

et al., 1998; Greenwood et al., 2000; Li et al., 2006). The second locus corresponds

to the human gene SP110. Despite significant associations being reported for several

variants in the gene in West Africa (Tosh et al., 2006a), consistent replication was

not observed in subsequent studies (Thye et al., 2006; Babb et al., 2007; Szeszko

et al., 2007). Further surveys are necessary to determine the role of these genes in

susceptibility to tuberculosis.

Candidate genes studies in humans

The highly polymorphic human HLA genes encode proteins that present antigenic

peptides to T-cells. Given the importance of T-cell immunity in tuberculosis, alleles

of these HLA genes have been studied with tuberculosis susceptibility. Significant

associations have been observed at the HLA-DR2 locus in an Indian population (Ra-

jalingam et al., 1996) and the HLA-DQB1 loci in a Cambodian population (Goldfeld

et al., 1998). Apart from HLA, a number of non-HLA genes have also been studied

regarding susceptibility to tuberculosis. Significant associations have been reported
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in variants flanking VDR (Bellamy et al., 1999; Wilkinson et al., 2000; Selvaraj et al.,

2000; Bornman et al., 2004; Liu et al., 2004; Lewis et al., 2005), CD209 (Barreiro

et al., 2006; Vannberg et al., 2008), MBL (Mombo et al., 2003; Soborg et al., 2003;

El Sahly et al., 2004), TLR2 (Ben-Ali et al., 2004; Ogus et al., 2004), IFN-γ (Tso

et al., 2005; Etokebe et al., 2006), IL12B (Morahan et al., 2007; Sahiratmadja et al.,

2007), IL12RB1 (Akahoshi et al., 2003; Remus et al., 2004; Kusuhara et al., 2007)

and others (Cooke and Hill, 2001; Hill, 2006). However, none of these associations

are consistently replicated and none clearly reaches genome-wide levels of statistical

significance.

Genome-wide linkage studies

The genome-wide linkage approach has been used to study susceptibility to tubercu-

losis using microsatellite markers. A scan on patients with pulmonary tuberculosis

from The Gambia and South Africa has showed suggestive linkage with chromosomal

regions 15q11-13 and Xq (Bellamy et al., 2000). Evidence of linkage was observed

for chromosomal regions 6p21-6q23 and 20q13 (Cooke et al., 2008). Another linkage

study has showed signals at regions 10q26.13, 11q12.3 and 20p21.1 (Miller et al.,

2004). These inconsistent results are probably due to insufficient sample sizes and

low sensitivity of detection with linkage studies (Lin and Zou, 2004). It is of note

that these weaknesses in linkage studies are potentially ameliorated by the association

approach.
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1.5.5 Genetic susceptibility to leprosy

Candidate genes studies in humans

Due to the difficulty in growing M. leprae in animal models, candidate genes in lep-

rosy susceptibility were mainly identified through human studies. An early study

in an Indian population has shown significant associations between certain alleles at

the HLA-DR/DQ locus with leprosy susceptibility (de Vries et al., 1980; van Eden

et al., 1982; Xu et al., 1985), particularly with those corresponding to the HLA-DR2

serotype group (van Eden et al., 1980; Schauf et al., 1985; Rani et al., 1993). These

observations are consistent with the results of the gene-centric study described in

this thesis in Chapter 5. Various class I antigen associations were also suggested

(Shankarkumar et al., 2003), but no clear or consistent associations have been iden-

tified. Apart from the HLA region, significant associations have been reported in

VDR (Roy et al., 1999), TNF-α (Roy et al., 1997; Levee et al., 1997; Santos et al.,

2002; Vejbaesya et al., 2007; Franceschi et al., 2009), LTA (Alcais et al., 2007),

PARK2/PACRG (Mira et al., 2004) and others (Cooke and Hill, 2001; Hill, 2006),

of which several will be assessed and discussed in Chapter 5 in this thesis.

Genome-wide linkage studies

Genome-wide linkage studies have been performed to detect linkage in leprosy using

microsatellite markers. A family study on South Indians has found suggestive linkage

on chromosomal regions 10p13 and 20p12.3 (Siddiqui et al., 2001; Tosh et al., 2002b).

A consistent signal at chromosome 10p13 was observed in a separate Vietnamese

study, which also identified chromosome 6q25 as a susceptibility locus (Mira et al.,

2003). A subsequent study in Brazil identified three other chromosomal regions at

6p21.32, 17q22 and 20p13 with a non-significant linkage to leprosy (Miller et al.,
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2004). Overall, the strongest evidence of linkage was observed at the chromosome

10p13 locus.

Genome-wide association study

A GWA study on susceptibility to leprosy was conducted on a Chinese population

and recently published (Zhang et al., 2009). The primary study was conducted on 706

cases and 1225 controls, genotyped for more than 600,000 markers throughout the

genome. The study identified significant associations in the HLA-DR locus as well

as in five other genes, namely NOD2, RIPK2, TNFSF15 and CCDC122/C13orf31.

Interestingly, the genes NOD2, RIPK2 and TNFSF15 encode proteins that are in-

volved in the pro-inflammatory NF-κB pathway that activates IFN-γ, which is im-

portant in immunity against mycobacteria. Genetic variants of NOD2, TNFSF15

and CCDC122/C13orf31 have been reported to associate with Crohn’s disease (Bar-

rett et al., 2008), which has been speculated to have an infectious cause related to

Mycobacterium avium paratuberculosis infection (Pierce, 2009).

1.5.6 Genetic susceptibility to common mycobacterial diseases

Despite the identification of many genetic loci, the field of genetic susceptibility to

mycobacterial diseases is far from mature. Consistent and reproducible associations

across populations are scarce, and at best explain only a modest proportion of the

phenotypic variation. However, due to the relatively low level of diversity among

M. tuberculosis and M. leprae (particularly the latter), host genetics is likely to play

a major role in susceptibility to these mycobacterial diseases. This thesis presents

continuing work in the search for genetic variants affecting common mycobacterial

diseases in humans.
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1.6 Interactions between humans and mycobacteria

Understanding the host-pathogen interaction is important for disease mapping, as

pathogen infectivity may depend on both host and pathogen strains and their com-

patibility. In this section, I describe aspects of mycobacterial and human genetics rel-

evant to their interactions, and discuss evidence for the long-standing co-evolutionary

relationship between the two species.

1.6.1 Mycobacterial genetics and adaptation

Co-evolution is the process of reciprocal adaptive genetic change in two or more

species. Although the co-evolutionary relationship between humans and mycobac-

teria is difficult to prove, several observations suggest that such a relationship is

possible. Firstly, mycobacterial infections have a long history in humans with the

earliest evidence dating to several thousand years ago. This long term interaction has

allowed selection to take place over time. Secondly, tuberculosis and leprosy are both

chronic diseases, in which the manifestations are heavily dependent on the intimate

interactions between host cells and pathogens. Thirdly, tuberculosis and leprosy

are major infectious diseases with significant mortality and morbidity (The World

Health Organization, 2007, 2009), with a considerable proportion of patients at their

reproductive age. Fourthly, susceptibility to mycobacteria is a heritable trait and sig-

nificant genetic variation exists between individuals (Stead et al., 1990). Collectively,

these factors have provided a favourable condition for a long term co-evolutionary

relationship to build up between humans and mycobacteria. This relationship is

consistent with the hypothesis by John B. S. Haldane that pathogens can impose

evolutionary effects on their hosts. In fact, the evolutionary pressure of M. leprae on

humans may be underestimated, given the physical disfigurement and intense social

segregation associated with leprosy.
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The interaction between host and pathogen is a powerful determinant of the genetic

susceptibility to the infection (Woolhouse et al., 2002). The Red Queen hypothesis

suggests that ecological relationships between hosts and pathogens have strong evo-

lutionary effects on one another (Haldane, 1949; Lively and Dybdahl, 2000), which

would reciprocally select adaptive genetic changes on both species (Hamilton et al.,

1990; Howard and Lively, 1994; Peters and Lively, 1999). Examples of such reciprocal

traits in co-evolution include pathogen infectivity and host resistance, and function-

ally, the ability of the host to clear an infection versus the ability of the pathogen

to evade or suppress host defences (Woolhouse et al., 2002). The relationship be-

tween humans and mycobacteria shows features compatible with host-pathogen co-

evolution. Both M. tuberculosis and M. leprae are obligate intracellular parasites

and their virulence is associated with decreased fitness of the human host. Such

struggle for survival has likely imposed evolutionary pressure on both species result-

ing in readily observable reciprocal traits. Humans have developed a sophisticated,

multi-layered immune system to combat infectious agents including mycobacteria,

whereas certain mycobacteria have developed mechanisms to counteract host defence

through attenuation of host immunity (Doz et al., 2007; Singh et al., 2009), intracel-

lular phagolysosomal block (Russell, 2001; Vergne et al., 2005; Rohde et al., 2007),

inhibition of radical generation (Davis et al., 2007) and resistance to acidification

(Vandal et al., 2008).

Apart from reciprocal traits, recent genetic studies of mycobacteria also support

this co-evolutionary relationship between humans and mycobacteria. The genome

sequence of M. tuberculosis shows abundant genes encoding the PE/PPE families

of proteins (Cole et al., 1998) which may modulate inflammation upon infection of

the host (Nair et al., 2009). Moreover, substantial host-pathogen compatibility has

been demonstrated between different M. tuberculosis lineages and human populations

(Hirsh et al., 2004; Gagneux et al., 2006). As for M. leprae, molecular studies have
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shown its highly degradative genome compatible with its specialised parasitic niche

(Cole et al., 2001). These studies provide support for a co-evolutionary relationship

between humans and mycobacteria in nature.

1.7 Outline of this thesis

The aim of this thesis is to identify genetic loci contributing to susceptibility to the

common mycobacterial diseases of tuberculosis and leprosy. This thesis depicts the

efforts to dissect human immunity to mycobacteria, and marks the era of transition

from the candidate gene to the hypothesis-free genome-wide approach in mapping

infectious disease genes. I describe my work on several aspects of these projects.

Chapter 3 describes the WTCCC tuberculosis study, which is a GWA study based

on samples from the The Gambia. I describe the finding of a potential susceptibility

locus, as well as some difficulties encountered during the course of the study which

are informative on studying genetics in African populations.

Chapter 4 combines the results of the WTCCC Gambian tuberculosis study with a

Ghanaian tuberculosis study. This results in a combined study with a greater power

to detect genetic variants. Together with the replication cohorts, this study involves

over 10,000 samples and identifies two novel susceptibility loci. The results of this

study entail the most comprehensive survey of host genetic factors to tuberculosis

to-date.

Chapter 5 investigates genetic susceptibility to leprosy using a gene-centric microar-

ray. I present the results of this study with successful identification of two suscep-

tibility loci. In addition, I describe work on replicating several genetic loci from a

recent Chinese GWA study in the Indian populations.
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Chapter 6 describes an analysis on evidence of overlapping genetic loci between tu-

berculosis and leprosy. This lays the foundation to study host genetic factors for

both mycobacterial diseases. I further present work on a functional gene annotation

and pathway analysis. This identifies potentially important pathways for human

immunity against mycobacteria.

Finally, I summarise these results and discuss their potential impacts on improving

our understanding of anti-mycobacterial immunity. I also discuss the current devel-

opment and future direction for the field of medical genetics. It is hoped that these

scientific advances will bring us one step closer to the invention of new vaccines and

therapeutics for effective control of mycobacterial diseases.
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Chapter 2

Materials and Methods

2.1 Introduction

Population based genetic studies rely heavily on the collection of samples with well-

defined phenotypes, followed by accurate sample genotyping and statistical analysis.

This chapter describes the various tuberculosis and leprosy cohorts, laboratory meth-

ods and statistical analyses used in the studies described in this thesis.

2.2 Disease cohorts

2.2.1 Tuberculosis

The Gambia case-control cohort

The Gambia tuberculosis cohort consists of 1,498 pulmonary tuberculosis cases and

1,496 controls recruited from The Gambia. The diagnosis of tuberculosis was based

on compatible clinical features confirmed by culture or smear positivity. All cases that

were smear positive but culture negative had a radiographic confirmation, and were
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collected at major urban health centres (Lienhardt et al., 2002; Bennett et al., 2002).

All cases were above 15 years of age. The controls were newborns recruited from

routine births at local clinics (Jallow et al., 2009). The majority (>95%) of the cases

was screened for HIV-1, with positive cases excluded from the study because HIV

infection increases the risk of tuberculosis. All samples were obtained with informed

consent from the individuals who has donated blood, or their parents or guardians.

Ethical approval for the study was granted by the Medical Research Council (MRC)

and the Gambian government joint ethical committee.

Guinea case-control cohorts

Two tuberculosis cohorts were recruited from the West African countries of Guinea-

Bissau (Bissau) and the Republic of Guinea (Conakry) (Lienhardt et al., 2002; Ben-

nett et al., 2002). The tuberculosis cases were recruited at major urban health cen-

tres and included patients over 15 years of age with two consecutive positive sputum

smears or positive culture. Community members with no history of tuberculosis were

recruited as controls. The total number of HIV-1 negative samples in the Bissau-

Guinean set was 254 with 138 cases and 116 controls, and the Conakry-Guinean set

had a total of 345 samples with 178 cases and 167 controls. All samples were obtained

with informed consent for this tuberculosis study. Ethical approval was provided by

the Ministry of Public Health, Guinea-Bissau and the National Ethics Committee,

Ministry of Health, Republic of Guinea.

Malawi case-control cohort

Tuberculosis case and control samples were recruited as part of the Karonga Preven-

tion Study (KPS) based in the Karonga district in northern Malawi (Fitness et al.,

2004). Tuberculosis cases were recruited in health centres with the diagnosis con-

57



firmed by sputum smear, bacteriological culture or lymph node aspirate histology.

Extra-pulmonary tuberculosis cases were excluded from this genetic study. Samples

with a single smear of less than 10 bacilli were excluded. Controls included individu-

als with no history of tuberculosis or leprosy and were matched for age, sex and area

of residence. HIV-1 samples were excluded from the analysis. The total number of

samples for analysis was 1,512 with 320 cases and 1,192 controls. All samples were

obtained with informed consent for this tuberculosis study. Ethical approval was

obtained from the National Health Sciences Research Committee of Malawi and the

London School of Hygiene and Tropical Medicine Ethics Committee.

Ghana case-control and family cohorts

Tuberculosis patients were enrolled at seventeen different hospitals in Accra and Ku-

masi, Ghana (Herb et al., 2008; Thye et al., 2009). Tuberculosis cases were diagnosed

with by clinical pictures with radiological confirmation and consisted of 2,147 indi-

viduals. All patients were screened for HIV status, and only HIV negative cases were

included in this study. The control samples consisted of 5,565 samples collected in

two batches - 3,551 healthy adults with no history of tuberculosis, and 2,014 children

with a median age of 20 months. In addition, 332 parent child trios or duos were

also collected for family studies. The study protocol was approved by the Committee

on Human Research, Publications and Ethics of the Kwame Nkrumah University of

Science and Technology, and the Ethics Committee of the Ghana Health Service,

Accra. Venous blood samples were taken with informed consent of the patients or

their guardians.
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2.2.2 Leprosy

New Delhi case-control cohort

The New Delhi leprosy cohort consists of 258 leprosy patients and 300 controls re-

cruited from the Hansens out-patient unit of Lok Nayak Jai Prakash Hospital in New

Delhi, India (Malhotra et al., 2005, 2006). Diagnosis of leprosy was made by at least

two independent leprologists with standard histopathological examination of affected

skin lesions. Classification of leprosy was based on clinical (Norman et al., 2004) and

histological criteria (Ridley and Jopling, 1962, 1966). Patients were classified either

as multibacillary (MB, with a bacterial index >0), a group that included patients

with lepromatous (LL), borderline lepromatous (BL) and borderline (BB) leprosy;

or as paucibacillary (PB, with a bacterial index of 0) which included patients with

borderline tuberculoid (BT) and tuberculoid (TT) leprosy. Multibacillary leprosy

was characterised by the presence of six or more skin lesions that were smaller in

size, tending to be bilaterally symmetrical with about 10-40% loss of sensation. Pau-

cibacillary leprosy was characterised by the presence of large well-defined skin lesions

which were less than five in number, dry and with almost 90-100% loss of sensation.

The controls consisted of unrelated individuals with no history of leprosy or tubercu-

losis, and were matched to the same geographical area. An informed written consent

was obtained from all the individuals. The study was approved by the Jawaharlal

Nehru University ethics committee.

Kolkata case-control cohort

This cohort consists of 220 cases and 162 controls recruited at the School of Tropical

Medicine, Kolkata, India (Roy et al., 1997, 1999). Diagnosis was based on the clinical

assessment of skin lesions and peripheral neuropathy, plus the presence of acid-fast
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bacilli in slit-skin smear examination. Diagnosis of lepromatous leprosy required the

presence of diffuse skin lesions with numerous acid-fast bacilli in slit-skin smears taken

from at least three parts of the body, including one from an ear lobe. Tuberculoid

leprosy was defined by the presence of asymmetrical well-defined lesions with a dry

surface and the absence of detectable acid-fast bacilli. Borderline leprosy patients

were not recruited for this study. The control samples were from blood donors visiting

the Swasti Blood Clinic, Kolkata. Controls included for this cohort were unrelated

and seronegative for antibodies to the HIV virus, Treponema pallidum, and hepatitis

B surface antigen. Both patients and control groups included Hindus, Muslims, and

Christians; and the Hindus included four castes: Brahmins, Vaidyas, Kaisthas, and

Shudras. The cases and controls were matched for the ethnic groups. Informed

consent was obtained from all the individuals in this study.

Madurai family cohort

The Madurai leprosy cohort consists of families affected by leprosy recruited from

Sakthi Nagar and Kumbakonam in Tamil Nadu, India (Siddiqui et al., 2001; Tosh

et al., 2002a, 2006b). All patients were diagnosed based on the World Health Organ-

isation (WHO) guidelines with clinical signs including hypopigmented skin lesions

and peripheral neuropathy, and were classified according to the Ridley and Jopling

classification (Ridley and Jopling, 1962, 1966). A total of 754 individuals from 189

nuclear families, including 17 families with one affected child, 161 families with two

affected children and 11 families with more than two affected children were included

in this study.
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2.3 Laboratory Methods

2.3.1 DNA extraction and quantification

DNA extractions for the tuberculosis samples were performed from blood using the

Nucleon II kit (Scotlab Bioscience, Buckingham, UK). The extractions for the leprosy

samples was performed using phenol chloroform (Malhotra et al., 2005, 2006) or

sodium chloride salt (Roy et al., 1997, 1999) extraction. DNA concentrations were

determined using PicoGreen (Invitrogen, Carlsbad, USA).

2.3.2 Polymerase chain reaction

Polymerase chain reactions (PCR) were performed prior to genotyping or sequencing.

The PCRs for the genotyping assays were performed with the Qiagen HotStarTaq

DNA Polymerase with a mixture of 2µL of 10ng/µL DNA, 0.63µL of 10X Qiagen

PCR buffer (contains 15mM MgCl2), 0.33µL of 25mM MgCl2, 0.31µL of 8mM dNTP

mix, 0.5µL of primer mix at 1µM each, 0.5 units of HotStarTaq DNA polymerase

and deionised water to a 5µL final volume. The reactions were performed on Tetrad

thermocyclers (MJ Research, USA) with conditions as follows: 95◦C for 15 minutes,

followed by 35 cycles of 94◦C for 15 seconds, 55-65◦C for 30 seconds, 72◦C for 30

seconds, and a final extension of 72◦C for 5 minutes.

The long-range PCRs for sequencing were performed with the Invitrogen SequalPrep

Long PCR Kit with a mixture of 1µg of 3.3ng/µL DNA, 2µL of 10X SequalPrep

reaction buffer (contains 15mM MgCl2), 0.4µL of dimethyl sulfoxide (DMSO), 0-2µL

of 10X SequalPrep enhancer A, 0-2µL of 10X SequalPrep enhancer B, 1µL of primer

mix at 10µM each, 1.8 units of SequalPrep DNA polymerase and deionised water to

a 20µL final volume. The reactions were performed on Tetrad thermocyclers (MJ

Research, USA) with conditions as follows: 94◦C for 2 minutes, followed by 10 cycles
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of 94◦C for 10 seconds, 55-65◦C for 30 seconds, 68◦C for 1 minute / Kb, followed by

25 cycles of 94◦C for 10 seconds, 55-65◦C for 30 seconds, 68◦C for 1.33 minute / Kb,

and a final extension of 72◦C for 5 minutes.

2.3.3 Whole genome DNA amplification

Samples with low DNA quantity were amplified with the GenomiPhi Amplification

Kit (GE Healthcare, UK). This uses the multiple displacement amplification technol-

ogy with φ29 DNA polymerase and random hexamers that non-specifically amplify

the input DNA. Successful amplification was indicated by a positive smear on agarose

gel electrophoresis of the undiluted product, and confirmed with Picogreen quantifi-

cation. The amplified products were diluted to the desired concentrations before

further downstream applications.

2.3.4 Agarose gel electrophoresis

Agarose gels were prepared at concentrations of 2-3% by mixing agarose powder

(Sigma-Aldrich, UK) to 1X Tris acetate (TAE) buffer (Sigma-Aldrich, UK). The

mixture was heated in a microwave oven until complete dissolution. After cooling

5µL of ethidium bromide per 100µL of solution was added and swirled, and the gel

was poured to a suitable gel tray to set. Samples were loaded with xylenol orange dye

and electrophoresis was performed at 100 volts for 30-60 minutes before visualization

by ultraviolet transillumination.
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2.3.5 Genotyping assays

Restriction fragment length polymorphism

Restriction fragment length polymorphism (RFLP) assay was used for genotyping by

incubating PCR products with a suitable restriction enzyme, for 4 hours to overnight

at a temperature specified by the manufacturer. The digested products were sepa-

rated by agarose gel electrophoresis and visualised with ultraviolet transillumination.

Sequenom primer extension assay

The Sequenom MassArray primer extension assay uses a multi-staged approach to

genotype SNPs based on mass spectrometry (Gabriel and Ziaugra, 2004). The first

stage involves a multiplexed PCR resulting in products of approximately 100bp. This

is followed by extension of an oligonucleotide probe over a polymorphic site with a

mixture of deoxynucleotides and dideoxynucleotides, producing extended products of

different sizes detectable by matrix-assisted laser desorption / ionisation time-of-flight

(MALDI-TOF) mass spectrometry.

LightTyper melting curve assay

The LightTyper melting curve assay works by detecting a difference in the melting

patterns between the post-amplified DNA strands of different genotypes (Bennett

et al., 2003), using fluorescence resonance energy transfer in a LightTyper device

(Roche Diagnostics, Germany).
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DNA microarray genotyping

Recent advances in DNA microarray technology have allowed a large number of poly-

morphisms to be genotyped at one time. These chips often consist of oligonucleotide

probes arrayed at high density, which are hybridised to the DNA templates to give

fluorescence or chemoluminescence corresponding to the genotype. This technology

has greatly increased throughput and enabled genome wide studies to be conducted.

Two different microarray chips have been used in the studies described in this thesis.

The Gambian samples in the tuberculosis study in Chapter 3 were genotyped with the

GeneChip Human Mapping 500K Array Set (Affymetrix, USA), which was made up

of two arrays (Nsp and Sty) collectively capable of genotyping about 500,000 random

SNPs throughout the genome. The New Delhi Indian samples in the leprosy study

in Chapter 5 were genotyped with the HumanCVD Genotyping BeadChip (Illumina,

USA) which had about 50,000 markers covering approximately 2,100 genes in the

genome.

2.3.6 Solexa DNA sequencing

DNA sequencing was performed using the Genome Analyzer IIx (Illumina, USA) in

the WTCCC tuberculosis study in Chapter 3. The first stage of the experiment in-

volved preparing libraries of genomic DNA. The target regions for resequencing were

amplified as described in Section 2.3.2. The purified PCR products were sheared

to less than 800bp fragments using an adaptive focused acoustic nebuliser (Covaris,

USA), and the overhangs were repaired using T4 DNA polymerase and Klenow DNA

polymerase. These blunt ended phosphorylated DNA fragments were then extended

and ligated to adapters. After further purification and amplification, the DNA tem-

plates were loaded onto a flow cell for analysis.
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The second stage of the experiment involved the sequencing-by-synthesis reaction on

the flow cell. The reaction was performed with four fluorescent labelled nucleotides

(A, C, T, G), which were incorporated into the DNA fragments according to the

sequence on the template. The image of the emitted fluorescence from each cluster

was captured after laser excitation. Because of the high densities of molecules on the

flow cell, tens of millions of DNA templates can be sequenced at the same time.

2.4 Statistical and analytical methods

2.4.1 Power calculation

The power to detect genetic association was calculated using a summarised non-

centrality parameter (λ) in a non-central χ2 distribution (Patnaik, 1949). The non-

centrality parameter λ is a function of the sample size, allele frequencies in the cases

and controls, and the correlation between the marker and the disease-causing variant

which is given by

λ =
2r2NcaseNctrl(Fcase − Fctrl)

2

N(F )(1− F )
(2.1)

where N is the number of cases and controls, F is the frequency of the risk allele,

and r2 is the correlation between the marker and the disease-causing variant. The

probability of a type II error (β) is given by χ′21 (λ), which is the cumulative distri-

bution function of the non-central χ2 distribution with 1 degree of freedom with a

non-central parameter λ. The power of the test can be calculated by by 1-β.

2.4.2 Genotype calling

Digested PCR products in the RFLP assays were transilluminated with ultraviolet

light. The sizes of the bands were determined by comparing side-by-side to the DNA

ladder, and genotypes were called by visual inspection. Genotypes for the Sequenom
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assay were called with the MassARRAY Typer software (Sequenom, USA). After

automated calling, visual inspection of the cluster plots were carried out for every

SNP. Genetic variants with non-segregating genotype clusters were discarded from

analysis. Individual genotypes with ambiguous calls were marked as no call. Samples

with genotype calls of less than 70% in an assay were discarded from the analysis.

Genotypes for the GeneChip Human Mapping 500K Array Set were called using the

CHIAMO algorithm, which uses a Bayesian hierarchical four-class mixture model to

call genotypes (The Wellcome Trust Case Control Consortium, 2007). All genotypes

were based on a posteriori call probability threshold of 90%, which resulted in a dis-

cordance rate of 0.48% in the tuberculosis study, based on about 50 million duplicate

genotypes. Genotypes for the HumanCVD Genotyping BeadChip were called using

the BeadStudio Genotyping Module (Illumina, USA) with a calling threshold for 0.15

on the GenCall score (Browning and Yu, 2009).

2.4.3 Hardy-Weinberg equilibrium

The Hardy-Weinberg equilibrium describes the relationship between allele frequen-

cies and genotype frequencies (Hardy, 1908; Weinberg, 1908). In a large non-random

mating population under no selection, migration or non-random mating, these fre-

quencies are constant at an equilibrium from generation to generation. Let p and

q represent the frequencies of two alleles M and m of a polymorphism such that

p+ q = 1, the genotype frequencies under the Hardy-Weinberg equilibrium are given

as follow

p2 + 2pq + q2 = 1 (2.2)

Where p2 and q2 represent frequencies of the MM and mm homozygotes, and 2pq

represents the frequency of the Mm heterozygote. In the context of association

studies, the genotype frequencies of the SNPs can be compared to their expected
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frequencies under the Hardy-Weinberg equilibrium with the Pearson’s χ2 test at 1

degree of freedom. Significant deviation may indicate genotype errors and is therefore

used as a quality control criterion (Gomes et al., 1999; Hosking et al., 2004). The

threshold of p < 0.001 was used to indicate significant deviation in this thesis unless

otherwise specified.

2.4.4 Genome-wide analytical methods

Identity-by-state analysis

The crux of association studies lies in comparing gene frequencies between unrelated

cases and controls. The presence of duplicated samples or closely related individuals

may skew the frequency estimates through linkage and therefore give rise to spurious

associations. To identify these samples in genome-wide studies, the identity-by-state

(IBS) relationships between each pair of individuals were analysed. The genome-wide

identity-by-descent (IBD) can be calculated from the IBS information. Each pair of

samples showing evidence of duplication or cryptic relatedness was investigated, and

the sample of the lower genotype rate in each pair was discarded for subsequent

analysis. The thresholds used in the studies in this thesis will be discussed in the

relevant result chapters.

Multidimensional scaling analysis

Population stratification can give rise to false positive associations (Devlin and Roeder,

1999; McCarthy et al., 2008). To understand the population structure between sam-

ples, multidimensional scaling (MDS) was used to analyse the identity-by-state re-

lationships of each pair of individuals in genome-wide studies. It is a multivariate

statistical method to explore similarities and dissimilarities between each pair of data,
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and approximate them into low-dimensional spaces through preservation of these re-

lationships. The location of these items, representing individuals in the studies, can

then be visualised on two-dimensional plots. It has been shown to have comparable

type 1 error, power and bias with principle component analysis (PCA) (Zhu and Yu,

2009) which is an equivalent method used in exploratory data analysis. The MDS

analysis was performed for the study samples either with or without the reference

samples from the International HapMap Project, which includes 270 individuals from

four human populations of European Amerian (CEU), Han Chinese (CHB), Japanese

(JPT) and Yoruban Nigerian (YRI) (The International HapMap Consortium, 2003,

2005).

Quality controls and significance thresholds

Apart from the identity-by-state and multidimensional scaling analyses, genome-

wide studies have other quality control measures including genotype and sample

call rates, overall heterozygosity and cluster plot inspection. Different thresholds

should be applied to the significance tests of genetic association and Hardy-Weinberg

equilibrium, due to multiple testing in GWA studies. Details of these measures and

thresholds will be discussed in the relevant result chapters.

2.4.5 Single locus tests of significance

Several tests were used for testing single locus association. These include the Pear-

son’s χ2 test, the Cochran-Armitage test for trend and the logistic regression model.

The null hypothesis of no association was rejected at a conventional threshold of

p < 0.05, except in high throughput genotyping where multiple testing warranted

otherwise specified thresholds.
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Pearson’s χ2 test

Genotype or allele counts can be tested for association using the Pearson’s χ2 test.

The χ2 statistic tests for departure of the observed values from the expected values

across cells in a contingency table. It is the sum of the squared differences between

the observed values (Oi) and the expected values (Ei) as given by

X2 =
n∑

i=1

(Oi − Ei)
2

Ei
(2.3)

where n is the number of possible outcomes, and X2 is the test statistic that asymp-

totically approaches a χ2 distribution. In Pearson’s χ2 test, a 2 x 3 contingency table

with 2 degrees of freedom can be used to determine a genotypic association, whereas

a 2 x 2 contingency table with 1 degree of freedom is used for allelic, dominant and

recessive models of associations. Using the notations from Table 2.1 for the allele

counts in a case-control study, the test statistic for the allelic test can be calculated

by

X2
allelic =

r(p1q2 − p2q1)2

pqr1r2
(2.4)

which follows a χ2
1 distribution under the null hypothesis. However, it should be

noted that the allelic test is incorrect if the Hardy-Weinberg equilibrium does not

hold in the combined case-control population. Furthermore, the more conservative

Fisher’s exact (2 x 2 table) and the Fisher-Freeman-Halton exact (2 x 3 table) tests

should be used for a table with any cell count less than five.

Cochran-Armitage test for trend

Apart from the Pearson’s χ2 test, inference about the null hypothesis can be based on

the Cochran-Armitage test for trend (Cochran, 1954; Armitage, 1955). It tests for a

linear trend of disease risk across the genotypes, and has the advantage of being robust

against departure from the Hardy-Weinberg equilibrium (Sasieni, 1997). Taking the
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Genotype count mm Mm MM Total

Case a0 a1 a2 a

Control b0 b1 b2 b

Total c0 c1 c2 c

Allele count m M Total

Case p1 p2 p

Control q1 q2 q

Total r1 r2 r

Table 2.1: Notation for genotype and allele counts in a case-control study

notations for the genotype counts in Table 2.1, the general form of the test is

X2 =
c(c
∑
aixi − a

∑
cixi)

2

a(c− a)[c
∑
cix2i − (

∑
cixi)2]

(2.5)

where xi are weights assigned to each genotype. To assess the additive effect of an

allele on disease risk, substitute xi = i, i = 0, 1, 2 into the equation to get the trend

statistic

X2
trend =

c[c(a1 + 2a2)− a(c1 + 2c2)]
2

a(c− a)[c(c1 + 4c2)− (c1 + 2c2)2]
(2.6)

which follows a χ2
1 distribution under the null hypothesis. The trend test is most

powerful if and only if the allele effect is exactly co-dominant, i.e., the homozygous

odds ratio is the square of the heterozygous one. As the trend test is robust to

departure from the Hardy-Weinberg equilibrium, it was used as a primary test of

association for the study in Chapter 5.

Generalised linear model

The generalised linear model uses ordinary least square regression to relate an out-

come to independent variables with a link function. In disease association, the out-

come is a binary phenotype which is related to the genotype and other variables

through a logit link in a logistic regression model. The variables can be either
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categorical or continuous. The logistic regression model offers a way to study the

relationships between genotypes and phenotypes after correcting for possible con-

founders, such as age, gender, ethnicity and HIV status in the context of infectious

disease genetic studies. This is important in association studies with populations of

diverse ethnic background, which may necessitate correction for ethnicity to study

the independent effects of SNPs. It can also be used to study the effect of the SNPs

under additive, dominant and recessive models. The logistic regression was used in

the studies in Chapters 3 and 4.

The logits and natural logarithm of odds of the binomial probabilities are modelled

as a linear function of Xi as follows:

logit(pi) = ln (
pi

1− pi
) = β0 + β1X1,i + β2X2,i + · · ·+ βkXk,i (2.7)

The unknown parameters βj can be determined by the maximum likelihood estimate.

Transmission disequilibrium test

The genotype data in the family studies were analysed with the transmission dise-

quilibrium test (TDT) (Spielman et al., 1993). It is a family based association test

which measures the over-transmission of an allele from heterozygous parents to af-

fected offspring. This is robust to population stratification and detects linkage only

in the presence of genetic association (Laird and Lange, 2006). However, it is worth

noting that this test has a low power compared to case-control analyses, making it

specific but not sensitive in detecting association (Carey and Williamson, 1991; Laird

and Lange, 2006).

The test is built upon Mendelian inheritance that, each parent only passes one of

their two alleles to their offspring. Let M and m be the two alleles at a SNP. For a

set of n heterozygous parents of an affected offspring with alleles M and m at a SNP,
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let b be the number of parents transmitting M but not m, and c be the number of

parents transmitting m but not M to the offspring, the TDT statistic is given by the

McNemar statistic as:

X2
tdt =

(b− c)2

b+ c
(2.8)

which follows a χ2
1 distribution under the null hypothesis. This test was used to

analyse the family data in the study in Chapter 5.

2.4.6 Combining different studies

Mantel-Haenszel test

Genotype or allele counts from different study populations were combined and anal-

ysed using the Mantel-Haenszel test (Mantel and Haenszel, 1959), which evaluates

the common effect size and evidence of association across K populations. For 2 x 2

contingency tables in K populations, taking notations for the allele counts in Table

2.1, the Mantel-Haenszel estimator of the effect size is

ψ̂mh =

∑
(p1kq2k/rk)∑
(p2kq1k/rk)

(2.9)

where pjk, qjk and rk are the observed frequencies in the kth population. The Mantel-

Haenszel test statistic is given by

X2
mh =

[
∑

(p1kq2k − p2kq1k)/rk]2∑
{(r1kr2kpkqk)/[(rk − 1)r2k]}

(2.10)

which follows a χ2
1 distribution under the null hypothesis. It should be noted that

as the Mantel-Haenszel test assumes a fixed effect for each of the included studies,

the test is only valid when there is no significant heterogeneity between them. The

homogeneity of odds ratio can be tested with the Breslow-Day test (Breslow and

Day, 1980). The Mantel-Haenszel test was used for combining studies from different

case-control populations in Chapter 5.
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Fisher’s combined test

The Fisher’s combined test can be used to combine statistics from several studies

(Fisher, 1922), and is given by

X2
fisher = −2

∑
logePk (2.11)

χ2
1 where Pk is the P -value for the kth hypothesis test. The test statistic follows a χ2

2K

distribution under the null hypothesis. The meta-analysis null hypothesis is that all of

the separate null hypotheses are true, and the meta-analysis alternative hypothesis is

that at least one of the separate alternative hypotheses is true. Although this method

gives a combined statistics, it does not take effect size and direction. This test was

therefore only used to assess the aggregate gene-based statistics without inference

about the direction of effect in Chapter 6.

Inverse variance method

The inverse variance method represents another approach to combine results from

different studies (Fleiss, 1993; Cantor et al., 2010). This method relies on assigning

a weight to each study to determine the combined test statistic and effect size. As-

suming there is a fixed effect shared by all the K included studies and let Tk denote

the effect size of an allele for the kth study, the weight is equal to the reciprocal of

the study variance wk = 1/σ2. The meta-analysis effect size is given by

Tma =

∑
wkTk∑
wk

(2.12)

with the corresponding variance given by σ2ma = (
∑
wk)−1. The inverse variance test

statistic is given by

X2
ma =

(Tma)2

σ2ma

(2.13)

which follows a χ2
1 distribution under the null hypothesis. However, as with the

Mantel-Haenszel test, the fixed effect assumption is violated when there is significant
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heterogeneity between studies. In such cases, the statistic can be modified to a

random effects model (DerSimonian and Laird, 1986) which allows the effect in each

study to vary, by incorporating the between-studies variance τ2 to the weights given

by wk = 1/(σ2 + τ2). The combined statistic in the random effects model estimates

the mean of the distribution of effect sizes among the included studies and accounts

for the between-studies variance. The inverse variance method was used to combine

studies of different populations in Chapters 3 and 4.

Heterogeneity assessment

The assessment of heterogeneity is important because it can affect the choice of

statistical model for combining data (Ioannidis, 2007; Sagoo et al., 2009; Cantor et al.,

2010). The Q statistic has been proposed as a measure to test for heterogeneity

(Cochran, 1954) and is given by Q =
∑
wk(Tk − TM )2 taking the notations from

the inverse variance method. Under null hypothesis, the Q statistic follows a χ2
K−1

distribution. Furthermore, the I2 index has been used to quantify the extent of

heterogeneity (Higgins and Thompson, 2002) and is given by

I2 =


Q−(K−1)

c for Q > (K − 1)

0 for Q ≤ (K − 1)

(2.14)

2.4.7 Haplotypic analysis

Linkage disequilibrium

Linkage disequilibrium (LD) is the non-random association of alleles at two or more

genetic loci. Under the conditions of linkage equilibrium, alleles are passed to off-

spring independently of each other and without any association. However because of

incomplete recombination, alleles in close proximity to each other on the same chro-
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mosome are more likely passed to be passed on together. This results in a non-random

association of the two markers at a population level described as LD.

Although LD can be described by two commonly used estimates D′ and r2 (Hill

and Robertson, 1966; Lewontin, 1964), D′ values are known to fluctuate with small

numbers of samples or rare alleles. The coefficient r2 is most relevant in the context

of association mapping as there is a simple inverse proportion relationship between

r2 and the power to detect association (Mueller, 2004). Therefore the coefficient r2

has been used in the studies described in this thesis. Let M and m be alleles on the

first locus and N and n be alleles on the second locus so that the coefficient r2 is

given by:

r2 =
(PMN − PMPN )2

PMPmPNPn
(2.15)

where PM , Pm, PN and Pn represent the frequencies of the corresponding alleles.

The assessment of LD is important in fine-mapping disease associations, as well as

haplotypic analysis.

Haplotype reconstruction and test of significance

A haplotype is a combination of closely linked markers on the same chromosome,

which tend to be inherited together and not interrupted by recombination. Hap-

lotypic analysis is important in genetic mapping, because the association signal of

a casual variant may appear inconspicuous among its tagging markers until haplo-

types of different populations are compared. In addition, multiple casual variants

may interact to form a haplotype as a functional unit. In the studies described in

this thesis, blocks of haplotypes were reconstructed using the confidence interval def-

inition (Gabriel et al., 2002). The Pearson’s χ2 test was performed to compare the

haplotype frequencies between the cases and controls.
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2.4.8 Sequence analysis

Base calling quality

As described in Section 2.3.6, the DNA samples were prepared and resequenced using

the Genome Analyzer IIx. The resequencing was performed in single-end with a read-

length of 52 base pairs, with a quality score for each base. This score can be converted

to the standard Phred quality score Q (Ewing and Green, 1998; Ewing et al., 1998)

which is related to the probability of incorrect base calling by

Qphred = −10log10Perror (2.16)

For example, a Phred quality score of 20 will be translated as having 1 in 100 prob-

ability of being incorrect, with an accuracy of 99%.

Sequence alignment and variant calling

Sequence alignment was performed with the Novoalign software (www.novocraft.com).

Quality control filters were applied at several stages. The first 25 bases of each read

were used for analysis, since the base quality decreases with more errors further

along the sequence reads. Sequences with at least 13 good bases (Qphred ≥ 20)

were analysed. The alignment was performed with the NeedlemanWunsch algorithm

(Needleman and Wunsch, 1970) which assigns a positive score to a correct match

and a penalty to a gap or mismatch according to a similarity matrix. Satisfactory

alignments required reads have at least 95% identity with the reference sequence,

uniquely aligned with an alignment score of greater than 50. Furthermore, an align-

ment quality score was computed based on the probability of the alignment given the

read and the reference sequence. Reads with an alignment quality score of greater

than 20 were accepted.
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Finally, variant calling was performed by the VarScan software (Koboldt et al., 2009)

and required the region to have at least ten-fold coverage by the sequence reads.

Genetic variants with a frequency of more than 3% were called. The minor allele

frequency of a SNP is given by

MAFsnp =
R2

R1 +R2
(2.17)

where R1 is the number of reads carrying the most frequent base, and R2 is the

number of reads carrying the second most frequent base at a particular position.

2.4.9 Gene-based and pathway analysis

Gene-based statistic

The gene-based analysis involves integrating the SNP statistics into a single statistical

value for each gene, allowing the effects of the genes to be compared and studied.

To compute the gene-based statistics, all SNPs located within 50 kb of a gene were

considered, and gene regions with a SNP density of more than 50 SNPs/Mb were

analysed to ensure a satisfactory coverage. The statistical value for a gene was

calculated by Sidak’s combination method (Peng et al., 2010) given by

Pgene = 1− (1− Psnp)
n (2.18)

where Psnp is the P -value of the best SNP and n is the number of SNPs in the

gene. This gene-based approach using the best SNP statistics have been described

(Wang et al., 2007; Torkamani et al., 2008; Baranzini et al., 2009). This analysis was

performed to show the associations at previous candidate genes in Chapters 4 and 5,

as well as the gene-based analysis in Chapter 6.
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Identifying shared susceptibility

The evidence for shared susceptibility was tested by looking for over-representation

of genes significantly associated with both diseases. Chapter 6 describes the efforts

to identify potential shared genetic components between tuberculosis and leprosy,

as well as Crohn’s disease which is an inflammatory bowel disease with a possible

mycobacterial cause. This analysis was performed by the permutation and parametric

methods on the gene-based statistics.

The permutation analysis was performed by first calculating the proportion of genes

associated in both diseases in the study, at two thresholds of P < 0.05 and P < 0.01.

This gave the observed value for the proportion of genes associated with both diseases

(double positive genes). This was followed randomizing the gene labels 100,000 times,

each time calculating the proportion of double positive genes to obtain an empirical

distribution. The observed value was then compared to the empirical distribution to

give the permutation P -value

Ppermute = P (D > Dobs) (2.19)

where D represents the proportion values in the empirical distribution and Dobs

represents the observed value.

The parametric analysis was performed by comparing the counts of double positive

genes against a hypergeometric probability distribution. The probability of observing

k double positive genes is given by

Phypergeo = 1−
k∑

i=0

(
m

k

)(
N −m
n− k

)
(
N

n

) (2.20)

where N is the total number of genes in comparison, m is the number of associ-

ated genes in one disease and n the number of associated genes in the other disease

respectively.
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Gene annotation analysis

The genes analysed in Chapter 6 were annotated in reference to the Gene Ontology

project, a major bioinformatic initiative which aims to standardise the description

of gene products by providing a controlled set of vocabularies (Ashburner et al.,

2000). The annotation was performed by the Gene Ontology Enrichment Analysis

and Visualization Tool (GOrilla) (Eden et al., 2009) for the three main categories

of terms: Biological Processes (BP), Molecular Functions (MF) and Cellular Com-

ponents (CC). It determines whether a set of genes of a biological theme may be

over-represented in the dataset, by comparing the significantly associated genes at

P < 0.001 compared to the background list containing the genes in the study.

Pathway analysis

The pathway analysis in Chapter 6 was performed with the Ingenuity Pathway Anal-

ysis software (Ingenuity System Incoporation, USA) using a ranked list of genes with

their P -values. It tests for an over-representation of significantly associated genes

in a pathway. The canonical network was constructed by connecting the 25 most

associated genes at P < 0.001 in the aggregate mycobacterial susceptibility analysis,

with the unsupervised addition of several key molecules identified by the software.

2.4.10 Population differentiation

The fixation index FST is a measure of population differentiation based on frequencies

of genetic variants (Wright, 1921, 1952). Let pk denote the allele frequency of the kth

population and p denote the mean allele frequency of all the n included populations,

the FST statistic is given by the ratio of the variances as

FST =

∑k
i=1(pk − p)2

np(1− p)
(2.21)
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Population differentiation can arise due to local adaptation in geographically sepa-

rated populations, and is used as an indicator for recent natural selection. However,

it should be noted that it can also occur upon genetic drift and demographic history,

especially population bottleneck and migration.

2.4.11 Analytical softwares

The genotypes for the GeneChip Human Mapping 500K Array Set were called using

the CHIAMO algorithm (The Wellcome Trust Case Control Consortium, 2007), and

genotypes for the HumanCVD Genotyping BeadChip were called using the BeadStu-

dio Genotyping Module (Illumina, USA). The enumeration of genotype and allele

counts, quality control measures and association tests of significance were conducted

with PLINK v1.06 (Purcell et al., 2007), SNPTEST (Marchini et al., 2007) and the

R Project for Statistical Computing (http://www.r-project.org/). Haplotype recon-

struction and analysis were performed with Haploview v4.1 (Barrett et al., 2005). The

formatting and alignment of sequencing reads were performed with the Perl Program-

ming Language v5.10.0 (www.perl.org) and Novoalign 2.05 (www.novocraft.com),

and variant calling was performed with VarScan v1.02 (Koboldt et al., 2009).
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Chapter 3

WTCCC tuberculosis study

3.1 Introduction

Genome-wide association (GWA) studies offer a powerful approach to identify ge-

netic variants that contribute to common traits. This methodology relies on the

collection of unrelated samples from a population, followed by high density genotyp-

ing of polymorphic markers and testing for association with a given phenotype. This

genome-wide approach is built upon the common disease-common variant hypothesis,

which suggests that the genetic component of a common disease can be accounted by

common genetic variants (Lander, 1996; Risch and Merikangas, 1996). The presence

of LD allows a genome-wide survey of variants by genotyping a selected set of tagging

markers (Gabriel et al., 2002). The WTCCC was established in 2005 to utilise this

approach to identify genetic variants in common diseases, with an ultimate goal to

improve our understanding of common disease aetiology. It has successfully identified

novel susceptibility loci to seven common diseases (The Wellcome Trust Case Control

Consortium, 2007), and this landmark study was followed by a plethora of various

GWA studies on other common diseases (Goldstein, 2009; Hindorff et al., 2009). This
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chapter describes the effort to investigate the genetic susceptibility to tuberculosis as

part of the WTCCC main project, using similar experimental design and statistical

methods.

3.2 Cohorts and study design

This study was conducted with sample cohorts from The Gambia, Bissau, Conakry

and Malawi. The sample cohorts have been described in Chapter 2. Primary geno-

typing and analysis was performed with the Gambian cohort, which consists of

1,498 pulmonary cases and 1,496 controls with a male proportion of 58.6%. The

largest ethnic group is Mandinka (31.7%), followed by Jola (16.8%), Fula (16.8%)

and Wollof (12.8%). HIV-I positive individuals were excluded from the analysis.

Replication studies were performed with samples from Bissau (138 cases and 116

controls), Conakry (178 cases and 167 controls) and Malawi (320 cases and 1,192

controls).

Whole genome amplified samples were genotyped in the primary study with the

GeneChip 500K Mapping Array Set (Affymetrix, USA) comprising 500,568 SNPs ran-

domly distributed across the genome. These SNPs were estimated to capture approx-

imately 41% of all common variations in the African Yoruban population in the Inter-

national HapMap Project (The International HapMap Consortium, 2003; Barrett and

Cardon, 2006). Genetic variants showing evidence of association with P < 1.0×10−4

in the primary study were carried forward for replication, and were genotyped by

the Sequenom primer extension assay (Gabriel and Ziaugra, 2004) in the Bissau-

Guinean, Conakry-Guinean and Malawian cohorts. Subsequent resequencing was

performed on 55 Gambian samples with the Genome Analyzer IIx (Illumina, USA),

using a reversible terminator based sequencing technology. The resequencing reads
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were aligned to the reference sequence with Novoalign (http://www.novocraft.com/),

and the variants were called by Varscan (Koboldt et al., 2009).

3.3 Quality control

Genotypes were called using the CHIAMO algorithm (The Wellcome Trust Case

Control Consortium, 2007) with a posteriori call probability threshold of 90%, which

resulted in a discordance rate of 0.48% based on approximately 50 million duplicate

genotypes. Quality control filters were applied to minimise the chance of spurious

associations.

3.3.1 Sample filters

Samples with a low call rate (< 92.5%) or an extreme overall heterozygosity (< 0.24

or > 0.34) were excluded (Figure 3.1). As this study aimed to test association

in unrelated individuals, samples showing evidence of duplication (IBS > 98%) or

cryptic relatedness (IBS > 85%) were excluded. Finally, MDS analysis was performed

on these samples with the reference samples from the HapMap populations (The

International HapMap Consortium, 2003, 2005). Samples showing outlying ancestry

were excluded as in Figure 3.2. This left a total of 2,704 individuals (1,320 cases and

1,384 controls) for analysis (Table 3.1).

3.3.2 SNP filters

Single nucleotide polymorphisms with a low call rate (< 95%) or an extreme deviation

from the Hardy-Weinberg equilibrium (P < 5.7× 10−7) were excluded. In addition,

SNPs with a low minor allele frequency (< 1%) were excluded since their calling is

less accurate compared to polymorphic SNPs. A total of 405,266 SNPs were available
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Figure 3.1: Call rate and heterozygosity per sample. Dotted lines delimit the thresh-

olds for samples exclusion

●
●

●
●

●

●

●

●

●
●

●

●

●●●
● ●

●●

●

●●
●

●

●

●

●

●

●

●

●

●
●

●●

●●
●

●

● ●●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●●
●

●

● ●
●

●

●

●●

●

●

●

●

●

●

●
●
●

●

● ●

●●

●
●
●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●
●

●

●

● ●

●

●
●

●
●

●

●

●

●●
●

●
●
●

●

●

●
●

●
●●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●
●

●
●
●
●●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

● ●
●

●
●

●

●

●

●

●

●

●

●

●●

●

●
●

●

●

●

●

●

●

●
●

●●●

●

●

●

●

●

●●

●
●

●

●

●

●

●●●

●

●

●

●

●

●

●
●
●●

●

●

●

●

●

●●
●

●●
●

●

●

●

● ●
●

●
●
●

●

●

●
●

●●
●

●

●
●

●

●●●

●

●

●

●
●

●

●

● ●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●●

●

●
●●

●

●

●

●
●

●●
●

●

●●

●

●

●

●●

●

●●

●

●●

● ●

●

●

●
●

●
●
●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●●
●●

●
●●

●

●

●

●

●

●

●

●

●

●
●●
●

●

●

●●●
●
● ●

●

●

●

●

●

●

●●●

●

●

●

●

●●
●

●

●
●

●
●

●

●

●

●

●

●

●

●●
●●

●●● ●

●

●
●

●

●

●●
●

●●
●

●

●

●
●

●

●

●
●●●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●●●●

●●

●
●

●

●●●●
●●
●

●
●

●

●

●

●

●

●

●

●●
●

● ● ●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●
●

●

●

●

●
●

●

●
●
●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●●

●

●

●

●

●

●●
●

●

●

●
●

●
● ●

●

●

●

●●●
●

●

●

●

●

●

●

●

●
●●

●
●●

●

●
●

●

●

●

●
●

●

●●
●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●
● ●●

●
●

●

●

●

●

● ●

●
●

●

●

●

●●●

●

●●
●

●

●

●
●

● ●

●

●
●

●

●

●
●

●

●●●

●

●
●●
●

●

●
●

●

●●

●

●

●●
●●

●

●

●

●●

●●
●

●

●●
●

●● ●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●
●

●
●

●

●

●
●
●

●
●

●

●

●

●

● ●

●●

●

●
●

●

●●

●

●

●
●●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●●
●

●●

●

●

●

●
●

●

●
●●

●

●

●●
● ●

●
●

●

●
●

●

●●
● ●

●

● ●

●

●

●

●

●

●

●

●
●

●
●

●
●

●●●

●●●
●

●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●
● ●

●
●● ●

●
●

●

●

●

●

●

●

●

●
●

●●
●

●

●

●

●

●

●●
●

●

●●

●
●

●

●

●

●

●
●

● ●●●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●●
● ●●

●

●

●

●
●● ●●

●

●
●

●

●
●

●

●
●

●
●

●

●

●

●

●
●

●
●

●
●

●

●

●
●
●●

●

●

●
●
●

●
●

● ●

●

●

●
●
●

●

●

●●
●

●

●

●●

●
●

●●

●

●

●

●

●

●

●
●

●

●
●

●

●●
●●
●

●

●

●

●
●

●

●
●

●●
●

●

●●
●

●

●

●

●

●

●

●●

●

●
●

●
●●

●

●

●

●
●

●

●

●

●

●

●
●●●
●

●

●●

●

●

●
●

●

●

●

●

●
●

●

●

●

●
●

● ●
●

●

●

●

●
●●

●

●

●

●

●

●●
●

●

●●

●●

●
●

●

●

●
●

●

●●

●

●

●●
●
●●

●●

●

●

●

●

●

●

●
●

●

●

●

●●●

●●

●
●

●

●

●

●
●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●●

●

●●●

●

●●

●
●

● ●

●
●

●●●

●

●●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●●
● ●

●

●
●

●

●
●

● ●
●

●

●

●

● ●
●

●

●

●

●

●
●

●
●●

●

●

●

●
●

●

●

●

●

●●
●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●
●

●
●
●

●

●

●

●

●

●

●

●

●●

●

●
●

●
●

●

●
●

●●

●●●●
●
●

●

●

●

●

●

●

●

●●

●●

●

●

●
●●

●

●

● ●

●

●●

●

●
●

●

●

●

●

●

●

●

●
●●

●

●

●

●
●

●

●

●

●
● ●

●●
●

●
●
●

●

●

●

●
●
●
●●

●●
●

●●

●

●
●●

●

●

●

●
●

●

●

●

●
●

●

●●

●

●●
●

●
● ●●

●

●

●

●● ●
●●●●

●

●

●

●

● ●

●

●

●

●
●

●
● ●

●

●

●

●
●

●

●

●
●

●
●●

●

●

●

●●

●
●

●

●

●

●

●
●
●

●

●
●●

●
●

●●

●

●

●

●
●●

●●

●

●
●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●
●
●

●

●●

●
●

●●●

●

●

●

●

●

●●

●

●

●

●

●

●●
●

●●
●

●

●

●

●

●●
●

●●

●

●
●

●

●

●

●●

●

●
●

●●●

●

●
●

●

●

●

●

●

●

●

●

●●

●●
●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●●
●●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●
●●

●

●
●

●

●
●

●
●

●
●

●

●

●

●

●

●
●

●

●●

●

●

●
●

●

●

●

●

●

●●

●●

●●●

●

●

●
●

●●●

●

●●

●
●

●
●

●

●

●

●●

●

●
●
●

●

●

●

●●●

●

●

●

●●●

●

●
●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●●●

●

●
●

●
● ●●

●

●

●
●

●

●

●

●

●

●
●

●

●
●

●●

●

●

●

●

●
●●

●

●
●

●

●●
●

●

●●

●

●

●

●
●●

●
●

●

●

●
●●

●

●

●

●
●

● ●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●●●●
●●

●

●

●

● ●
●●

●

●

●

●

●

●

●

●
●

● ●

●
●

●
●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●●
●

●

●

●

●

●

●
●●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●
●

●
●●●

●

●
●

●

●

●

●●
●

●

●

●
●

●

●

●

●●
●

●

●

●

●

●

●●

●

●

●●
●

●

●

●●

●

●

●

●

●

●
●

●

●
●

●

●

●●

●● ●

●

●

●

●
●

●●

●

●●

●● ●●●

●

●

●

●

●

●●

●

●

●

●●

●

●●●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●

●
●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

● ●

●

●●

●

●
●

●

●

●

●●

●

●

●

●●

●●
● ●

●
●

●

●
●

●

●
●

●

●

●

●

●
●●

●
●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●
●

●

●●

●

●●

●

●

●

●

●

●●
●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●
●●

●

●
●●

●

● ●

●●
●

●

●

●
●

●

●

●

●

●

●●

●

● ●

●

●
●

●

●
●

●

●

●●

●
●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●
●

●
●

●

●

●
●
●●

●
●

●

●

●

●●●

●

●●●●
●

●
●

●
●

●

●
●

●

● ●

●●

●

●

●●

●

●
●

●●
●●

●

●

●
●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●
●

●
●

●

●
●
●

●

●

●

●●

●
●

●
●●●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●
●

●
●

●
●●●

●

●

●

●

●

●● ●
●●

●
●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●
●●

●

●

●

●
●

● ●

●

●
●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●
●●●

●●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●
●

●
● ●

●

●

●

●

●
●
●

●

●

●●
●

●

●

●

●
●●

●

●

●●
●●●

●

●

●

●
●

●
●
●

●
●

●

●

●

●

● ●
●

●
●

●

●

●

●

●

●

● ●●
●

●●
●

● ●●

●

●

●
●

●
●

●

●
●

●

●
●

●●
●●

●
●●

●
●

●

●●
●●●

●

●

●

●

●
●●

●

●●

●
●

●
●

●
●

●

●●●●●●

●
●

●

●

●

●
●●●

●● ●

●

●

●

● ●

●

●

●

●

●

●●

●

●
●●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●
●●●●

●

●

● ●
●

●
●

●

●

●

●●

●●

●
●

●

●
●

●

●

●

●

●
● ●●

●

●

●

●

●●

●

●●

●

●

●

●

●
●●

●

●

●●
●

●

●

●

● ●

●

●
●

●

●

●
●

●●●
●

●

●

●
●

●

●

●●
●

●

●

●

●

●●●

●

●

●

●

●●

●●

●

●

●

●

● ●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●
●●

●

●
●
●
●

●

●

●

●

●

●

●●
●

●

●

●
●

●

●

●

●

●
●

●

●●

●

●●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●
●

●

●

●
●

●

●
●

●

●
●

●

●

●

●●

●

●●
●
●

●
●

●

●

●●●
●

●●

●
●

●●

●

●

●
●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●
●

●

●

●

●●
●

●

●●
●

●

●
●

●
●

●

●

●

●●●

●

●

●●●

●

●

●

●

●●

●

●

●
●

●●●

●
●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●
●

●

●●

●

●

●
●

●

●
●

●

●
●●

●
●

●

●●

●

●

●●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●●

●

●●●
●

●●●●

●

●

●

●

●●
●

●

●

●
●

●

●
●

●
●

●●
●

●
●
●
●

●

●

●●
●

●

●

●
●

●●

●

●

●

●

●

●
●

●

●●

● ●
●

●

●

●

●●
●

●

● ●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●
●

●
●

●

●

● ●●

● ●
●

●

●
●

●

●
●●

●

●
●

●

●

●

●●

●●●

●
●
●

●

● ●

●

●
●

●
●

●●

●
●

●
●

●●

●

●●

●●
●●

●

●

●

●

● ●

●

●
●●

●

●
●

●

●
●

●

●
●

●

●
●

●
●●

●
●

●
●

●

●

●

●

●

●

●

●●

● ●

●

●

●●

●

●

●
●

●

●

●
●

●

●

●

●

●

●●●
●●●●

●● ●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●
●
●

●
●

●

● ●

●●

●

●●

●

●

●

●

●●●
●

●●
●

●

●

●
●

●

●

●

●

●●
●

●
●●

●●

●
●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●●●

●

●

●●

●

●

●

●●
●●

●

●● ●●●

●

●●

●●●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●●●
●

●
● ●

●

●

●

●●
●

●

●●●
●

●●●

●

●
●

●

●

● ●
●●

●

●

●●
● ●
●

●
●●
●

●

●●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●
●

●
●

●●

●
●

●

●

●

●
●

●

●

●
●

●
●

●
●

●

●

●

● ●
●●

●

●
●

●

●
●

●

●

●

●

●

●

●

●
●

●
●●

●

●

●
●

●
●

●

●

●

●
●
●●

●●●

●

●

●●
●

●
●

●

●●

●●●

●

●

●

●

●

●

●

●

●●

●
●
●

●

●

●●

●
●

●

●●
●
●

●
●

●

●

●

●●

●●
●●

●

●

●●

●

●●

●

●
●●

●

●
●

●

●

●
●

●

●

●

●

●

●

●
●
●

●

●●●
●

●

●

●

●

●

●

●
●

●

●●●

●●
●
●

●

●

●

●

●

●

●

●●

●

●

●

●●

●

● ●●
●

●●
●

●

●
●

●● ●

●
●

●●

●●

●

●
●

●

●

●

●
●●●●

●

●

●

●

●

●

●

●
●
●
●
●

●
●

●
●

●

●
●

●

●

●●

●

●

●

●● ●

●
●

●

● ●●

●
●

●

●

●
●

●
●

●

●
●

●

●

●
●
●

●

●
●

●
●

●

●

●

●

●

●

●

●

●
●
●●

●●●

●

●

●

●●
●

● ●
●●

●

●●
●

●

●

●

●

●

●
●

●

●●

●

●●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●
●

●

● ●

●

●●
●

● ●●
●●●

●

●

●

●

● ●

●

●

●

●

●

●

●

●●

●
●

●

●●
●
●

●●

●

●
●

●●

●

●
●

●
●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●
●

●

●
●
●

●
●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●● ●

●
● ●

●

●

●

●

●

●

●●

●
●●

●
●●

●●
●●●

●

●
●

●

●●●●

●

●

●●
●●●

●

●

●
●●

●●
●●

●
●

●

●

●●

● ●

●● ●●

●

●

●

●

●
●

●
●

●

●

●

●
●

●

●
●●

● ●

●

●

●
●●● ●

●

●

●●

●●●

●

●

●
●

● ●

●
●●

●●

●
●

●●

●●
●
●●●

●●●●●

●

●●

●●

●

●

●

●
●●●
●
●
● ●
●

●●
●
●
●
●●
●●
●

●
●●

●

●
●

●●●
●

●
●

●

●
●●●●

●
●

●●
●●●
●●

●
●●
● ●●
●●

●
●

●●
●
●

●
●

●
●
●●
●

●
●

●
●

●●
●●
●

●●●●●● ●●●
●
●
●

●
●
●●
●

●●
● ●

●

●●●

●
● ●

●

●
●

●
●●
●●
●
●

●
●

●

●

●
●
●●●●●●

●
●

●●
●
●●●
●●

●●●

● ●
●●
●

●●●●●●●
●● ●●●

●●●●●

●
●
●

●
●●
●●
●
●

●●●
●●●●●

●
●
●

●●
●● ●

−0.15 −0.10 −0.05 0.00

−
0.

08
−

0.
06

−
0.

04
−

0.
02

0.
00

0.
02

0.
04

0.
06

Component 1

C
om

po
ne

nt
 2

●

●

●

●

Gambian
CEU
YRI
CHB+JPT

Figure 3.2: MDS plot of the Gambian and the HapMap populations. Crosses denote

samples excluded due to outlying ancestry
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Exclusion criteria No of SNPs No of samples

Sample filters

Sample call rate (< 92.5%) — 139

Heterozygosity (< 0.24 or > 0.34) — 5

Duplication (IBS > 98%) — 98

Relatedness (IBS > 85%) — 43

Outlying ancestry — 5

Retained for analysis — 2,704

SNPs filters

SNP call rate (< 95%) 66,753 —

Hardy-Weinberg equilibrium (P < 5.7× 10−7) 4,412 —

Minor allele frequency (< 1%) 24,177 —

Retained for analysis 405,226 —

Table 3.1: Samples and SNPs exclusion criteria

for analysis (Table 3.1). Cluster plots of all SNPs showing evidence of association

with P < 1.0 × 10−4 were visually inspected for genotype calling quality, and SNPs

with poorly separating clusters were excluded from further analysis.

3.4 Population structure

Multidimensional scaling (MDS) was performed to study the genetic structure of the

populations. As illustrated in Figure 3.2, the genetic structure of the Gambian popu-

lation is distinct from the European and Asian populations, and is more similar to the

African Yoruba population. However, significant differences can be observed among

the Gambian individuals, as indicated by the non-discrete clustering of individuals

in the MDS plot. Additional MDS analysis of the different ethnic groups also showed

significant population structure (Figure 3.3), with the first component separating the

Fula and the second component separating the Jola from the other ethnic groups.
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Figure 3.3: MDS plot of the Gambian ethnic groups

3.5 Primary association results

Two statistical tests were used for the primary analysis. These included the trend

test which tests for the additive effect of an allele on disease risk, and the genotypic

test which compares the genotype frequencies between cases and controls. Both tests

were adjusted for three axes of MDS components in a logistic regression model. This

reduced the over-dispersion (λ) from 1.13 to 1.05 (Figure 3.4).

A total of 56 SNPs in 38 discrete regions were associated with P < 1.0×10−4 in either

the trend (Ptrend) or genotypic (Pgeno) test in the primary analysis (Figure 3.5, Table

3.2). The strongest evidence of association was observed with SNP rs2446890 in the

region flanking the gene CADM1, with Pgeno = 2.0× 10−6. The trend test statistics

was P = 7.9× 10−6 with an odds ratio of 0.78 (95% CI=0.70-0.87) for the minor G

allele. This association was supported by four other nearby SNPs showing evidence

of association (Table 3.2). Apart from the CADM1 locus, evidence of association was
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also observed in markers flanking CADM2 and CADM3, two other members of the

cell adhesion molecule (CADM) family, as well as MC3R and CD40LG which have

been reported to associate with tuberculosis susceptibility (Campbell et al., 2003;

Cooke et al., 2008).

3.6 Replication results

To replicate these findings, SNPs with P < 1.0× 10−4 in the primary analysis were

carried forward for replication in samples from the West African countries of Bissau

and Conakry, and the Southeast African country of Malawi (Table 3.3). Significant

associations were observed in three SNPs flanking the CADM1 region in the Conakry-

Guinean population, with rs1563899 being most significant with Pgeno = 0.002 (Table

3.3). There was also a consistent association of rs2446890, the most significant SNP

in the primary study, in the Conakry-Guinean cohort with Pgeno = 0.007 (Table 3.3).

Marginal associations were observed for SNPs at CADM3 (rs12057331, Pgeno = 0.032

in Malawi), DEFB112 (Ptrend = 0.020 in Malawi) and TXNDC10 (rs507533, Pgeno =

0.044), although none of these SNPs showed convincing evidence of replication across

populations. No evidence of consistent association was observed in SNPs flanking

CADM2, MC3R or CD40LG in the replication cohorts.

3.7 The CADM1 locus

3.7.1 Results of primary and replication studies

As above-mentioned, the SNP rs2446890 near the CADM1 gene showed evidence

of association in the primary Gambian study (Pgeno = 2.0 × 10−6). The trend test
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Figure 3.4: Quantile-quantile plot of the trend test statistics in the WTCCC tuber-

culosis study

Figure 3.5: Manhattan plot of the WTCCC tuberculosis study. SNPs with P <

1.0× 10−5 are highlighted in green
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SNP Chr Position Gene Minor MAF (case) MAF (ctrl) OR 95% CI Ptrend Pgeno

rs6676334 1 101372143 ∼EDG1 C 0.467 0.525 0.80 0.72-0.89 7.0× 10−5 3.3× 10−4

rs12068892 1 155895443 ∼CADM3 T 0.267 0.291 0.89 0.79-1.00 0.057 4.8× 10−5

rs12057331 1 155903630 ∼CADM3 C 0.265 0.290 0.88 0.78-0.99 0.035 2.9× 10−5

rs16841729 1 155904171 ∼CADM3 A 0.263 0.289 0.88 0.78-0.99 0.034 4.9× 10−5

rs10753758 1 158820989 NOS1AP A 0.147 0.183 0.78 0.67-0.90 5.6× 10−4 7.1× 10−5

rs2160394 2 37411057 PRKD3 T 0.099 0.137 0.71 0.60-0.84 6.2× 10−5 2.5× 10−4

rs11124576 2 37430367 PRKD3 G 0.097 0.135 0.71 0.60-0.84 5.8× 10−5 2.2× 10−4

rs2268987 2 37444826 PRKD3 C 0.169 0.217 0.74 0.65-0.86 2.6× 10−5 1.4× 10−4

rs1979038 2 149044630 ∼MDB5 G 0.179 0.147 1.32 1.14-1.52 1.8× 10−4 4.6× 10−5

rs6780349 3 38530182 ENDOGL1 C 0.431 0.399 1.14 1.02-1.27 0.018 2.2× 10−6

rs9822541 3 64317269 ∼ADAMTS9 A 0.177 0.140 1.34 1.16-1.56 8.5× 10−5 2.6× 10−4

rs2324979 3 86202099 ∼CADM2 C 0.211 0.257 0.77 0.68-0.88 6.5× 10−5 1.1× 10−5

rs1437237 3 109135362 ∼CD47 T 0.260 0.213 1.30 1.15-1.48 5.2× 10−5 2.7× 10−4

rs6437758 3 109146525 ∼CD47 A 0.137 0.106 1.39 1.17-1.64 1.2× 10−4 5.5× 10−5

rs4074082 4 14910135 ∼C1QTNF7 C 0.186 0.230 0.77 0.67-0.88 8.5× 10−5 1.1× 10−4

rs6553232 4 190085264 - C 0.129 0.141 0.91 0.78-1.07 0.250 8.5× 10−5

rs6880850 5 52801726 ∼FST T 0.254 0.291 0.84 0.75-0.95 0.005 6.1× 10−5

rs1917753 5 75160395 ∼LOC441087 T 0.142 0.116 1.27 1.08-1.50 0.003 2.1× 10−5

rs261230 5 95932477 ∼CAST C 0.450 0.497 0.83 0.74-0.92 5.2× 10−4 8.4× 10−5

rs6880985 5 154761413 - T 0.123 0.137 0.87 0.74-1.02 0.087 3.8× 10−5

rs6902413 6 50189261 ∼DEFB112 C 0.383 0.416 0.85 0.76-0.95 0.004 3.5× 10−6

rs7790895 7 119896238 KCND2 G 0.160 0.135 1.20 1.04-1.40 0.015 1.4× 10−5

rs2123338 9 21684039 ∼MTAP G 0.177 0.138 1.34 1.16-1.56 7.5× 10−5 3.8× 10−4

rs1889680 9 21685460 ∼MTAP T 0.178 0.138 1.35 1.17-1.57 4.6× 10−5 2.5× 10−4

rs12380505 9 21685893 ∼MTAP A 0.170 0.131 1.35 1.16-1.57 8.7× 10−6 4.2× 10−4

rs10811584 9 21691005 ∼MTAP A 0.234 0.188 1.30 1.14-1.48 7.6× 10−5 3.9× 10−4

rs6475552 9 21691674 ∼MTAP C 0.232 0.186 1.31 1.15-1.49 6.3× 10−5 3.3× 10−4

rs7038176 9 24966322 - T 0.498 0.450 1.25 1.12-1.39 5.2× 10−5 1.5× 10−4

rs1245574 10 73478473 ∼SPOCK2 A 0.280 0.310 0.85 0.76-0.96 0.010 3.4× 10−6

rs7105156 11 4672522 OR51E2 A 0.319 0.267 1.27 1.13-1.43 9.3× 10−5 3.9× 10−5

rs2939233 11 28916116 - T 0.292 0.241 1.31 1.16-1.48 2.0× 10−5 5.1× 10−5

rs1460911 11 114937935 ∼CADM1 T 0.433 0.484 0.81 0.72-0.90 9.9× 10−5 6.6× 10−5

rs1563900 11 114943631 ∼CADM1 C 0.432 0.483 0.80 0.72-0.90 1.0× 10−4 1.4× 10−5

rs1563899 11 114943656 ∼CADM1 T 0.432 0.484 0.80 0.71-0.89 5.7× 10−5 1.3× 10−5

rs2446890 11 114952656 ∼CADM1 G 0.427 0.487 0.78 0.70-0.87 7.9× 10−6 2.0× 10−6

rs2515327 11 114955759 ∼CADM1 C 0.426 0.481 0.80 0.72-0.89 5.7× 10−5 8.3× 10−5

rs216009 12 2592794 CACNA1C C 0.146 0.193 0.75 0.65-0.86 6.8× 10−5 3.5× 10−4

rs2769431 12 94306426 ∼METAP2 C 0.315 0.264 1.29 1.15-1.45 2.5× 10−5 1.3× 10−4

rs4270069 13 47093766 - A 0.037 0.063 0.59 0.46-0.76 3.3× 10−5 9.1× 10−5

rs7985451 13 105631206 - G 0.431 0.379 1.25 1.12-1.39 7.7× 10−5 2.0× 10−4

rs853217 17 32929668 DUSP14 T 0.523 0.469 1.25 1.12-1.39 6.0× 10−5 1.4× 10−4

rs17176195 17 66215798 - C 0.429 0.368 1.28 1.15-1.43 9.3× 10−6 5.4× 10−5

rs7213806 17 66235577 - A 0.285 0.341 0.76 0.67-0.85 2.6× 10−6 1.3× 10−5

rs1029754 17 66236699 - C 0.279 0.332 0.77 0.69-0.87 1.1× 10−5 6.3× 10−5

rs507533 18 64472145 ∼TXNDC10 G 0.141 0.161 0.84 0.72-0.98 0.023 2.6× 10−5

rs17080156 18 64868442 C18orf14 A 0.200 0.240 0.77 0.67-0.88 8.6× 10−5 1.2× 10−4

rs17080166 18 64868782 C18orf14 C 0.187 0.229 0.74 0.64-0.85 2.0× 10−5 2.5× 10−5

rs4799232 18 74706295 ∼SALL3 C 0.420 0.367 1.29 1.15-1.43 7.4× 10−6 4.3× 10−5

rs17363814 19 4795633 M6PRBP1 A 0.150 0.111 1.39 1.19-1.63 3.8× 10−5 6.4× 10−5

rs6092276 20 54255495 ∼MC3R G 0.452 0.503 0.83 0.75-0.93 7.1× 10−4 4.1× 10−5

rs3746619 20 54257212 ∼MC3R C 0.460 0.517 0.81 0.73-0.91 1.4× 10−4 4.4× 10−5

rs3827103 20 54257436 ∼MC3R T 0.477 0.424 1.24 1.11-1.38 1.1× 10−4 2.5× 10−5

rs8184921 21 21294594 NCAM2 T 0.346 0.385 0.82 0.74-0.92 8.2× 10−4 3.5× 10−5

rs7357969 X 641188 ∼SHOX T 0.044 0.076 0.62 0.49-0.78 3.4× 10−5 7.0× 10−6

rs2064070 X 43364936 MAOA/B T 0.381 0.316 1.22 1.11-1.33 1.6× 10−5 8.3× 10−5

rs3092947 X 135453672 ∼CD40LG C 0.297 0.365 0.83 0.76-0.91 5.6× 10−5 2.8× 10−4

Table 3.2: Primary association statistics of SNPs with P < 1.0× 10−4
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SNP Gene
Gambia Bissau Conakry Malawi

OR OR (95% CI) Ptrend Pgeno OR (95% CI) Ptrend Pgeno OR (95% CI) Ptrend Pgeno

rs6676334 ∼EDG1 0.80 1.09 (0.73-1.64) 0.660 0.042 0.98 (0.71-1.36) 0.918 0.772 0.87 (0.70-1.08) 0.212 0.426

rs12068892 ∼CADM3 0.89 1.11 (0.68-1.82) 0.665 0.898 1.03 (0.66-1.59) 0.911 0.554 0.97 (0.72-1.31) 0.847 0.079

rs12057331 ∼CADM3 0.88 1.28 (0.78-2.08) 0.323 0.343 1.13 (0.77-1.64) 0.541 0.092 0.85 (0.67-1.08) 0.189 0.032

rs16841729 ∼CADM3 0.88 1.33 (0.82-2.16) 0.247 0.386 1.15 (0.74-1.79) 0.545 0.174 0.87 (0.68-1.12) 0.269 0.097

rs10753758 NOS1AP 0.78 1.08 (0.63-1.85) 0.772 0.669 1.05 (0.69-1.58) 0.823 0.974 1.00 (0.78-1.29) 0.981 0.192

rs2160394 PRKD3 0.71 2.81 (1.10-7.15) 0.023 0.023 1.27 (0.76-2.13) 0.363 0.381 1.23 (0.81-1.85) 0.334 0.432

rs11124576 PRKD3 0.71 1.55 (0.75-3.21) 0.230 0.230 1.38 (0.86-2.22) 0.178 0.122 0.96 (0.67-1.39) 0.835 0.827

rs2268987 PRKD3 0.74 0.84 (0.42-1.65) 0.607 0.607 1.19 (0.68-2.07) 0.537 0.551 1.02 (0.76-1.37) 0.886 0.966

rs1979038 ∼MDB5 1.32 0.99 (0.58-1.70) 0.977 0.637 1.14 (0.71-1.83) 0.580 0.840 0.97 (0.76-1.22) 0.776 0.950

rs6780349 ENDOGL1 1.14 0.84 (0.54-1.30) 0.434 0.353 0.84 (0.59-1.20) 0.344 0.639 0.92 (0.76-1.13) 0.446 0.731

rs9822541 ∼ADAMTS9 1.34 1.48 (0.90-2.45) 0.121 0.279 0.82 (0.52-1.28) 0.383 0.555 1.04 (0.76-1.42) 0.792 0.731

rs2324979 ∼CADM2 0.77 1.23 (0.79-1.92) 0.365 0.643 0.93 (0.65-1.33) 0.699 0.728 Assay failed

rs1437237 ∼CD47 1.30 1.32 (0.83-2.07) 0.235 0.431 1.07 (0.73-1.57) 0.723 0.517 0.96 (0.76-1.21) 0.747 0.862

rs6437758 ∼CD47 1.39 0.91 (0.46-1.81) 0.788 0.662 0.95 (0.58-1.55) 0.824 0.589 0.88 (0.65-1.18) 0.387 0.417

rs4074082 ∼C1QTNF7 0.77 Not genotyped Not genotyped Not genotyped

rs6553232 - 0.91 1.88 (1.07-3.31) 0.025 0.050 1.09 (0.7-1.71) 0.703 0.731 1.00 (0.76-1.33) 0.983 0.212

rs6880850 ∼FST 0.84 0.84 (0.54-1.29) 0.426 0.729 0.85 (0.60-1.22) 0.375 0.212 1.28 (1.03-1.59) 0.030 0.094

rs1917753 ∼LOC441087 1.27 0.83 (0.45-1.55) 0.559 0.961 1.02 (0.58-1.80) 0.947 0.994 0.98 (0.75-1.28) 0.899 0.587

rs261230 ∼CAST 0.83 0.72 (0.47-1.10) 0.131 0.287 0.90 (0.62-1.3) 0.575 0.851 1.06 (0.87-1.29) 0.574 0.501

rs6880985 - 0.87 1.57 (0.84-2.91) 0.149 0.347 0.75 (0.47-1.21) 0.237 0.278 1.03 (0.73-1.44) 0.882 0.421

rs6902413 ∼DEFB112 0.85 1.51 (0.99-2.32) 0.054 0.145 0.87 (0.61-1.24) 0.452 0.697 0.78 (0.62-0.96) 0.020 0.061

rs7790895 KCND2 1.20 1.05 (0.56-1.98) 0.882 0.537 0.52 (0.28-0.95) 0.031 0.074 0.92 (0.70-1.22) 0.572 0.327

rs2123338 ∼MTAP 1.34 0.84 (0.47-1.52) 0.574 0.785 0.91 (0.48-1.75) 0.788 0.964 0.84 (0.62-1.13) 0.239 0.428

rs1889680 ∼MTAP 1.35 0.70 (0.40-1.22) 0.211 0.446 0.99 (0.55-1.77) 0.971 0.998 0.85 (0.63-1.15) 0.297 0.433

rs12380505 ∼MTAP 1.35 0.77 (0.45-1.29) 0.316 0.535 1.18 (0.65-2.14) 0.580 0.832 0.92 (0.69-1.23) 0.557 0.310

rs10811584 ∼MTAP 1.30 0.60 (0.32-1.09) 0.960 0.997 0.83 (0.46-1.50) 0.538 0.767 1.04 (0.76-1.43) 0.797 0.216

rs6475552 ∼MTAP 1.31 1.01 (0.59-1.74) 0.960 0.997 0.83 (0.47-1.47) 0.531 0.815 0.94 (0.73-1.22) 0.667 0.863

rs7038176 - 1.25 0.80 (0.51-1.24) 0.311 0.598 0.50 (0.32-0.78) 0.001 0.003 1.07 (0.84-1.37) 0.578 0.399

rs1245574 ∼SPOCK2 0.85 1.21 (0.78-1.88) 0.400 0.654 1.02 (0.68-1.53) 0.927 0.335 1.00 (0.82-1.23) 0.965 0.329

rs7105156 OR51E2 1.27 1.02 (0.62-1.68) 0.935 0.353 1.05 (0.56-1.95) 0.884 0.966 0.84 (0.63-1.11) 0.217 0.326

rs2939233 - 1.31 1.25 (0.80-1.95) 0.324 0.585 0.95 (0.65-1.38) 0.777 0.688 1.24 (0.99-1.57) 0.067 0.186

rs1460911 ∼CADM1 0.81 1.07 (0.74-1.54) 0.716 0.290 0.74 (0.50-1.10) 0.135 0.083 1.21 (0.97-1.51) 0.095 0.189

rs1563900 ∼CADM1 0.80 0.87 (0.58-1.32) 0.519 0.752 0.67 (0.47-0.95) 0.024 0.003 1.06 (0.86-1.29) 0.606 0.256

rs1563899 ∼CADM1 0.80 1.00 (0.65-1.55) 1.000 0.653 0.65 (0.46-0.92) 0.014 0.002 1.07 (0.88-1.31) 0.490 0.390

rs2446890 ∼CADM1 0.78 0.94 (0.62-1.41) 0.753 0.826 0.70 (0.50-0.99) 0.043 0.007 1.06 (0.87-1.30) 0.539 0.356

rs2515327 ∼CADM1 0.80 1.25 (0.85-1.83) 0.262 0.532 0.81 (0.58-1.12) 0.204 0.164 1.05 (0.85-1.30) 0.645 0.822

rs216009 CACNA1C 0.75 1.00 (0.61-1.62) 0.987 0.570 0.94 (0.63-1.41) 0.783 0.089 1.14 (0.88-1.46) 0.326 0.506

rs2769431 ∼METAP2 1.29 1.34 (0.75-2.37) 0.313 0.329 0.81 (0.43-1.52) 0.509 0.691 1.19 (0.96-1.48) 0.117 0.282

rs4270069 - 0.59 1.75 (0.67-4.56) 0.246 0.246 1.52 (0.60-3.86) 0.369 0.369 1.46 (0.94-2.27) 0.100 0.152

rs7985451 - 1.25 1.21 (0.82-1.77) 0.334 0.481 1.03 (0.73-1.46) 0.863 0.773 1.02 (0.83-1.26) 0.821 0.957

rs853217 DUSP14 1.25 1.02 (0.68-1.52) 0.934 0.933 0.85 (0.61-1.18) 0.321 0.604 1.01 (0.81-1.26) 0.937 0.906

rs17176195 - 1.28 0.91 (0.60-1.39) 0.670 0.590 1.25 (0.86-1.81) 0.238 0.454 0.84 (0.67-1.04) 0.113 0.271

rs7213806 - 0.76 1.63 (0.91-2.93) 0.098 0.253 1.03 (0.71-1.49) 0.886 0.525 1.11 (0.90-1.36) 0.340 0.476

rs1029754 - 0.77 0.90 (0.55-1.48) 0.672 0.207 1.01 (0.69-1.47) 0.956 0.502 0.83 (0.67-1.03) 0.083 0.167

rs507533 ∼TXNDC10 0.84 0.70 (0.38-1.26) 0.229 0.384 0.84 (0.5-1.43) 0.532 0.044 0.79 (0.6-1.04) 0.094 0.086

rs17080156 C18orf14 0.77 0.63 (0.38-1.05) 0.074 0.180 1.33 (0.86-2.05) 0.201 0.048 1.04 (0.81-1.33) 0.771 0.958

rs17080166 C18orf14 0.74 0.75 (0.37-1.50) 0.416 0.704 0.85 (0.51-1.42) 0.535 0.342 1.07 (0.80-1.44) 0.651 0.724

rs4799232 ∼SALL3 1.29 1.29 (0.84-1.97) 0.246 0.248 1.01 (0.72-1.40) 0.966 0.925 0.96 (0.77-1.20) 0.736 0.342

rs17363814 M6PRBP1 1.39 0.99 (0.51-1.93) 0.984 0.165 0.51 (0.29-0.90) 0.019 0.035 0.91 (0.60-1.36) 0.638 0.888

rs6092276 ∼MC3R 0.83 0.89 (0.56-1.42) 0.637 0.856 1.02 (0.71-1.47) 0.915 0.981 1.25 (1.03-1.52) 0.026 0.079

rs3746619 ∼MC3R 0.81 Not genotyped Not genotyped Not genotyped

rs3827103 ∼MC3R 1.24 1.08 (0.69-1.68) 0.736 0.731 1.00 (0.70-1.43) 0.991 0.920 0.92 (0.75-1.11) 0.382 0.547

rs8184921 NCAM2 0.82 1.36 (0.89-2.07) 0.150 0.028 1.42 (0.99-2.03) 0.054 0.135 1.17 (0.94-1.45) 0.163 0.055

rs7357969 ∼SHOX 0.62 Not genotyped Not genotyped Not genotyped

rs2064070 MAOA/B 1.22 0.83 (0.59-1.17) 0.296 0.258 1.27 (0.93-1.73) 0.131 0.317 0.96 (0.80-1.15) 0.630 0.727

rs3092947 ∼CD40LG 0.83 1.09 (0.71-1.66) 0.687 0.842 1.13 (0.8-1.59) 0.489 0.353 0.98 (0.77-1.25) 0.876 0.848

Table 3.3: Association statistics in the replication studies
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Figure 3.6: Forest plots showing associations of rs1563900, rs1563899 and rs2446890

in different populations
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Figure 3.7: LD plot of the CADM1 locus. The block indicates the minimal region to

include all SNPs with r2 > 0.2 with rs2446890

statistic in the Gambian population was P = 8.0 × 10−6 with an odds ratio of 0.78

(95% CI=0.70-0.87) for the minor allele (Table 3.2).

Significant association was also observed in the Conakry-Guinean population in the

replication study with Pgeno = 0.007. The trend test statistic was P = 0.043 with an

odds ratio of 0.70 (95% CI=0.05-0.99) (Table 3.3, Figure 3.6). Similar to the Gambian

population, the minor allele was associated with protection against tuberculosis in

the Conakry-Guinean population. Although no significant association was observed

in the Bissau-Guinean population, the genotypic test statistic for rs2446890 for the

combined Guinea populations was significant with P = 0.036. The combined asso-

ciation statistic for the West African populations of the Gambian, Bissau-Guinean

and Conakry-Guinean is P = 1.7 × 10−6 (OR=0.78, 95% CI=0.71-0.87). However,

no evidence of association was observed in the Malawian cohort. The tests of het-

erogeneity showed a significant difference in the effect size of the Malawian cohort
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(PQ = 0.045, I2 = 62.7%, 95% CI=0-87.5%) upon addition of this population to

the West African populations. Similar association statistics were also observed at

the two other SNPs in this locus in the Conakry-Guinean population (rs1563899,

Pgeno = 0.002 and rs1563900, Pgeno = 0.007, Table 3.3).

3.7.2 Pattern of linkage disequilibrium

The local LD pattern was studied to dissect the association signal. The peak of

association was restricted within a 21 kb LD block (Figure 3.7), which includes the

minimal region to include all the SNPs with r2 > 0.2 with rs2446890, the most

associated SNP in the experiment. The block is located 72.3 kb away from the 5’

end of the CADM1 gene (Figure 3.10). As the size of the block is much smaller

than the distance from the gene, it is more likely that the signal has arisen from

variants outside rather than inside CADM1. This is supported by the association

data, which showed that the main signal was clustered within nearby recombination

hotspots, with no convincing association within the gene itself. This suggests that the

associated SNPs, if they are real, may exert their effects by modulating long-range

cis-regulatory elements of CADM1.

3.7.3 Resequencing and fine-mapping

The associations of the SNPs in CADM1 in the primary and replication studies

showed heterogeneous results. Statistically significant associations were observed in

the Gambian and Conakry-Guinean populations, but not in the Bissau-Guinean and

Malawian populations. Although this can represent a chance finding, the possibil-

ity of real associations cannot be excluded. Furthermore, the different LD patterns

between the populations can lead to different alleles tagging, resulting in the hetero-

geneous findings even if a functional variant does exist in this locus. This is because
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of the substantial genetic diversities among the African populations (Campbell and

Tishkoff, 2008), especially between the Gambian and Malawian populations which

are geographically far apart. The work presented in this section was carried out in

attempt to resolve this heterogeneity, by finding the causal variant which could be

more consistently associated across populations. Genotyping the causal variant can

boost the association signal by several orders of magnitude, especially in African

populations with low LD or poorly tagging SNPs for the causal variant (Jallow et al.,

2009). The aim of this section is to identify the causal variant with a stronger asso-

ciation in the Gambian population which may then be genotyped in the replication

cohorts.

Resequencing experiment

This experiment is built on the hypothesis that there is a causal SNP that accounts

for the association in this locus. To resequence the region, the 28kb block at the

associated region was divided into eight smaller blocks (sized 1.68 to 4.87kb). The

region was selected to cover all common variants with r2 > 0.2 with the most asso-

ciated SNP (rs2446890) in the primary study (Figure 3.7). The template consisted

of equal amounts of DNA from 55 Gambian individuals. This gives > 80% power to

detect at least two copies of a variant at a frequency of > 3%. The methods for this

experiment were described in Chapter 2.

This resequencing exercise yielded a total of 16.76 million reads of 52 base pairs in

length. The first 25 bases of each read were trimmed for analysis (Figure 3.8), since

the base quality decreases with more errors further along the Illumina reads (Druley

et al., 2009). After quality control filters on reads and alignment qualities (Chapter

2), there were a total of 16.45 million reads (98.2%) uniquely mapped to the reference

sequence. The average Phred quality score (Q) of all reads passing quality control
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Figure 3.8: Quality statistics for the sequencing reads

criteria was 29.73 corresponding to a base calling accuracy of 99.89%. The average

coverage per haploid chromosome was 133-fold with higher coverage at overlapping

region between the PCR blocks (Figure 3.9).

After alignment, a consensus sequence was assembled and variants were called. A

total of 128 SNPs with frequency > 3% were identified, averaging to 4.72 SNPs per

kb over the resequenced region. These included all 39 SNPs with a minor allele

frequency of > 5% in the HapMap Yoruba population (The International HapMap

Consortium, 2003, 2005). Thirteen insertion-deletion (InDels) polymorphisms were

detected.

Fine-mapping experiment

A subset of 29 SNPs was selected for fine-mapping. As it is likely that the causal

variant is at least partially correlated with the associated SNPs in the primary study,

priority was given to SNPs in LD (r2 > 0.5) with rs2446890 in the HapMap Yoruba

population (The International HapMap Consortium, 2003, 2005) and novel SNPs

with an estimated frequency close to that of rs2446890 (20 − 80%). Together with
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Figure 3.9: Sequence coverage per haplotype over the 28 kb region. Arrows indicate

positions of the long-range PCR blocks and markers indicate polymorphic SNPs (∇)

and InDels (4) called

SNPs genotyped in the microarray, these included 19 out of 21 SNPs with r2 >

0.2 with rs2446890 in the HapMap Yoruba population (The International HapMap

Consortium, 2003, 2005). The analysis showed four SNPs with stronger evidence of

association in the trend test (rs2515324, rs979219, rs2515325 and rs2515322, Table

3.4), with the most significant P = 4.2× 10−6 with the SNP rs2515324 identified in

the resequencing experiment. The G allele was minor and associated with protection

from tuberculosis (OR=0.79, 95% CI=0.71-0.88). However, the SNP rs2446890 in

the original assay remained most significant in the genotypic test (Figure 3.10 and

Table 3.4).

3.7.4 Conditional analysis

Conditional analysis was performed to further dissect the signal of association. In

addition to the MDS components, the tests of association were performed with cor-

rection to best SNP rs2446890 in the Gambian cohort, thus looking at independent

effects of the SNPs. However, this analysis did not identify any significant SNP in
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SNP Position Type MAF r2-rs2446890 OR (95% CI) Ptrend Pgeno

rs2446901 114934105 Original 0.311 0.32 1.14 (1.01-1.28) 0.007 0.027

rs2446900 114934130 Fine-map 0.478 0.68 0.83 (0.75-0.93) 2.0× 10−4 4.0× 10−4

rs1870675 114937465 Original 0.279 0.30 1.11 (0.99-1.25) 0.034 0.082

rs1460911 114937935 Original 0.459 0.88 0.81 (0.73-0.91) 9.9× 10−5 6.6× 10−5

rs2250615 114938189 Original 0.197 0.29 0.82 (0.71-0.93) 0.007 0.016

rs2515294 114938663 Original 0.275 0.29 1.15 (1.02-1.30) 0.009 0.027

rs2515295 114938885 Fine-map 0.198 0.29 0.80 (0.70-0.92) 0.003 0.007

cadm1 7596 114941175 Fine-map 0.222 0.33 0.79 (0.69-0.90) 7.0× 10−4 0.001

rs2513641 114942175 Fine-map 0.230 0.30 0.80 (0.70-0.91) 0.002 0.002

rs12279683 114942574 Fine-map 0.140 0.13 0.97 (0.82-1.15) 0.714 0.745

rs1563901 114943595 Fine-map 0.454 0.95 0.81 (0.72-0.90) 7.8× 10−5 2.7× 10−5

rs1563900 114943631 Original 0.458 0.97 0.80 (0.72-0.90) 1.0× 10−4 1.4× 10−5

rs1563899 114943656 Original 0.459 0.97 0.80 (0.71-0.89) 5.8× 10−5 1.4× 10−5

rs979219 114943835 Fine-map 0.435 0.88 0.79 (0.71-0.88) 4.9× 10−6 5.2× 10−6

rs2446882 114944508 Fine-map 0.463 0.93 0.80 (0.72-0.89) 3.1× 10−5 1.9× 10−5

rs2515310 114948564 Fine-map 0.280 0.29 1.10 (0.98-1.25) 0.049 0.126

rs2513631 114948991 Fine-map 0.454 0.94 0.80 (0.72-0.89) 4.0× 10−5 1.2× 10−5

rs2513630 114949165 Fine-map 0.198 0.29 0.80 (0.69-0.91) 0.002 0.005

rs3133434 114949596 Fine-map 0.431 0.87 0.80 (0.72-0.89) 2.9× 10−5 1.4× 10−5

rs3133435 114949627 Original 0.281 0.31 1.11 (0.99-1.25) 0.043 0.114

rs2515322 114950379 Fine-map 0.435 0.89 0.79 (0.71-0.88) 5.8× 10−6 3.3× 10−6

rs2515324 114951306 Fine-map 0.461 0.96 0.78 (0.70-0.87) 4.2× 10−6 3.1× 10−6

rs2515325 114951402 Fine-map 0.458 0.97 0.78 (0.70-0.87) 5.0× 10−6 2.1× 10−6

rs2515326 114951670 Fine-map 0.456 0.97 0.79 (0.70-0.88) 8.3× 10−6 2.6× 10−6

rs1008952 114951976 Fine-map 0.233 0.35 0.89 (0.79-1.02) 0.026 0.060

rs1563902 114952141 Original 0.202 0.29 0.93 (0.81-1.05) 0.081 0.061

rs2446890 114952656 Original 0.458 NA 0.78 (0.70-0.87) 8.0× 10−6 2.0× 10−6

rs922205 114953325 Fine-map 0.474 0.93 0.79 (0.71-0.88) 1.6× 10−5 4.1× 10−6

rs34243180 114953666 Fine-map 0.201 0.28 0.93 (0.82-1.06) 0.119 0.152

rs2446893 114954248 Fine-map 0.457 0.64 0.79 (0.71-0.88) 3.1× 10−5 3.3× 10−5

rs11215603 114954500 Fine-map 0.146 0.15 1.05 (0.89-1.24) 0.570 0.668

rs1008950 114954827 Fine-map 0.465 0.62 0.84 (0.76-0.94) 0.002 0.007

rs2446895 114955498 Original 0.407 0.80 0.82 (0.73-0.91) 1.7× 10−4 3.6× 10−4

rs2513633 114955626 Fine-map 0.200 0.29 0.80 (0.70-0.92) 0.003 0.002

rs2515327 114955759 Original 0.454 0.66 0.80 (0.72-0.89) 5.7× 10−5 8.3× 10−5

cadm1 22256 114955835 Fine-map 0.033 0.04 0.84 (0.62-1.14) 0.229 0.382

rs2446896 114956016 Fine-map 0.408 0.78 0.81 (0.73-0.90) 8.1× 10−5 2.4× 10−4

rs2446894 114956632 Fine-map 0.200 0.30 0.78 (0.68-0.89) 9.6× 10−4 0.001

rs2446899 114957373 Fine-map 0.265 0.21 0.82 (0.73-0.93) 0.007 0.016

Table 3.4: Association statistics of the SNPs in the fine-mapped region
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Figure 3.10: Association plot of the CADM1 locus

the fine-mapped region, suggesting that the association signal at this locus may come

from a single source well captured by rs2446890.

3.7.5 Haplotypic analysis

The high density of SNPs genotyped in the fine-mapping experiment allowed a de-

tailed investigation of this locus. Haplotypes in this region were reconstructed using

the confidence interval algorithm (Gabriel et al., 2002). The haplotype block contain-

ing the top SNP rs2446890 consisted of 29 SNPs within a 19 kb region (Figure 3.11).

Analysis revealed five common haplotypes with a frequency greater than 5%, two of

which were significantly associated with tuberculosis susceptibility (Table 3.5).
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Haplotype Freq OR 95% CI P -value

ACTCGAGCACGTCGGACGTTTGGTCGATG 0.250 1.21 1.05-1.40 0.009

TTCTGCGCACCCTAAGTGCCCAAATAGAA 0.178 0.86 0.73-1.02 0.079

TTCTACATGCCCTAAGTTCCCAAACGGAG 0.168 0.73 0.61-0.86 2.8× 10−4

TCCCGCGCAAGTCGGGCGTCTGGTCGATG 0.094 1.08 0.87-1.34 0.484

TCCCGCGCACGTCGGGCGTCTGGTCGATG 0.085 1.21 0.96-1.52 0.104

Table 3.5: Haplotypic association analysis of the fine-mapped region

Figure 3.11: LD pattern of the fine-mapped CADM1 locus. The block indicates the

haplotype reconstructed containing rs2446890
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3.8 Discussion

Genetic studies of tropical diseases are often limited by several major difficulties,

some of which were encountered during the course of this study. Firstly, tropical

diseases like tuberculosis are often endemic in developing countries where important

infrastructure is limited. This poses difficulties in the collection of large disease

cohorts with well characterised phenotypes. Given the modest effect sizes of most

common variants (Hindorff et al., 2009; Manolio et al., 2009), the sample size is very

important in providing a sufficient power to detect associations. It was estimated

that sample sizes close to 5,000 maybe required for detecting moderate-to-low effect

sizes of common genetic variants with reasonable statistical power (Bhangale et al.,

2008).

Secondly, African populations are characterised by extensive genetic diversity (Camp-

bell and Tishkoff, 2008) and substantially shorter LD in the populations (Gabriel

et al., 2002; Conrad et al., 2006). As GWA studies rely on tagging markers to achieve

a high genome coverage, due to the lower LD and less efficient alleles tagging, the

coverage in the Gambian population is reduced. It was estimated that the coverage

of the microarray used in this study was only 41% in the African Yoruba popula-

tion (Barrett and Cardon, 2006), and another study reported even lower estimates

(Bhangale et al., 2008). Moreoever, the extensive diversity of African populations

precluded the possibility of imputation using the HapMap Yoruba population, as an

attempted imputation for the Gambian data showed a disconcordant rate of 10.7%

between imputed and genotyped data. This further limits the amount of informative

data for analysis.

Nevertheless, this study identified CADM1 as a possible candidate for tuberculosis

susceptibility. CADM1, also known as IgSF4, TSLC1, Necl2 or SynCAM, is an im-

munoglobulin containing transmembraneous protein that defines a subset of dendritic
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cells (Galibert et al., 2005). Through binding to the class I restricted T-cell associ-

ated molecule (CRTAM), it mediates release of cytokines, including IFN-γ which is

crucially important for resistance to mycobacteria (Dalton et al., 1993; MacMicking

et al., 2003). Recent studies suggested that this CRTAM protein is essential for the

development and differentiation of T-cells (Yeh et al., 2008; Medina-Contreras et al.,

2010), and crtam−/− mice have been observed to have more than ten-fold increase

in bacterial load upon challenge with Citrobacter rodentium. Given that CADM1 is

expressed on dendritic cells and is the only ligand of CRTAM (Wong et al., 2010), it

is plausible that CADM1 may have an important immunological role in the defence

against tuberculosis. In addition to its role in the immune system, CAMD1 also acts

as a tumour suppressor protein in various cancers (Kuramochi et al., 2001; Ando

et al., 2008; Dewan et al., 2008; Michels et al., 2008; Overmeer et al., 2008; Fu et al.,

2009) and has important roles in spermatogenesis (van Der Weyden et al., 2006),

neuronal synapse formation (Biederer et al., 2002) and mast cell interaction (Furuno

et al., 2005; Hollins et al., 2008).

The associations of SNPs in CADM1 in the primary and replication studies showed

different results. Significant associations were observed in the Gambian and Conakry-

Guinean populations, but not in the Bissau-Guinean and Malawian populations.

Such observations reflect a tension between possibilities of true versus chance associ-

ations. On one side, given the small sample sizes of the replication cohorts, they have

a low power of detecting real associations. Assuming the effect in the primary anal-

ysis is real, the power to detect the signal at rs2446890 at P < 0.01 was 11.8% and

17.2% for the Bissau-Guinean and Conakry-Guinean cohort, and was at best 58.2%

for the Malawian cohort. Therefore the lack of association in these cohorts does not

negate the possibility of a real association. Secondly, apart from CADM1, evidence of

associations were also observed in the regions flanking two of the three other cell ad-

hesion (CADM) family members, including one SNP in CADM2 (Pgeno = 1.2×10−5)
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and three SNPs in CADM3 (minimal Pgeno = 2.9 × 10−5). An association was also

seen with a SNP in NCAM2 (Pgeno = 3.5× 10−5) which shares 65% homology with

the Ig domains of CADM1. To evaluate the possibility of such an observation, a gene

family based analysis by permutation was carried out by assigning the associated

SNPs (P < 1.0 × 10−4) to the nearest gene within 100 kb. The analysis revealed

that the probability of observing random associated regions clustering within a gene

family is P = 1.4 × 10−4. These add to the genetic evidence and support CADM1

as a possible candidate gene in tuberculosis.

On the other side, it remains possible that these associations represent a chance

finding. The simultaneous survey of numerous SNPs in a microarray experiment ne-

cessitates an adjusted threshold for statistical significance, due to the multiple testing

involved. Although the SNP rs2446890 near CADM1 showed a significant associa-

tion at Pgeno = 2.0 × 10−6, this magnitude is below the commonly used threshold

for genome-wide level of significance at P < 5.0 × 10−7, or even P < 5.0 × 10−8

(Hoggart et al., 2008). Despite it having the most significant association among all

> 400, 000 SNPs tested, it is still reasonably possible that the association is a chance

finding. This, however, is unlikely to represent spurious association secondary to

the population structure given the correction for three MDS components resulting

in over-dispersion (λ) of 1.05. Moreover, significant association was not observed

in the Ghanaian GWA study (rs2446890, Pgeno = 0.368 and Ptrend = 0.248) which

forms parts of the combined analysis to be described in the next chapter; although a

consistent direction of effect was detected (OR=0.92, 95% CI=0.78-1.07).

Finally, it is possible that the CADM1 association represent a different genetic effect

between populations. This population specific effect can arise due to differences in

LD, or true biological heterogeneity. The former phenomenon results when there

is a differential LD of the genetic marker with the true causal variant in different
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populations. Assuming there is a real causal variant at the association region, such

differences in LD would result in differential tagging and manifest as heterogeneous

results in the genotyped markers. This is a possible scenario especially among African

populations which harbour considerable genetic diversity (Campbell and Tishkoff,

2008). However, the resequencing and fine-mapping experiment failed to identify

any possible casual variant, although it could have been missed as only a subset

of all 128 SNPs were genotyped. As to the later phenomenon of true biological

heterogeneity, it is possible that the genetic effect is specific to the West African

populations, especially with those from Ghana and Malawi which are located at

considerable geographical distances away from The Gambia. Given the diversity

of M. tuberculosis (Gagneux et al., 2006), such distances would signify substantially

different strains of the bacteria infecting individuals of different genetic compositions,

resulting in a different host-pathogen compatibility as discussed in Chapter 1.

In conclusion, this study has identified CADM1 as a potential candidate for suscep-

tibility to tuberculosis. The work represents one of the largest efforts to study the

host genetics of tuberculosis, and emphasises the genetic complexities of African pop-

ulations. Further genetic studies from more West African and other populations are

needed to determine the specificity and generalisability of this association. Finally,

this work has also emphasised the importance of sample size in the detection of com-

mon variants of modest effect sizes. The next chapter describes a combined study,

using data from this Gambian GWA study and a collaborative Ghana GWA study,

to maximise the power to identify genetic variants in tuberculosis susceptibility.
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Chapter 4

Combined analysis of two

tuberculosis studies

4.1 Introduction

Genome-wide association (GWA) studies can identify common genetic variants asso-

ciated with complex diseases and provide insight into the biology of these traits (The

Wellcome Trust Case Control Consortium, 2007). However, because of the modest

effect size of most common variants, individual studies are limited by insufficient

power to detect true disease associations (Barrett and Cardon, 2006). In addition,

power is reduced when the allele frequency is low. The most efficient way to increase

sample size in order to detect loci of modest effect is to combine different studies to

achieve greater power (Altshuler and Daly, 2007). This approach increases the sen-

sitivity to detect genetic variants of smaller effect sizes. Presented here is the work

of the combined analysis of two West African GWA studies, one being the WTCCC

tuberculosis study described in the previous chapter and the other being a Ghanaian

GWA tuberculosis study.

104



4.2 Cohorts and study designs

The combined GWA analysis consisted of samples recruited from The Gambia and

Ghana. Details of the sample cohorts have been discussed in Chapter 2. Briefly, after

quality control, the Gambian cohort consisted of 1,316 cases and 1,382 controls and

the Ghanaian cohort consisted of 921 cases and 1,740 controls. These combined to

give a total of 2,217 cases and 3,113 controls. The samples were genotyped on the

Affymetrix 500K array (Gambians) and the Affymetrix 6.0 SNP array (Ghanaians)

respectively, and the combined dataset consisted of 333,754 autosomal SNPs. These

SNPs were tested for evidence of association using logistic regression, correcting for

the first six MDS components. Seventeen SNPs with P < 1.0×10−4 in the combined

analysis and P < 1.0×10−2 in both GWA studies were carried forward for replications

in separate cohorts from Malawi, Bissau, Conakry and Ghana. The study design

algorithm of the combined analysis is illustrated in Figure 4.1.

4.3 Power calculation

The primary goal of the combined analysis is to maximise the power to detect genetic

variants. As illustrated in Figure 4.2, the combined dataset has more power than

any of the individual cohorts, with at least 95% power to detect associations of

P < 1.0 × 10−4 at an odds ratio of 1.3. The increase in power is most significant

for genetic variants of odds ratio between 1.2-1.3. For a genetic variant with an

odds ratio of 1.25, the power of detection increases from 50% in the Gambian cohort

to 88% in the combined dataset. This significantly increases the ability to detect

common variants with modest effect sizes.
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• 743 635 autosomal SNPs

• 921 cases, 1 740 controls

• 333 754 autosomal SNPs

• 2 217 cases, 3 312 controls

• 354 607 autosomal SNPs

• 1 316 cases, 1 382 controls

• 17 SNPs

• 1 076 cases, 1 611 controls (Ghana)

• 2 SNPs

• 150 cases, 2 214 controls (Ghana)

• 138 cases, 116 controls (Bissau)

• 178 cases, 167 controls (Conakry)

• 236 cases, 779 controls (Malawi)

• 332 parent / child trios (Ghana)

Ghanaian GWA study Gambian GWA study

Combined GWA studies

Replication I

Replication II

Double hits (same direction)

• P < 1.0 x 10-2 in both GWA studies

• P < 1.0 x 10-4 in the combined dataset

Strongest hits

• P < 5.0 x 10-7 in the combined dataset

Figure 4.1: Flow chart showing the strategy of combining the Gambian and Ghanaian

tuberculosis studies.
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Figure 4.2: Power to detect association at P < 1.0 × 10−4 at an allele frequency of

25% in the combined and individual studies.

4.4 Quality control

4.4.1 Sample filters

The quality control criteria for the Gambian GWA study have been described in

Chapter 3. As for the Ghanaian GWA study, genotypes were called using the Bird-

seed algorithm (Carvalho et al., 2010), which uses a contrast quality control to mea-

sure the separation of allele intensities into three genotype clusters. Fifteen samples

yielded a contrast quality control below the recommended threshold of 0.4 and were

excluded from further analyses. Comparing annotated with computed sex identi-

fied 56 individuals with discordant results and these samples were removed from the

dataset. Eleven samples with an autosomal heterozygosity rate > 32% or a call rate

of < 95% were excluded from further analysis. Genetic outliers were eliminated by

the nearest neighbour allele sharing algorithm (Purcell et al., 2007). A total of 49
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individuals with Z < −3 and five subjects with Z > 1 in the normalised distribution

were excluded. Finally there were 260 related pairs of individuals, and samples with

a higher SNP missing frequency were excluded. In all, 376 individuals were excluded

from the data set resulting in 921 cases and 1,740 controls.

4.4.2 SNP filters

As for the SNP quality control, SNPs with a minor allele frequency of < 1%, Hardy-

Weinberg equilibrium of P < 1.0 × 10−4 and genotype rate of < 98% were removed

from the analysis. These criteria were also applied to the Gambian data to standardise

the two studies. For all the SNPs that met these criteria and yielded association

signals of P < 1.0×10−5 in the combined analysis, signal intensity plots were visually

inspected to exclude SNPs with ambiguous calling.

4.5 Population structure

Multidimensional scaling (MDS) analysis was carried out to investigate the popu-

lation structure. Significant population structure was observed in both the Gam-

bian and Ghanaian populations, with the samples clustering according to their self-

reported ethnic groups (Figure 4.3). To look at these findings more globally we sub-

jected the Ghanaian and Gambian results to MDS analysis with the reference samples

from the HapMap populations (The International HapMap Consortium, 2003, 2005).

As expected, genetic differences between the Asian and European populations were

large, but the three populations originating from West Africa could also be dis-

tinguished clearly (Figure 4.4). These population-specific differences may preclude

imputation of the Ghanaian or Gambian data using the HapMap Yoruba population

genotypes.
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Figure 4.3: MDS plot of the Gambian and Ghanaian ethnic groups
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Figure 4.4: MDS plot of the Gambian, Ghanaian and the HapMap populations
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Figure 4.5: Quantile-quantile plot of the combined tuberculosis study. The final

analysis utilised correction with six MDS axes

These data are compatible with the African populations being genetically diverse

(Campbell and Tishkoff, 2008), and indicate that significant population structure

exists in the dataset. To correct for the population stratification, the first six MDS

components derived from the combined dataset were included in the logistic regression

analysis of the combined dataset. The subsequent quantile-quantile plot showed

no significant inflation of the association statistics after correction using the MDS

components (λ=1.06, Figure 4.5).

4.6 Primary association and replication results

In the primary analysis of the combined dataset, a total of 17 SNPs showed evidence

of association with P < 1.0 × 10−4 in the combined dataset and P < 1.0 × 10−2 in

both groups with consistent directions of effects (Figure 4.6 and Table 4.1). These
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SNPs were genotyped in an additional 1,076 cases and 1,611 controls from Ghana in

the first phase of replication (Replication I). These replication results revealed two

SNPs (rs4331426 and rs2335704) with P < 5.0×10−7 (Tables 4.1 and 4.2). These two

SNPs were further genotyped in additional cohorts from Ghana, Bissau and Conakry

and Malawi in the second phase of replication (Replication II), as well as the family

samples from Ghana.

The SNP rs4331426, which maps to chromosome 18q11.2, showed association signal in

the combined GWA analysis with P = 2.2×10−5 (Table 4.1). Consistent association

was observed in the Ghanaian cohort in Replication I, with the minor allele associated

with an increased risk of tuberculosis in the combined statistic (P = 1.1 × 10−7,

OR=1.19, 95% 1.12-1.27, Tables 4.1). Further genotyping in Replication II showed

that a consistent direction of effect (Table 4.2). Combining the GWA and all the

replication data, the overall association statistic was strongly significant with P =

9.2 × 10−9 (OR = 1.18, 95% CI=1.11-1.24, Figure 4.7). The analysis of Ghanaian

nuclear families also supported the association (P = 0.016, OR=1.33, 95% CI 1.05-

1.68).

The SNP rs2335704 in the gene PARD3B showed evidence of association with P =

4.6×10−6 in the combined GWA studies. However, although this SNP passed the pre-

defined threshold of significance after Replication I (P = 3.0× 10−7, OR=1.23, 95%

CI=1.14-1.33), it showed an opposite effect in the Ghanaian population in Replication

II (Table 4.2). The overall association statistic was P = 1.4× 10−6 (Figure 4.7).

4.7 The chromosome 18q11.2 locus

As above-mentioned, the SNP rs4331426 showed consistent associations in the differ-

ent studies with an overall P = 9.2 × 10−9 for the case-control studies (Table 4.2).
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Figure 4.6: Manhattan plot of the combined tuberculosis study. SNPs with P <

1.0× 10−5 are highlighted in green

SNP Chr Position Gene
Gambia Ghana Combined GWA GWA & Replication I

OR P OR P OR 95% CI P -value OR 95% CI P -value

rs10493412 1 66855347 SGIP1 1.24 0.005 1.36 0.003 1.28 1.14-1.44 5.6× 10−5 1.19 1.07-1.33 0.002

rs17436311 1 66856380 SGIP1 1.25 0.004 1.35 0.003 1.28 1.14-1.44 5.2× 10−5 1.19 1.07-1.32 0.001

rs10490534 2 154646176 GALNT13 1.18 0.004 1.18 0.006 1.18 1.09-1.28 9.1× 10−5 1.09 1.02-1.16 0.010

rs2335704 2 205573077 PARD3B 1.23 0.003 1.28 4.3× 10−4 1.26 1.14-1.39 4.6× 10−6 1.23 1.14-1.33 3.0× 10−7

rs7769812 6 38846812 DNAH8 0.82 0.005 0.82 0.005 0.82 0.74-0.91 9.1× 10−5 0.87 0.80-0.95 0.001

rs4896905 6 147713687 STXBP5 0.76 0.002 0.77 0.006 0.76 0.67-0.86 3.2× 10−5 0.83 0.75-0.92 5.1× 10−4

rs1875148 10 61011997 - 1.28 0.003 1.28 0.003 1.29 1.15-1.45 2.0× 10−5 1.16 1.05-1.28 0.003

rs1503442 11 16382358 SOX6 0.81 0.004 0.82 0.004 0.82 0.75-0.90 4.8× 10−5 0.88 0.82-0.95 0.001

rs11173067 12 58203089 - 0.84 0.006 0.82 0.003 0.83 0.76-0.91 3.3× 10−5 0.92 0.85-0.99 0.033

rs7190310 16 17179363 XYLT1 1.19 0.010 1.24 0.003 1.21 1.10-1.33 7.6× 10−5 1.12 1.03-1.22 0.009

rs1353690 16 74576356 - 1.50 0.002 1.49 0.005 1.50 1.25-1.81 1.8× 10−5 1.40 1.19-1.65 4.5× 10−5

rs4331426 18 18444793 - 1.18 0.003 1.18 0.004 1.18 1.09-1.27 2.2× 10−5 1.19 1.12-1.27 1.1× 10−7

rs1943238 18 56266216 ∼SLC16A9 1.43 0.006 1.72 0.002 1.52 1.23-1.87 8.7× 10−5 1.41 1.18-1.68 1.2× 10−4

rs1943240 18 56267422 ∼SLC16A9 1.50 0.001 1.79 0.001 1.58 1.29-1.93 8.4× 10−6 1.47 1.24-1.74 8.7× 10−6

rs3937015 18 65750496 CD226 0.83 0.001 0.84 0.004 0.83 0.76-0.90 1.2× 10−5 0.90 0.84-0.96 0.002

rs35387445 19 59141468 ∼CACNG7 1.42 0.001 1.46 0.003 1.41 1.20-1.66 3.7× 10−5 1.32 1.15-1.51 7.8× 10−5

rs9981165 21 22262330 - 0.73 0.001 0.48 0.002 0.66 0.54-0.81 9.1× 10−5 0.78 0.65-0.94 0.009

Table 4.1: Primary association and Replication I statistics of the combined tubercu-

losis study
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Figure 4.7: Association plots of the chromosome 18q11.2 and PARD3B loci
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Population MAF (case, ctrl) OR (95% CI) Plogistic

rs4331426

The Gambia (GWA) 0.521, 0.476 1.18 (1.06-1.31) 2.9× 10−3

Ghana (GWA) 0.491, 0.448 1.18 (1.05-1.32) 4.3× 10−3

Ghana (Replication I) 0.477, 0.429 1.19 (1.06-1.31) 2.8× 10−3

Ghana (Replication II) 0.476, 0.442 1.18 (0.92-1.51) 0.190

Bissau (Replication II) 0.513, 0.492 1.09 (0.76-1.56) 0.644

Conakry (Replication II) 0.440, 0.435 1.02 (0.73-1.43) 0.906

Malawi (Replication II) 0.563, 0.525 1.15 (0.91-1.45) 0.237

Ghana Families - 1.33 (1.05-1.68) 0.016

Combined GWA - 1.18 (1.09-1.27) 2.2× 10−5

Combined GWA and Replication I - 1.19 (1.11-1.27) 1.1× 10−7

Combined all results - 1.18 (1.11-1.24) 9.2× 10−9

rs2335704

The Gambia (GWA) 0.206, 0.172 1.23 (1.07-1.42) 3.2× 10−3

Ghana (GWA) 0.232, 0.192 1.28 (1.12-1.47) 4.3× 10−4

Ghana (Replication I) 0.230, 0.204 1.19 (1.04-1.37) 0.014

Ghana (Replication II) 0.188, 0.202 0.92 (0.68-1.26) 0.630

Bissau (Replication II) 0.230, 0.193 1.25 (0.81-1.92) 0.317

Conakry (Replication II) 0.227, 0.202 1.15 (0.86-1.56) 0.333

Malawi (Replication II) 0.166, 0.163 1.02 (0.75-1.38) 0.910

Ghana Families - 0.78 (0.60-1.03) 0.082

Combined GWA - 1.26 (1.14-1.39) 4.6× 10−6

Combined GWA and Replication I - 1.23 (1.14-1.33) 3.0× 10−7

Combined all results - 1.20 (1.12-1.29) 1.4× 10−6

Table 4.2: Association statistics of the SNPs at chromosome 18q11.2 and PARD3B

SNP Chr Position Type
Gambia Ghana Combined GWA GWA & Replication I

OR P OR P OR 95% CI P -value OR 95% CI P -value

rs4331426 18 18444793 Original 1.18 0.003 1.18 0.004 1.18 1.09-1.27 2.2× 10−5 1.19 1.12-1.27 1.1× 10−7

rs11874936 18 18457951 Additional 1.11 0.140 1.21 0.001 1.16 1.07-1.28 5.0× 10−4 1.18 1.04-1.27 1.9× 10−6

rs11877287 18 18428795 Additional 1.12 0.073 1.20 0.002 1.15 1.05-1.25 0.001 1.16 1.09-1.25 7.9× 10−6

rs7231506 18 18442878 Additional 0.90 0.110 0.84 0.002 0.88 0.81-0.96 0.003 0.86 0.81-0.92 1.8× 10−5

rs2335704 2 205573077 Original 1.23 0.003 1.28 4.0× 10−4 1.26 1.14-1.39 4.6× 10−6 1.23 1.14-1.33 3.0× 10−7

rs2335705 2 205572777 Additional 1.19 0.045 1.31 2.0× 10−4 1.25 1.13-1.40 1.1× 10−4 1.22 1.11-1.33 7.9× 10−6

Table 4.3: Association statistics of the additional SNPs at chromosome 18q11.2 and

PARD3B
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The minor G allele was associated with an increased risk of tuberculosis (OR=1.18,

95% CI=1.11-1.24). The associations were significant in the Ghanaian cohort in

Replication I (P = 0.003), as well as the Ghanaian family study (P = 0.016) which

should be robust to population stratification (Laird and Lange, 2006). Although the

associations did not reach statistical significance in Replication II probably due to

the smaller sample sizes, a consistent direction of effect was observed in each of these

populations. In fact, the odds ratio for all of the studies show a consistent direction

of effect with negligible heterogeneity between them (PQ = 0.961, I2 = 0, Table 4.2).

Additional genotyping of three neighbouring SNPs did not identify any SNP with a

stronger association (Table 4.3). To study the effect of this variant in different pop-

ulations, the genotype data were stratified according to ethnic groups. A consistent

effect was observed in all of 13 ethnic groups, with the minor G allele conferring an

increased risk to tuberculosis (Figure 4.8).

4.8 The PARD3B locus

The SNP rs2335704 at PARD3B showed evidence of association in the combined

GWA and Replication I (P = 3.0 × 10−7), with the minor C allele found to asso-

ciate with an increased risk to tuberculosis (OR=1.23, 95% CI=1.14-1.33). However,

heterogeneous results were observed in Replication II, with an opposite effect in the

Ghanaian case-control cohort (P = 0.630, OR=0.92, 95% CI=0.68-1.26) and in the

Ghanaian family cohort (P = 0.082, OR=0.78, 95% CI=0.60-1.03, Table 4.2). This

inconsistency was reflected in the statistical tests of heterogeneity with PQ = 0.062

(I2 = 47.9, 95% CI=0-78.6%), indicating a moderate level of heterogeneity (Huedo-

Medina et al., 2006). Combining all the case-control populations, the overall evidence

was weakened with P = 1.4×10−6 (OR=1.20, 95% CI=1.12-1.29, Table 4.2). Further

stratified analysis suggested that the effect of this SNP is distinctly opposite in the
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Figure 4.8: Forest plots showing associations of rs4331426 and rs2335704 in different

populations
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Chr Gene Size (kb) No of SNPs Best SNP OR (95% CI) PSNP PSidak

1 IL10 4.9 21 rs3024505 1.23 (1.00-1.51) 0.052 0.676

2 SLC11A1 14.9 5 rs11904786 1.18 (0.96-1.44) 0.119 0.470

4 TLR2 21.8 19 rs10517578 1.19 (0.98-1.44) 0.082 0.801

5 IL12B 15.7 21 rs6874870 1.23 (0.97-1.56) 0.094 0.874

6 HLA-DQA1 6.2 9 rs9469220 1.15 (1.05-1.25) 0.002 0.015

6 HLA-DRB1 11 5 rs9272346 1.10 (1.01-1.19) 0.022 0.106

6 IFNGR1 21.9 17 rs9373180 1.57 (1.16-2.13) 0.004 0.064

6 TNF 2.8 5 rs1052248 0.96 (0.87-1.06) 0.401 0.923

10 MBL2 6.3 32 rs12573117 1.18 (1.04-1.35) 0.013 0.337

12 IFNG 5 29 rs2193047 1.09 (1.00-1.18) 0.038 0.676

12 VDR 63.5 23 rs11168312 0.86 (0.72-1.02) 0.082 0.861

15 UBE3A 101.7 27 rs7169070 1.12 (0.96-1.30) 0.158 0.990

16 NOD2 35.9 16 rs2066849 1.07 (0.99-1.16) 0.077 0.722

17 CCL18 7.2 20 rs1614133 1.11 (1.02-1.19) 0.012 0.219

17 CCL2 1.9 19 rs3917891 0.90 (0.81-1.00) 0.047 0.598

17 CCL4 1.8 11 rs1614133 1.11 (1.02-1.19) 0.012 0.127

17 NOS2A 43.8 12 rs3729508 0.90 (0.81-1.00) 0.042 0.403

17 STAT5B 77.2 7 rs9912576 1.05 (0.96-1.14) 0.283 0.903

19 CD209 7.5 10 rs11260030 0.93 (0.84-1.03) 0.164 0.832

19 IL12RB1 27.3 4 rs7255589 0.92 (0.85-1.01) 0.071 0.256

20 MC3R 1.1 35 rs6014657 0.88 (0.79-0.97) 0.012 0.355

Table 4.4: Association statistics of reported tuberculosis susceptibility candidates

Ga-Adangbe group in Ghana compared with other ethnic groups (OR=0.84, Figure

4.8), where the minor C allele was associated with protection instead of risk as in

other populations. Finally, an additional nearby SNP was genotyped but did not

identify a stronger association (Table 4.3).

4.9 Previous candidates for tuberculosis

The large dataset in this study allows previous candidate genes to be investigated.

The SNP with the best association statistic within 50 kb of the gene was identified.

The association statistic was corrected with the number of SNPs in the gene, using

Sidak’s correction method as described in Chapter 2. The analysis showed a weak
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evidence of association at HLA-DQA1 with PSidak = 0.015. The strongest association

was observed at the SNP rs9469220 with P = 0.002 (OR=1.15, 95% CI=1.05-1.25).

However, significant association was not observed in any of the other genes in Table

4.4.

4.10 Discussion

As illustrated in Figure 4.2, the power of genetic association studies follows a sigmoid

curve and changes dramatically over a particular range of effect size. Given the

modest effect sizes of most common genetic variants (Hindorff et al., 2009; Manolio

et al., 2009), the sample size is critical in determining the power of detecting genetic

associations. A large sample size is important in identifying novel associations of

modest effects, especially for genetic variants with low allele frequencies with which

the power is further reduced. The most efficient way to increase sample size in order

to detect loci of modest effect is to combine different studies to achieve greater power

(Altshuler and Daly, 2007). This approach has been utilised in several studies to

successfully identify novel genetic variants in common diseases (Zeggini et al., 2007;

Barrett et al., 2008, 2009).

This study combines two GWA studies to achieve greater power to detect genetic

variants in susceptibility to tuberculosis. The power to detect a genetic variant with

an odds ratio of 1.25 increases from 50% in the Gambian cohort to 88% in the

combined dataset. The benefit of such an increase in power is best illustrated by the

results of the experiment. Both the chromosome 18q11.2 and PARD3B variants have

modest effect sizes (OR=1.18 and 1.20 respectively). Despite evidence of association

in the combined analysis, the individual GWA studies have failed to identify these

variants beyond the genome-wide threshold of significance (Table 4.1). These genetic
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variants would not have been detected without collaborative efforts to combine the

two studies.

This study uses a two-stage approach in the experimental design. The initial stage in-

cludes combining the data from the two GWA studies. Although the initial threshold

of P < 1.0× 10−4 is not very stringent, it reduces the chance of missing true genetic

variants at the cost of potentially including some false positive variants. To reduce

the possibility of false positive findings, a more stringent threshold of P < 5.0×10−7

was used in Replication II, after combining with the results with the Ghanaian co-

hort in Replication I. As this cohort has a bigger size with 1,076 cases and 1,611

controls, it has a greater power to detect real associations and therefore minimises

the chance of having false positive results beyond this second stage. The two SNPs

passing this stage were carried forward for further replications in the smaller cohorts

in Replication II.

The data from this study suggest that the chromosome 18q11.2 variant is a genuine

susceptibility locus for tuberculosis. This is supported by the strongly significant

association of P = 9.2× 10−9 in the final analysis, backed up by the striking consis-

tency in its genetic effect among all the 8 population cohorts and 13 ethnic groups

under study (Table 4.2, Figure 4.8), including the southeast African population from

Malawi. The overall odds ratio is 1.18 and the minor allele is associated with an in-

creased risk to tuberculosis. The effect size of this variant is small but is comparable

to most findings from other GWA studies (Hindorff et al., 2009), possibly due to the

fact that variants of larger effect are selected against and therefore disappear from the

population (Manolio et al., 2009). Even though population stratification can result in

spurious associations, the absence of significant inflation in the quantile-quantile plot

and the consistent association in the family study argue against such a possibility.

This combined study identifies the genetic variant at chromosome 18q11.2 as a novel
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susceptibility locus for tuberculosis. The chromosome 18q11.2 variant is located in

a gene desert. The nearest genes are CTAGE1 and RBBP8, located 192.9 kb and

322.5 kb away from the SNP rs4331426 respectively.

In contrast to the chromosome 18q11.2 variant, heterogeneous results were observed

for the PARD3B association at rs2335704. Despite the evidence of association in the

combined GWA studies and Replication I, the results were inconsistent in the studies

in Replication II. An opposite direction of effect was observed in the Ghanaian case-

control cohort as well as the Ghanaian family cohort (Table 4.2, Figure 4.8). Although

this can be due to a population specific effect in the Ga-Adangbe population or

pathogen diversity with M. tuberculosis as discussed in Chapter 3, this also suggests

that the association at PARD3B may be a chance finding. The effect of this locus

should therefore be interpreted with caution, and further replication work is needed

to establish the genetic role of this locus in immunity to tuberculosis.

In conclusion, this study aggregates the power of two GWA studies to identify chro-

mosome 18q11.2, and with less evidence on PARD3B, as susceptibility loci to tuber-

culosis, despite the difficulties in African studies due to the extensive genetic diversity

and low LD (Campbell and Tishkoff, 2008; Jallow et al., 2009). Such population het-

erogeneity necessitates careful dissection of the genetic structure, and has resulted in

a lower coverage for common variants in the genome. Nevertheless, this study rep-

resents the largest human genetic study of tuberculosis known to date, and suggests

that functional studies should be pursued on the chromosome 18q11.2 locus. This

study also emphasises the need for collaborative studies to increase the sample size,

which is critically important in genetic studies to identify novel genetic loci of smaller

to moderate effect sizes. Such efforts will be invaluable in providing novel biological

insight to help humans fight against this ancient disease of tuberculosis.
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Chapter 5

Leprosy gene-centric study

5.1 Introduction

Leprosy is the second commonest mycobacterial infection after tuberculosis. It is

a chronic granulomatous disease affecting the skin and peripheral nerves. Despite

its causative agent Mycobacterial leprae being the first identified human pathogen

(Hansen, 1874), natural immunity to the bacterium remains poorly understood. The

disease remains endemic in central Africa, south and southeast Asia and south Amer-

ica with more than 200,000 new cases per year (The World Health Organization,

2007). Twin studies (Chakravartti and Vogel, 1973), familial clustering (Shields

et al., 1987) and segregation analyses (Abel et al., 1995) suggest that host genetics

play an important role in susceptibility to this infectious disease. The heritability for

leprosy was estimated as up to 57% with a sibling relative risk (λS) of 6.4. (Bakker

et al., 2005).

Given the global health importance and heritability of leprosy, an association study

was conducted on three different cohorts recruited from India where the disease is

prevalent. Primary analysis involved genotyping samples recruited from New Delhi,
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using a microarray with approximately 50,000 SNPs in 2,092 genes with a potential

role in inflammatory and metabolic processes. This was followed by replication in

two other cohorts from Kolkata and Madurai. The aim of this study was to identify

genetic loci in leprosy, which may provide insight into the disease susceptibility and

resistance. Furthermore, as M. leprae and M. tuberculosis are both mycobacteria,

results of this study may potentially be extrapolated to improve our understanding

of immunity to tuberculosis. This chapter details the results of this study.

5.2 Cohorts and study designs

The study was conducted using sample cohorts from New Delhi, Kolkata and Madurai

of India as described in Chapter 2. The New Delhi samples were genotyped using

the HumanCVD Genotyping BeadChip microarray (Keating et al., 2008). This gene-

centric microarray was designed to target potentially relevant loci across a wide range

of inflammatory and metabolic syndromes, covering 2,092 genes of which 435 have

a high likelihood of functional significance. Although the total number of SNPs

is less than most high-throughput genotyping platforms intended for genome-wide

studies, this array has a greater depth of coverage with an average density of 36.5

SNPs in priority regions. Given the pronounced tissue inflammation seen in leprosy

patients (Modlin et al., 1988; Krutzik et al., 2003), it is conceivable that genes in the

inflammatory and metabolic pathways may be involved in susceptibility to leprosy.

Genetic variants associated with P < 1.0×10−4 in the primary analysis were carried

forward for replication in the Kolkata and Madurai cohorts, and were genotyped

using Sequenom primer extension assays (Gabriel and Ziaugra, 2004).

In addition to these Indian samples, DNA samples of 1,463 individuals from the

United Kingdom, The Gambia, Malawi and Russia were genotyped for population
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differentiation analysis. The genotyping was performed using Sequenom primer ex-

tension assays (Gabriel and Ziaugra, 2004).

5.3 Quality control

Genotypes from the microarray were called using the BeadStudio Genotyping Module

(Dunning et al., 2008). A first-pass criterion was performed to remove all grossly

failing SNPs with a call rate of < 90%. The data were then subjected to further

quality control as described below.

5.3.1 Sample filters

A total of 558 individuals were genotyped. Samples with a low call rate (<90%) or

extreme overall heterozygosity (<0.22 or >0.27) were excluded (Figure 5.1). Further-

more, samples showing evidence of duplication, contamination or cryptic relatedness

(IBD proportion >0.2), as well as samples with an outlying ancestry (Figure 5.2)

were removed. A total of 448 individuals were retained for association analysis.

5.3.2 SNP filters

Genetic variants with a low call rate (<95%) or extreme deviation from the Hardy-

Weinberg equilibrium (P < 1× 10−6) were excluded, as well as those with low minor

allele frequency (<1%). The resulting set contained 29,020 SNPs for association anal-

ysis. Cluster plots of all SNPs with association P < 1.0×10−4 in the primary analysis

were visually inspected, and SNPs with poorly separating clusters were excluded from

further analysis (Table 5.1).
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Figure 5.1: Sample call rate and heterozygosity. Dotted lines delimit the thresholds

for sample exclusion.
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Figure 5.2: MDS plot of the New Delhi Indians and HapMap populations. Crosses

denote samples excluded due to outlying ancestry

124



Exclusion criteria No of SNPs No of samples

Sample filters

Sample call rate (<90%) — 44

Heterozygosity (<0.22 or >0.27) — 2

Duplication or relatedness (IBD proportion >0.2) — 33

Outlying ancestry — 31

Retained for analysis — 448

SNPs filters

SNP call rate (<95%) 752 —

Hardy Weinberg equilibrium (P < 1× 10−6) 551 —

Minor allele frequency (<1%) 10,837 —

Retained for analysis 29,020 —

Table 5.1: Samples and SNPs exclusion criteria

5.4 Primary association results

The primary association analysis was performed with the Pearson’s χ2 allelic test

(Palle) and the Cochran-Armitage test for trend (Ptrend). Both tests assumed a

additive model for disease inheritance. A total of 49 SNPs from 30 different loci

showed evidence of association at P < 1.0 × 10−4 (Figure 5.3, Table 5.2). The

strongest evidence of association was observed at the human leukocyte antigen (HLA)

class II locus at chromosome 6p21, with two SNPs showing a genome-wide level of

association (rs9270650, Palle = 6.4 × 10−10, Ptrend = 1.2 × 10−9 and rs1071630,

Palle = 8.5 × 10−10, Ptrend = 4.8 × 10−9). The genotype distributions of these two

SNPs were in Hardy-Weinberg equilibrium in both the cases and controls (rs9270650,

Pcase = 0.99, Pctrl = 0.705 and rs1071630, Pcase = 0.267, Pctrl = 0.527). Several

SNPs close to but outside of the HLA region in AGER, RNF5 and BAK1 were

also significantly associated. Significant associations were also observed for SNPs in

SLC12A1, MGLL, TLR1 and RBP1.
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SNP Chr Position Gene Minor MAF (case) MAF (ctrl) OR 95% CI Palle

rs3753242 1 2059541 PRKCZ A 0.25 0.14 2.10 1.49-2.97 1.7× 10−5

rs3790562 1 67567011 IL12RB2 G 0.12 0.04 2.82 1.66-4.80 7.2× 10−5

rs6673833 1 85648210 DDAH1 G 0.15 0.27 0.49 0.35-0.68 2.4× 10−5

rs2244510 1 204661692 SRGAP2 C 0.27 0.40 0.55 0.42-0.73 3.5× 10−5

rs9429893 1 204667615 SRGAP2 G 0.27 0.40 0.56 0.42-0.75 6.4× 10−5

rs11118087 1 204723200 IKBKE A 0.39 0.26 1.82 1.37-2.42 2.9× 10−5

rs6707461 2 164817572 - A 0.27 0.39 0.57 0.43-0.76 9.5× 10−5

rs11465897 3 10229797 IRAK2 A 0.12 0.22 0.46 0.32-0.67 3.2× 10−5

rs664910 3 128956720 MGLL G 0.46 0.33 1.73 1.32-2.28 6.7× 10−5

rs16830415 3 128956957 MGLL C 0.21 0.10 2.35 1.61-3.42 6.8× 10−6

rs547801 3 128964929 MGLL A 0.24 0.12 2.39 1.67-3.42 1.2× 10−6

rs295470 3 140696593 RBP1 G 0.58 0.42 1.90 1.46-2.49 2.0× 10−6

rs2071388 3 140719373 RBP1 G 0.58 0.42 1.90 1.45-2.47 2.2× 10−6

rs10008492 4 38442115 TLR10 C 0.03 0.11 0.23 0.12-0.44 1.6× 10−6

rs5743618 4 38475043 TLR1 C 0.04 0.13 0.27 0.15-0.47 1.3× 10−6

rs10033900 4 110878516 PLA2G12A C 0.26 0.38 0.57 0.42-0.75 9.9× 10−5

rs9358391 6 21215088 CDKAL1 T 0.40 0.27 1.78 1.35-2.36 5.3× 10−5

rs3134947 6 32253183 RNF5 A 0.09 0.19 0.41 0.27-0.61 1.1× 10−5

rs3134940 6 32257794 AGER G 0.08 0.18 0.41 0.27-0.63 2.8× 10−5

rs9270650 6 32673832 HLA-DRB1 C 0.44 0.24 2.43 1.83-3.23 6.4× 10−10

rs477515 6 32677669 HLA-DQA1 A 0.13 0.27 0.41 0.29-0.57 2.2× 10−7

rs2516049 6 32678378 HLA-DRB1/DQA1 G 0.14 0.27 0.42 0.29-0.59 5.5× 10−7

rs9270986 6 32682038 HLA-DRB1/DQA1 A 0.41 0.22 2.45 1.83-3.29 1.4× 10−9

rs482044 6 32684042 HLA-DRB1/DQA1 G 0.35 0.48 0.58 0.44-0.76 9.3× 10−5

rs3104369 6 32710460 HLA-DQA1 A 0.48 0.31 2.01 1.53-2.64 4.8× 10−7

rs1071630 6 32717104 HLA-DQA1 T 0.31 0.52 0.42 0.32-0.56 8.5× 10−10

rs9273363 6 32734250 HLA-DQA1 A 0.15 0.25 0.50 0.36-0.71 7.1× 10−5

rs3891175 6 32742445 HLA-DQA1 A 0.11 0.23 0.43 0.29-0.63 9.6× 10−6

rs210137 6 33650456 BAK1 T 0.43 0.30 1.76 1.33-2.31 5.9× 10−5

rs210138 6 33650516 BAK1 G 0.44 0.30 1.79 1.36-2.37 3.2× 10−5

rs7009163 8 11714373 FDFT1 C 0.07 0.17 0.34 0.22-0.55 3.4× 10−6

rs16902359 8 128812033 MYC T 0.39 0.26 1.86 1.40-2.47 1.9× 10−5

rs1799998 8 143996602 CYP11B2 C 0.32 0.46 0.55 0.42-0.73 2.5× 10−5

rs4879816 9 34660128 CCL27 A 0.09 0.19 0.43 0.28-0.64 2.3× 10−5

rs3740237 10 32597598 EPC1 C 0.33 0.21 1.87 1.38-2.53 5.2× 10−5

rs17121799 10 108697641 SORCS1 A 0.15 0.07 2.39 1.53-3.73 8.7× 10−5

rs666004 11 120903788 SORL1 G 0.43 0.56 0.58 0.45-0.76 6.7× 10−5

rs525017 12 121781687 GPR81 A 0.25 0.14 2.06 1.47-2.89 2.6× 10−5

rs8006042 14 66899325 EIF2S1 G 0.32 0.20 1.89 1.39-2.56 4.1× 10−5

rs12588458 14 66900609 EIF2S1 G 0.37 0.24 1.87 1.40-2.50 2.4× 10−5

rs861537 14 103236828 XRCC3 A 0.40 0.54 0.57 0.44-0.75 3.6× 10−5

rs2675345 15 46187491 SLC12A1 G 0.29 0.16 2.09 1.51-2.88 5.7× 10−6

rs1320052 15 46282800 SLC12A1 C 0.22 0.11 2.19 1.52-3.15 2.2× 10−5

rs16960661 15 46293975 SLC12A1 C 0.20 0.09 2.51 1.69-3.73 3.1× 10−6

rs9920281 15 46301601 SLC12A1 G 0.25 0.12 2.53 1.77-3.61 1.9× 10−7

rs8032941 15 46302144 SLC12A1 C 0.12 0.05 2.83 1.68-4.76 4.8× 10−5

rs1013316 16 24042613 PRKCB1 A 0.41 0.55 0.58 0.45-0.76 6.0× 10−5

rs7501702 17 19234320 MFAP4 A 0.28 0.42 0.53 0.4-0.71 1.1× 10−5

rs11083841 19 51811873 PTGIR G 0.45 0.32 1.73 1.32-2.27 7.5× 10−5

Table 5.2: Primary association statistics of SNPs with Palle < 1.0× 10−4
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Figure 5.3: Manhattan plot of the leprosy gene-centric study. SNPs with P < 1.0×
10−5 are highlighted in green

5.5 Replication results

A total of 40 SNPs with Palle < 1.0× 10−4 were successfully genotyped in the repli-

cation cohorts. The allelic test was used for the association test in the case-control

cohorts, and the transmission-disequilibrium-test (TDT) was used for the association

test in the family-based cohort.

Several SNPs showed evidence of association in the replication cohorts in the same

direction as in the primary study (Table 5.3). The most convincing evidence of

association was observed in chromosome 6, where 3 SNPs at the HLA class II locus

(rs9270650, rs1071630, rs9270986) and 1 SNP at RNF5 (rs3134947) showed consistent

evidence of association. Combining results from the two case-control populations, the

strongest signal was observed in rs1071630 at HLA-DQA1 (HLA-DQA1 F41S) with

a overall P = 4.9 × 10−14 in the Mantel-Haenszel statistic (Figures 5.4 & 5.5). The

Breslow-Day test showed no significant heterogeneity between these studies (P =
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0.686). The minor allele significantly decreases the odds of infection (OR=0.43, 95%

CI=0.35-0.54). The second strongest association was observed at rs9270650 in HLA-

DRB1 (Pmh = 3.1× 10−11, OR=2.24, 95% CI=1.76-2.86, Figure 5.5).

Consistent association was also observed at the Toll-like receptor (TLR) gene cluster

at chromosome 4p14. The association peaked at a non-synonymous variant rs5743618

(TLR1 I602S) where the minor allele was significantly associated protection against

leprosy. The association statistic was Palle = 1.3× 10−6 and Ptrend = 3.9× 10−6 for

the New Delhi cohort, with the genotypes distributed in accordance to the Hardy-

Weinberg equilibrium (Pcase = 0.565, Pctrl = 0.088). The association statistic was

Pmh = 5.7 × 10−8 (OR=0.31, 95% CI=0.20-0.48) upon addition of data from the

Kolkata case-control population, and a consistent effect was observed in the Madurai

family cohort (Ptdt = 0.090, OR=0.51, 95% 0.35-1.09). Analysed together with a

previously reported Turkish set of 57 cases and 90 controls (Johnson et al., 2007), the

best estimate of risk for the minor serine variant was OR=0.37 (95% CI=0.26-0.51)

with Pmh = 1.7×10−9 for all the case-control studies (Figure 5.4 & 5.5). The Breslow-

Day test showed no significant heterogeneity between these studies (P = 0.243). This

association was strongest among all 75 SNPs genotyped in the 80kb flanking region.

Some evidence of association was observed for SNPs at CCL27 (rs4879816) and

PRKCB1 (rs1013316) with P < 0.05 in one of the replication cohorts. The gene

CCL27 encodes a cutaneous chemokine that attracts T-cells. However, none of these

associations was consistent among all the three populations.
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SNP Chr Position Gene
New Delhi Kolkata Madurai

OR OR 95% CI Palle OR 95% CI Ptdt

rs3753242 1 2059541 PRKCZ 2.10 Not genotyped Not genotyped

rs3790562 1 67567011 IL12RB2 2.82 0.62 0.35-1.10 0.102 1.19 0.84-1.70 0.325

rs6673833 1 85648210 DDAH1 0.49 0.96 0.65-1.43 0.846 0.79 0.61-1.02 0.067

rs2244510 1 204661692 SRGAP2 0.55 0.99 0.69-1.41 0.944 0.98 0.74-1.29 0.888

rs9429893 1 204667615 SRGAP2 0.56 0.98 0.69-1.41 0.928 1.05 0.81-1.36 0.694

rs11118087 1 204723200 IKBKE 1.82 1.12 0.79-1.57 0.528 1.08 0.87-1.34 0.506

rs6707461 2 164817572 - 0.57 Not genotyped Not genotyped

rs11465897 3 10229797 IRAK2 0.46 0.88 0.51-1.52 0.653 0.91 0.62-1.34 0.622

rs664910 3 128956720 MGLL 1.73 0.98 0.71-1.37 0.917 0.96 0.74-1.26 0.788

rs16830415 3 128956957 MGLL 2.35 1.05 0.67-1.65 0.834 0.92 0.70-1.22 0.572

rs547801 3 128964929 MGLL 2.39 Not genotyped Not genotyped

rs295470 3 140696593 RBP1 1.90 1.11 0.77-1.59 0.577 1.10 0.86-1.42 0.444

rs2071388 3 140719373 RBP1 1.90 0.87 0.61-1.24 0.441 1.03 0.79-1.33 0.842

rs10008492 4 38442115 TLR10 0.23 0.50 0.25-1.00 0.047 1.00 0.61-1.63 1.000

rs5743618 4 38475043 TLR1 0.27 0.40 0.20-0.83 0.011 0.61 0.35-1.09 0.090

rs10033900 4 110878516 PLA2G12A 0.57 0.86 0.60-1.24 0.424 1.10 0.86-1.39 0.460

rs9358391 6 21215088 CDKAL1 1.78 1.01 0.72-1.41 0.968 1.02 0.80-1.31 0.851

rs3134947 6 32253183 RNF5 0.41 0.54 0.35-0.85 0.007 0.68 0.48-0.98 0.038

rs3134940 6 32257794 AGER 0.41 0.71 0.38-1.33 0.279 0.69 0.45-1.08 0.100

rs9270650 6 32673832 HLA-DRB1 2.43 1.83 1.28-2.59 0.001 1.30 1.03-1.65 0.030

rs477515 6 32677669 HLA-DRB1/DQA1 0.41 Not genotyped Not genotyped

rs2516049 6 32678378 HLA-DRB1/DQA1 0.42 0.63 0.33-1.17 0.142 0.78 0.56-1.08 0.131

rs9270986 6 32682038 HLA-DRB1/DQA1 2.45 1.66 1.18-2.34 0.003 1.28 1.00-1.64 0.046

rs482044 6 32684042 HLA-DRB1/DQA1 0.58 Not genotyped Not genotyped

rs3104369 6 32710460 HLA-DQA1 2.01 Not genotyped Not genotyped

rs1071630 6 32717104 HLA-DQA1 0.42 0.46 0.32-0.65 1.1× 10−5 0.81 0.65-1.00 0.050

rs9273363 6 32734250 HLA-DQA1 0.50 Not genotyped Not genotyped

rs3891175 6 32742445 HLA-DQA1 0.43 Not genotyped Not genotyped

rs210137 6 33650456 BAK1 1.76 1.10 0.77-1.56 0.594 1.05 0.83-1.34 0.671

rs210138 6 33650516 BAK1 1.79 0.98 0.71-1.37 0.923 1.01 0.81-1.24 0.957

rs7009163 8 11714373 FDFT1 0.34 Not genotyped Not genotyped

rs16902359 8 128812033 MYC 1.86 1.02 0.71-1.48 0.910 1.04 0.79-1.36 0.785

rs1799998 8 143996602 CYP11B2 0.55 1.04 0.72-1.49 0.836 1.06 0.84-1.33 0.641

rs4879816 9 34660128 CCL27 0.43 1.42 0.82-2.46 0.211 0.58 0.42-0.80 0.001

rs3740237 10 32597598 EPC1 1.87 1.19 0.82-1.73 0.359 0.94 0.73-1.22 0.647

rs17121799 10 108697641 SORCS1 2.39 0.73 0.45-1.18 0.195 0.96 0.68-1.34 0.795

rs666004 11 120903788 SORL1 0.58 1.42 1.03-1.98 0.035 1.02 0.82-1.27 0.865

rs525017 12 121781687 GPR81 2.06 0.61 0.32-1.15 0.122 1.24 0.73-2.10 0.423

rs8006042 14 66899325 EIF2S1 1.89 1.25 0.77-2.03 0.362 0.60 0.38-0.94 0.025

rs12588458 14 66900609 EIF2S1 1.87 1.37 0.94-2.00 0.106 0.83 0.64-1.09 0.178

rs861537 14 103236828 XRCC3 0.57 0.91 0.61-1.36 0.648 0.92 0.71-1.20 0.541

rs2675345 15 46187491 SLC12A1 2.09 1.26 0.89-1.79 0.192 0.85 0.68-1.05 0.127

rs1320052 15 46282800 SLC12A1 2.19 1.29 0.88-1.91 0.193 0.82 0.66-1.01 0.064

rs16960661 15 46293975 SLC12A1 2.51 1.19 0.81-1.77 0.377 0.79 0.63-1.00 0.050

rs9920281 15 46301601 SLC12A1 2.53 1.10 0.76-1.58 0.616 0.82 0.65-1.03 0.089

rs8032941 15 46302144 SLC12A1 2.83 1.47 0.73-2.93 0.278 0.74 0.52-1.04 0.082

rs1013316 16 24042613 PRKCB1 0.58 0.70 0.49-0.98 0.039 1.25 1.00-1.55 0.046

rs7501702 17 19234320 MFAP4 0.53 0.99 0.67-1.46 0.950 1.05 0.82-1.33 0.715

rs11083841 19 51811873 PTGIR 1.73 1.04 0.73-1.48 0.850 1.23 0.99-1.53 0.066

Table 5.3: Association statistics in the replication studies
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Figure 5.4: Association plots of the HLA class II and TLR 10/1/6 loci
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Figure 5.5: Forest plots showing associations of rs1071630, rs9270650 and rs5743618

in different populations
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5.6 The HLA class II locus

5.6.1 Conditional analysis

Significant associations showing evidence of replication were observed in four SNPs

around the HLA locus, three at HLA-DRB1/DQA1 and one at RNF5. Although

the RNF5 SNP is located outside the HLA region, its close proximity raises the pos-

sibility of its signal being related to the HLA associations. Linkage disequilibrium

analysis showed that this RNF5 SNP (rs3134947) was in partial LD with SNPs in the

HLA class II locus (rs3134947-rs2516049, r2 = 0.50 at 425kb away and rs3134947-

rs1071630, r2 = 0.15 at 464 kb away), and logistic regression showed that the asso-

ciation at rs3134947 became non-significant after conditioning upon rs2516049 and

rs1071630 (P = 0.380 and P = 0.077). This suggests that the association at RNF5

might be due to signal arising from the HLA class II locus, consistent with the exis-

tence of long haplotypes extending up to one million base pairs in HLA (de Bakker

et al., 2006).

Further logistic regression analysis was carried out to study the signal at the three

replicated SNPs in the HLA class II region. Analysis showed that the associations at

rs1071630 and rs9270650 did not account for each other (P = 0.001 and P = 0.004).

However, the signal at rs9270986 might be statistically accounted by the rs9270650

association (P = 0.711). In other words, the data suggests that the associations at

this HLA locus might be due to two independent signals best captured by rs1071630

and rs9270650.

5.6.2 Haplotypic analysis

Two haplotype blocks were reconstructed in the HLA locus II region using the confi-

dence intervals definition (Table 5.4) (Gabriel et al., 2002). The first block contained
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Figure 5.6: LD plot of the HLA class II locus. The blocks indicate the reconstructed

haplotypes containing the top SNPs rs1071630 and rs9270650

eight common haplotypes with a frequency greater than 1%, three of which were

significantly associated with susceptibility to leprosy at P < 0.05. Increased risk

to leprosy was observed in the most common haplotype carrying the minor C allele

for rs9270650 (41.1% in cases and 36.5% in controls), whereas significant protection

was observed in two haplotypes containing its alternative allele (Table 5.4). The sec-

ond block contained four common haplotypes, three of which were associated with

leprosy susceptibility. These results were highly consistent with the single locus as-

sociations, and support the evidence that variations in this locus contribute to the

disease phenotype.
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Haplotype Frequency Odds ratio 95% CI P -value

Block 1

CGGCAAGC 0.311 2.43 1.82-3.24 1.5× 10−9

TTGCACCC 0.182 0.69 0.49-0.98 0.037

TGGCACCG 0.151 1.27 0.88-1.83 0.197

TGGTGCGG 0.147 0.38 0.26-0.56 1.4× 10−6

TGGCACCC 0.067 0.78 0.46-1.33 0.364

TGGCACGG 0.059 0.71 0.41-1.24 0.231

TGATGCGG 0.043 0.58 0.32-1.05 0.071

CGGCACGC 0.023 1.43 0.59-3.49 0.432

Block 2

TCG 0.574 2.26 1.73-2.96 3.2× 10−9

CCG 0.222 0.59 0.42-0.82 0.002

CAG 0.116 0.45 0.29-0.69 3.0× 10−4

CAT 0.088 0.68 0.42-1.09 0.108

Table 5.4: Haplotypic association analysis at the HLA class II locus. The haplotype

blocks were defined as in Figure 5.6

5.6.3 Subtype analysis

The clinical manifestion of leprosy can be broadly categorised into multibacillary and

paucibacillary subtypes. The association of rs1071630 and rs9270650 remained robust

in each of the two subtypes with similar effect size. The Breslow-Day test of hetero-

geneity did not reject the null hypothesis of homogeneity between the multibacillary

and paucibacillary groups (P > 0.05, Table 5.5).

5.6.4 Allelic dosage analysis

Allelic dosage analysis was performed to look at the relationship between number

of risk alleles and disease phenotype. The rationale of this analysis relied on the

hypothesis that if the two SNPs interact in an additive manner, the odds of leprosy

infection may increase with the number of risk alleles in a linear fashion, which could

be demonstrated by the Cochran-Armitage test of trend. The number of risk alleles

in these two SNPs carried by each individual was counted. Analysis showed that the
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Leprosy subtype OR (95% CI) Allelic P -value

rs1071630

Multibacillary leprosy 0.37 (0.26-0.53) 2.0× 10−8

Paucibacillary leprosy 0.48 (0.33-0.68) 3.0× 10−5

Combined 0.42 (0.32-0.56) 8.5× 10−10

PBreslow−Day = 0.33

rs9270650

Multibacillary leprosy 2.27 (1.61-3.20) 1.6× 10−6

Paucibacillary leprosy 2.61 (1.84-3.69) 3.8× 10−8

Combined 2.43 (1.83-3.23) 6.4× 10−10

PBreslow−Day = 0.58

rs5743618

Multibacillary leprosy 0.22 (0.10-0.50) 1.3× 10−6

Paucibacillary leprosy 0.31 (0.15-0.64) 9.1× 10−4

Combined 0.27 (0.15-0.47) 1.3× 10−6

PBreslow−Day = 0.55

Table 5.5: Leprosy subtype analysis for rs1071630, rs9270650 and rs5743618

number of risk alleles (ranged 0-4) was positively correlated with susceptibility to

leprosy (Ptrend = 3.2× 10−11, Plogistic = 1.1× 10−11). Individuals with homozygous

risk alleles for both variants were highly susceptible to leprosy infection, with an odds

ratio of 8.7 compared to their homozygous protective counterparts (Figure 5.7).

5.6.5 Epistasis analysis

Epistasis analysis was performed to look at the interaction (SNP1 x SNP2) between

rs9270650 and rs1071630. The analysis statistic was not significant (P = 0.44),

suggesting that rs9270650 and rs1071630 might not have a synergistic effect with

each other on top of their summed independent effects.
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Figure 5.7: Odds of leprosy in individuals carrying different numbers of risk allels for

rs9270650 and rs1071630

5.7 The TLR 10/1/6 locus

5.7.1 Conditional analysis

Eight SNPs showed evidence of association at the TLR 10/1/6 locus in chromosome

4p14 in the New Delhi cohort. To dissect the association signal, conditional logistic

regresion was performed with correction for the SNP rs5743618 which associated with

leprosy susceptibility most strongly. Analysis showed that the signals of all other

associated SNPs in this region were lost after correcting for rs5743618, suggesting

that these SNPs did not contribute to the association signal independently.

5.7.2 Haplotypic analysis

Haplotypes at the associated region at TLR 10/1/6 were reconstructed using the

confidence interval definition (Figure 5.8) (Gabriel et al., 2002). This gave six com-
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Haplotype Frequency Odds ratio 95% CI P -value

CTTTAT 0.429 1.23 0.94-1.60 0.125

CCATAC 0.172 0.89 0.64-1.24 0.495

CTAGAC 0.130 1.22 0.82-1.82 0.331

CTTTAC 0.088 1.13 0.71-1.79 0.604

CTTTCT 0.087 0.26 0.15-0.49 1.3× 10−6

GTAGAC 0.085 1.41 0.89-2.24 0.145

Table 5.6: Haplotypic association analysis at the TLR 10/1/6 locus. The haplotype

block was defined as in Figure 5.8

mon haplotypes containing rs5743618, with one haplotype carrying the protective C

allele conferring significant protection against leprosy (P = 1.3×10−6, OR=0.26, 95%

CI=0.15-0.47). This was consistent with the result from the single locus association.

5.7.3 Subtype analysis

The rs5743618 association was significant for both multibacillary and paucibacillary

subtypes (Table 5.5), with a slightly stronger effect in multibacillary leprosy. However

the Breslow-Day test of heterogeneity did not reveal any significant difference between

the two subtypes (P = 0.55).

5.7.4 Population differentiation analysis

Infectious disease has been a major selective force during human evolution (Hal-

dane, 1949; Lively and Dybdahl, 2000; Sabeti et al., 2006) and has contributed to

the diversity of the mammalian MHC genes (Hughes and Yeager, 1998). Recently,

several studies have shown that the TLR 10/1/6 gene cluster is highly differentiated

between populations (Smyth et al., 2006; The Wellcome Trust Case Control Consor-

tium, 2007; Pickrell et al., 2009). To further investigate the population differentiation

at this locus, the SNP rs5743618 was genotyped in the HapMap populations. Anal-

ysis showed extreme population differentiation of rs5743618 among over 3 million
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Figure 5.8: LD plot of the TLR1 locus. The block indicates the reconstructed

haplotype containing the top SNP rs5743618

polymorphic SNPs in the genome (> 99th percentile, Figure 5.9). Further literature

review and genotyping of samples from India, Malawi, The Gambia, Russia and the

United Kingdom showed a maximal pairwise FST of 0.57 between European Ameri-

can and Yoruban (Figure 5.10). The derived C allele was rare in African populations

but was dominant in individuals of European descent, with more than 40% being

homozygous for this allele (Figures 5.11).

5.8 Previous candidates for leprosy susceptibility

This microarray allowed genic SNPs to be interrogated at a high density. As such,

SNPs located in genes previously reported to associate with susceptibility to leprosy

were re-investigated in this New Delhi cohort. Evidence of association was observed

at genes on chromosome 6 flanking MICA, TNF, MICB and IL10, which remained
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Figure 5.9: FST value of rs5743618 against more than three million autosomal SNPs

in the HapMap populations

significant after Sidak’s correction for multiple testing (Table 5.7) and conditioning

for the HLA variants rs9270650 and rs1071630. However, no convincing association

was observed in SNPs flanking LTA or TLR4 despite the high density of coverage

across these genes.

5.8.1 Genes from a recent genome-wide study

During the course of this study, a GWA study on leprosy in a Chinese population of

706 cases and 1,225 controls was published (Zhang et al., 2009). The data identified

a consistent signal of association at the HLA class II locus, and also implicated the

genes NOD2, TNFSF15, RIPK2 and C13orf31/CCDC122 in leprosy susceptibility.

To attempt to replicate these findings, we genotyped the 15 SNPs in the non-HLA

regions reported in the study (Zhang et al., 2009). Consistent associations for SNPs
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Figure 5.10: Pairwise FST of rs5743618 between the 15 populations as indicated

Figure 5.11: Global amino acid frequency corresponding to rs5743618. Side panel

shows the amino acid sequence alignment around the SNP
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Chr Gene Size (kb) SNPs Density Best SNP OR (95% CI) Palle PSidak

1 IL10 4.89 13 2.66 rs1554286 1.52 (1.15-1.99) 0.003 0.039

2 SLC11A1 14.87 9 0.61 rs13062 1.39 (1.03-1.88) 0.032 0.254

4 TLR2 21.80 8 0.37 rs1339 0.72 (0.47-1.09) 0.116 0.627

5 IL12B 15.69 15 0.96 rs919766 2.82 (1.22-6.52) 0.011 0.152

6 MICA 11.72 13 1.11 rs12660741 2.15 (1.45-3.18) 9.9× 10−5 0.001

6 MICB 13.05 8 0.61 rs3828917 0.32 (0.16-0.66) 0.001 0.008

6 LTA 2.01 15 7.48 rs1121800 1.20 (0.92-1.56) 0.190 0.958

6 TNF 2.76 15 5.43 rs3093662 0.33 (0.17-0.62) 3.2× 10−4 0.005

9 TLR4 13.31 28 2.10 rs7044464 1.57 (1.05-2.35) 0.029 0.561

12 VDR 63.50 62 0.98 rs2254210 0.6 (0.41-0.88) 0.008 0.392

16 NOD2 35.94 25 0.70 rs2067085 0.65 (0.46-0.91) 0.011 0.222

19 IL12RB1 27.33 9 0.33 rs436857 0.77 (0.51-1.16) 0.207 0.876

Table 5.7: Association statistics of reported leprosy susceptibility candidates

at the C13orf31/CCDC122 at chromosome 13q14.11 were observed, with the SNP

rs3764147 showing a consistent effect in the New Delhi (Palle = 0.003, OR=1.54, 95%

CI=1.16-2.04) and Kolkata (Palle = 0.064, OR=1.36, 95% CI=0.98-1.87) cohorts,

although the family cohort did not detect any significant association (Ptdt = 0.168)

probably due to its low power. The distribution of genotypes in the case-control

populations followed the Hardy-Weinberg equilibrium (Pcase = 0.495, Pctrl = 0.956

for New Delhi, Pcase = 0.243 and Pctrl = 0.069 for Kolkata). The best effect size

estimate for the combined case-control cohorts was OR=1.46 (Pmh = 5.2×10−4, 95%

CI=1.18-1.80), compared with OR=1.68 in the original study. However, significant

association was not detected in the reported SNPs in other genes (NOD2, RIPK2,

TNFSF15 and LRRK2 ).

5.9 Discussion

Despite the long history of leprosy and medical advances, leprosy remains a scourge

in many parts of the world. Our understanding of the pathogenesis of M. leprae

and its interaction with humans is limited, in part due to the inability to culture the
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SNP Gene
Original New Delhi Kolkata Madurai

OR OR (95% CI) Palle OR (95% CI) Palle OR (95% CI) Palle

rs42490 RIPK2 0.76 0.78 (0.60-1.03) 0.080 0.86 (0.62-1.19) 0.351 1.20 (0.84-1.73) 0.313

rs40457 RIPK2 0.77 0.83 (0.63-1.11) 0.209 1.04 (0.74-1.46) 0.829 1.04 (0.71-1.53) 0.845

rs10982385 TNFSF15 1.19 0.90 (0.69-1.18) 0.433 1.23 (0.89-1.69) 0.207 1.36 (0.91-2.02) 0.132

rs4574921 TNFSF15 1.31 1.04 (0.76-1.41) 0.818 1.21 (0.83-1.76) 0.319 0.83 (0.56-1.24) 0.361

rs10114470 TNFSF15 1.28 0.95 (0.71-1.26) 0.721 0.83 (0.59-1.17) 0.290 1.13 (0.78-1.63) 0.514

rs6478108 TNFSF15 1.37 1.04 (0.78-1.39) 0.782 0.82 (0.57-1.16) 0.258 1.29 (0.87-1.90) 0.200

rs1873613 LRRK2 0.86 0.75 (0.57-0.98) 0.038 1.02 (0.75-1.40) 0.881 1.19 (0.83-1.71) 0.353

rs9533634 CCDC122 0.76 0.65 (0.50-0.85) 0.001 0.86 (0.63-1.18) 0.355 1.16 (0.83-1.64) 0.384

rs3088362 CCDC122 1.52 1.35 (1.00-1.82) 0.051 1.25 (0.89-1.75) 0.205 1.04 (0.7-1.56) 0.837

rs3764147 C13orf31 1.68 1.54 (1.16-2.04) 0.003 1.36 (0.98-1.87) 0.064 1.34 (0.88-2.04) 0.168

rs10507522 C13orf31 0.68 1.04 (0.75-1.44) 0.813 0.85 (0.59-1.22) 0.367 1.21 (0.79-1.86) 0.383

rs9302752 NOD2 1.59 0.83 (0.63-1.09) 0.187 0.95 (0.68-1.32) 0.744 1.30 (0.89-1.90) 0.178

rs7194886 NOD2 1.63 Not genotyped Not genotyped Not genotyped

rs8057341 NOD2 1.17 0.85 (0.64-1.11) 0.228 0.87 (0.62-1.23) 0.436 1.29 (0.87-1.90) 0.200

rs3135499 NOD2 1.16 0.83 (0.60-1.15) 0.264 0.58 (0.39-0.86) 0.007 1.16 (0.75-1.80) 0.502

Table 5.8: Association statistics of the SNPs reported in the recent genome-wide

study (Zhang et al., 2009) in the Indian populations

bacterium in vitro. For this reason, there is greater reliance on genetics to understand

the disease and the causative pathogen. Some progress has been made to identify

genetic loci which associate with susceptibility to leprosy, however the number of

candidates showing consistent replication across populations are few. This chapter

describes a population based case-control association study surveying genetic variants

in more than 2,000 genes throughout the genome.

This gene-centric study identified HLA-DRB1/DQA1 and TLR1 as major suscep-

tibility loci for leprosy. The human HLA class II genes are expressed by antigen-

presenting cells to present peptide antigens to activate T-cell immune response. The

locus showed the most convincing evidence of association among all genetic loci

tested in our microrray, confirming previous association results (Chiewsilp et al.,

1979; Miyanaga et al., 1981; van Eden et al., 1982, 1985; Visentainer et al., 1997).

This is also consistent with results from the recently published GWA study on lep-

rosy (Zhang et al., 2009). With the large effect sizes indicated by the high odds ratio

of the variants, it is justified that this HLA locus is a major determinant of disease

142



status. Importantly, the association analysis identified two distinct SNPs neither of

which could explain the signal at this locus alone. Given the extreme polymorphism

of the HLA and the results of the conditional logistic analysis, the observed associa-

tion is likely to be contributed by multiple functional interacting variants tagged by

rs1071630 and rs9270650.

Apart from the HLA locus, we also observed convincing evidence of association with

TLR1 in susceptibility to leprosy. The gene TLR1 encodes for the TLR1 receptor,

part of the Toll-like receptor (TLR) family which senses pathogen associated patterns

present on the surface of pathogens (Akira et al., 2001). Upon activation, TLRs acti-

vates a downstream signaling cascade leading to activation of nuclear factor kappa-B

(NF-κB), which promotes transcription of pro-inflammatory genes. Previous studies

have suggested that TLR1 interact with TLR2 to recognise bacterial lipopeptides

(Takeuchi et al., 2002; Jin et al., 2007) and mediate the immune response to M.

leprae (Krutzik et al., 2003).

The results presented here further advance our understanding of the immunity against

leprosy. The high density of SNPs in the microarray at the TLR 10/1/6 locus allow

detailed investigation at this locus. Although the genetic association of TLR1 has

been reported in a Turkish population of 57 cases and 90 controls (Johnson et al.,

2007), this study is the first to show a consistent and reproducible association between

TLR1 and leprosy at a genome-wide level of statistical significance. The association

is unlikely to be spurious, due to the robustness of family studies to population

stratification. This association is most consistent after the HLA class II locus among

the 2,092 genes surveyed. Although this does not exclude the possibility of other

genes involved in leprosy, it supports the critical role of the TLR1 pathway in the

immunity against M. leprae in humans. Moreover, the conditional logistic regression

analysis did not detect any other contributing variant, suggesting rs5743618 may

143



account for the majority if not all of the association signal at this locus. These

results provide insight into the genetic architecture of this locus, and are in line with

previous studies showing the functional role of this SNP with down-regulation of NF-

κB signalling and IL-6 production in individuals with the serine substitution (TLR1

602S) (Hawn et al., 2007; Johnson et al., 2007; Misch et al., 2008).

Together with these functional studies, the genetic association results give clues to

the pathogenesis of M. leprae in humans. Despite the hypofunctional phenotype

(Hawn et al., 2007; Johnson et al., 2007; Misch et al., 2008), the allele coding for the

serine amino acid (rs5743618G, or TLR1 I602S) is associated with significant protec-

tion to leprosy (OR=0.37). Conversely, the functional isoleucine form is associated

with a higher risk. This suggests that M. leprae may have utilised TLR1 as part

of its pathogenic mechanism, as certain bacteria are known to produce a homologue

of the TLR1 signalling domain to subvert the innate immune response (Cirl et al.,

2008). Although further work is required to confirm this speculative hypothesis, this

suggests that modulation of TLR1 may be a useful and safe treatment in mycobacte-

rial diseases, as more than 40% of individuals of European descent are homozygous

for this hypofunctional variant but yet normal in phenotype. This also provides an

example of hypofunctional human TLR1 protecting against a common pathogen.

The population differentiation analysis provides insight into the host-pathogen re-

lationship between humans and M. leprae. Consistent with previous genome-wide

studies (Todd et al., 2007; The Wellcome Trust Case Control Consortium, 2007;

Pickrell et al., 2009), the results here show that rs5743618 is extremely differentiated

when compared to other SNPs in the genome. Population differentiation can result

from local adaptation when geographically separate populations are subject to dis-

tinct environmental pressures which change the allele frequency of one population but

not another (Sabeti et al., 2006), and may therefore reflect natural selection (Barreiro
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et al., 2008). Although population demographics can also give rise to allele frequency

differences between populations, given the extrene degree of differentiation and the

importance of Toll-like receptors in immunity (Iwasaki and Medzhitov, 2004; Akira

and Takeda, 2004), the out-of-African expansion of the hypofunctional serine variant

is likely to have occurred by natural selection. This is further supported by recent

studies showing clear signatures of selection at this locus (Barreiro et al., 2009; Gross-

man et al., 2010). Although it is difficult to ascertain the historical selective agents

behind this event, the consistent association with a large effect size suggests that M.

leprae may be one such selection agent. Several studies have associated leprosy with

a reduced reproductive fitness (Smith and Guinto, 1978; Saporta and Yuksel, 1994),

and the all-cause mortality of lepromatous leprosy was reported to be at least 3.5

times of the general population (Guinto et al., 1954; Noordeen, 1972). These factors,

together with the long period of human interaction with M. leprae (Monot et al.,

2005, 2009) and intense social stigma associated with the disease (Boldsen, 2005),

suggest that leprosy may have contributed to the present global distribution of human

TLR1. The extreme population differentiation suggests that the selection event may

have occurred after human dispersion, although the possibility of earlier adaptation

cannot be excluded. Other infectious diseases, especially tuberculosis, could have

also contributed, given the overlapping antigenic repertoire and immunogenicity of

mycobacterial species, despite a lack of association at rs5743618 in a Gambian tuber-

culosis case-control population due to low allele frequency (MAF=1.72%, P = 0.52).

Nevertheless, this study provides a plausible cause which drives the selection at this

TLR1 locus, and supports the hypothesis that common variants with large effect

sizes are likely to be under selection (Goldstein, 2009).

In the last section of this chapter, I have described the effort to replicate findings

from a recently published GWA study (Zhang et al., 2009). Both consistent and

discrepant results were observed compared to the original study. Reassuringly, both
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studies confirmed HLA class II as a major leprosy susceptibility locus, a finding con-

sistent with early studies reporting association of HLA with leprosy (Chiewsilp et al.,

1979; Miyanaga et al., 1981; van Eden et al., 1982, 1985; Visentainer et al., 1997).

Consistent findings were also observed for genetic variants at C13orf31/CCDC122

at chromsome 13q14.11. However, consistent associations were not observed in the

genes related to the NOD2 pathway, including NOD2, TNFSF15 or RIPK2 ; nor

did the Zhang et al report any notable association at the TLR1 locus. The dispar-

ity at the TLR1 locus is likely due to the low allele frequency of rs5743618 in the

Chinese population (MAF=1.7%). For the other associated genes there could be a

number of reasons for the non-replication. The reported effect sizes of variants in

these genes are moderate compared to the HLA and C13orf31/CCDC122. Assuming

these effect estimates are real, the present study would have less power to detect these

associations. Another possibility is a population specific effect whereby variants in

these genes confer susceptibility in the Chinese but not in the Indian populations.

Given the significant differences in the genetic composition between the Indian and

Chinese (Reich et al., 2009), this may have contributed to the heterogeneous sig-

nals between the studies. Furthermore, despite the relative homogenous population

of M. leprae, the 16 mycobacterial subtypes highly correlated with the geography

can be readily identified (Monot et al., 2009). Given the highly specialised nature

of the immune system, these mycobacterial strains may activate the host immune

response in different ways, accounting for overlapping yet some discordant results

between the studies. Nevertheless, these results provide an independent replication

for the association at C13orf31/CCDC122. Interestingly this locus, together with

NOD2 and TNFSF15, have been implicated in Crohn’s disease (Barrett et al., 2008),

an inflammatory bowel disease hypothesised to have a mycobacterial cause (Green-

stein, 2003; Chamberlin et al., 2007; Pierce, 2009), raising the possibility of shared

genetic susceptibility between leprosy and Crohn’s disease. Although significant as-
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sociations were not observed in NOD2 and TNFSF15, the consistent associations at

C13orf31/CCDC122 supports the hypothesis of a common genetic fingerprint be-

tween leprosy and Crohn’s disease (Schurr and Gros, 2009). This will be analysed

and discussed in more details in the next chapter in Section 6.4.

In conclusion, this chapter shows that HLA-DRB1/DQA1 and TLR1 are major

genetic determinants of susceptibility to leprosy. It shows a protective effect of a

hypofunctional TLR1 variant which has possibly evolved out of adaptation. This

highlights the key role of the Toll-like receptors in mediating response to microbial

pathogens (Medzhitov and Janeway Jr., 2000; Medzhitov, 2001; Khor et al., 2007)

and suggests that modulation of the TLR1 pathway may be valuable in the future

treatment of mycobacterial diseases. In addition, I have extended the association of

the chromosome 13q14.11 locus identified in China (Zhang et al., 2009) to the Indian

populations.
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Chapter 6

Integrative analysis in

mycobacterial susceptibility

6.1 Introduction

The initial wave of high throughput association studies has identified numerous ge-

netic variants that associate with susceptibility to various diseases (The Wellcome

Trust Case Control Consortium, 2007). Many of these studies have increased the

number of genetic susceptibility loci for diseases such as diabetes (Sladek et al., 2007;

Steinthorsdottir et al., 2007; Dupuis et al., 2010), coronary heart disease (McPherson

et al., 2007; Samani et al., 2007; Helgadottir et al., 2008) and Crohn’s disease (Parkes

et al., 2007; Barrett et al., 2008), and provided novel insight into the molecular mech-

anisms underlying these diseases (Donnelly, 2008). Nevertheless, these genetic studies

only represent the first step in understanding the biology of disease, and functional

experiments are required to understand the molecular mechanisms underlying these

phenotypes (McCarthy et al., 2008). Such progress was demonstrated in recently

published functional work following the initial genetic discovery in coronary artery
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disease (McPherson et al., 2007) and Crohn’s disease (Cooney et al., 2010).

Despite this progress, functional studies following GWA studies in many cases still

represent a daunting task. Many association signals map to genes of unknown func-

tions or unannotated regions in the genome (Eeles et al., 2008; Cho et al., 2009;

Zhang et al., 2009), as shown in the chromosome 18q11.2 locus identified in the com-

bined tuberculosis study described in Chapter 4. Prioritising genomic loci, therefore,

is important for guiding follow-up studies to unravel the aetiology of complex dis-

eases. With the rapid expansion of public depositories like the International HapMap

Project (The International HapMap Consortium, 2003, 2005), the Ensembl Project

(Hubbard, 2002), the National Institutes of Health (NIH) database of genotypes and

phenotypes (dbGAP) and the European Genome-phenome Archive (EGA), addi-

tional data exploration and in silico analysis represent rapid and cost-effective ways

to provide clues in disease biology and to guide functional studies. The success of

GWA studies has largely been fuelled by the International HapMap Project through

allele tagging (Gabriel et al., 2002; Barrett and Cardon, 2006) and imputation (Mar-

chini et al., 2007), and the ongoing 1000 Genome Project will likely help in fine

mapping disease-causing variants. Such integrated approaches have also been ap-

plied to pathway and network analyses, using data from microarray studies and from

public depositories to identify important biological pathways affecting human traits

(Kuijl et al., 2007; Yang et al., 2009; König et al., 2010).

This chapter describes efforts to further pursue the role of host genetics in mycobac-

terial diseases, by exploring and integrating datasets with a more functional perspec-

tive. It also illustrates how genetic data from genetic association experiments can be

analysed by incorporating data from existing knowledge on biological pathways. This

chapter follows the results of the tuberculosis and leprosy studies, to look for evidence

of shared susceptibility and to identify common genetic loci affecting susceptibility to
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mycobacteria in general. This is followed by in silico functional work, which includes

gene ontology, pathway and network analyses using publicly available bioinformatic

tools. Finally, using the WTCCC Crohn’s disease data, I assess the relationships be-

tween these mycobacterial diseases and Crohn’s disease, based on existing evidence

for their shared susceptibility. Collectively, this work helps to pinpoint important ge-

nomic regions that may guide future functional studies to elucidate the mechanisms

underlying human immunity to mycobacteria.

6.2 Identifying genes in mycobacterial diseases

6.2.1 Introduction

Despite tuberculosis and leprosy being the two most common mycobacterial diseases

in humans, there are few genetic studies on mycobacteria targeting both diseases. Al-

though this is partly due to their different geographical distributions and distinct clin-

ical phenotypes, such combined studies could allow dissection of anti-mycobacterial

immunity and may open new fields of preventive and therapeutic measures to com-

bat mycobacterial diseases (Remus et al., 2003). In this section I present evidence

for their shared susceptibility and identify genetic loci associated with mycobacterial

susceptibility as a single phenotype.

There are several reasons to suggest that there may be an immunological overlap

between tuberculosis and leprosy. Despite the distinct clinical manifestations, the

majority of cases present with a chronic, indolent disease phase, due to the thick

mycobacterial cell wall conferring the slow growing property of both M. tuberculosis

and M. leprae. The cell wall is rich in mycolic acid and expresses common antigens

that show potent immunological reactivity (Melancon-Kaplan et al., 1988) including

lipoarabinomannan and muramyl dipeptide (Means et al., 1999; Inohara et al., 2003).

150



Moreover, mycobacteria are able to secrete proteins such as the antigen 85 complex

proteins and the ESAT6 proteins, which are highly conserved (Hermans et al., 1995;

Ronning et al., 2000, 2004) and are likely to be immunodominant in activating T-

cell immunity (Launois et al., 1993). Therefore, it is possible that M. tuberculosis

and M. leprae may stimulate host immunity with homologous components (Husson

and Young, 1987; Young et al., 1992). Furthermore, antibodies reacting to both

pathogens have been identified (Kolk et al., 1984; Shinnick et al., 1987), and the

BCG vaccine has been shown to be also effective in protecting against leprosy (The

Karonga Prevention Trial Group, 1996; Setia et al., 2006). These are consistent with

a hypothesis that overlapping genetic loci exist which associate with both tuberculosis

and leprosy, and that aggregate analysis of these two diseases may help to dissect

human anti-mycobacterial immunity.

6.2.2 Methods

The study was performed using the combined Gambian and Ghanaian dataset for

tuberculosis susceptibility (Chapter 4) and the Indian dataset for leprosy suscepti-

bility (Chapter 5). As these studies were carried out on different populations and

were genotyped on different microarrays, direct comparison of single SNP associa-

tion statistics was not feasible. This is primarily because of the distinct LD patterns

observed in different populations, resulting in different allele tagging and therefore

incomparable signals of association. In addition, as the SNPs were genotyped using

different platforms, a SNP based comparison would necessitate discarding a signifi-

cant proportion of the genotype data, resulting in loss of power. Gene-based analysis

has been used to interpret results from GWA studies (Neale and Sham, 2004; Wang

et al., 2007; Peng et al., 2010; Zhong et al., 2010). In view of these reasons, a

gene-based analysis was performed to investigate the genetic susceptibility to both
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mycobacterial diseases, using the 2,092 genes assayed in the smaller leprosy study.

The methods for the gene-based and shared susceptibility analysis have been de-

scribed in Chapter 2. In brief, the statistic of the best SNP was used to compute

a statistic for each gene. Such an approach using the best SNP statistics has been

described in several studies (Wang et al., 2007; Torkamani et al., 2008). In this

study, the statistic of the best SNP within 50 kb of a gene was adjusted with the

number of SNPs, using the Sidak’s method (Peng et al., 2010) which corrects for the

multiple testing of SNPs in each gene. This reduces the bias for large genes which

are likely to have more SNPs genotyped in the microarray. However, it should be

noted that the same association signal may contribute to the statistics of two or

more nearby genes due to the 50 kb window. The results of all the genes attributable

to a significant association signal were presented in this case. Evidence for shared

susceptibility between tuberculosis and leprosy was tested with the permutation and

parametric approaches, and genes showing evidence of association in both diseases

in the aggregate statistics were identified.

6.2.3 Results

A total of 1,407 and 1,352 genes out of 2,092 on the smaller microarray had satisfac-

tory coverage in the tuberculosis and leprosy studies respectively, among which 961

were shared between the studies. The data showed evidence of shared susceptibility

between the two diseases, with Ppermute = 1.0 × 10−4 and Phypergeo = 1.0 × 10−5 at

a threshold of P < 0.01 for a positive gene association (Figure 6.1). The statistics

were also significant with Ppermute = 0.007 and Phypergeo = 0.015, at a threshold of

P < 0.05. These analyses support the hypothesis that there are overlapping genetic

loci affecting tuberculosis and leprosy, and provide proof-of-concept for the following

work to look at common loci affecting mycobacterial diseases.
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Aggregate analysis combining the tuberculosis and leprosy data revealed a total of 14

genes in 9 discrete regions showing evidence of association at P < 0.001 (Table 6.1).

These include the HLA class II region which showed the an evidence of association

with the best P = 7.0 × 10−9. Although the signal is driven by the association in

leprosy, there is also a weak signal in tuberculosis with P = 0.015 (Table 6.1). To

look for genetic loci involved in both diseases, the analysis was focused on regions

with P < 0.01 in both diseases (Table 6.2). This revealed six genes in four discrete

regions, including CYP11B1/2, CTSB/FDFT1 and CYP26A1 and AGER (Figure

6.2). All of these genes have an aggregate association statistic of P < 1.0× 10−4 in

the combined mycobacteria data, with the most significant gene CYP11B2 having

P = 0.001, P = 2.5 × 10−4 and P = 5.1 × 10−6 in tuberculosis, leprosy and both

diseases combined respectively. Several other regions showed weaker but possible

evidence of associations at a threshold of P < 0.05 (Table 6.2). These represent a

novel set of genes that may be important in susceptibility to mycobacteria unrevealed

by the previous analysis.

6.2.4 Discussion

The results presented here demonstrate a possible way to combine genetic studies

using gene-based analysis. This gene-based analysis offers several advantages over

SNP-based analysis. Firstly, the different populations in the studies have different LD

patterns. Therefore the SNPs are likely to capture signals at different regions of the

genome, making direct comparisons difficult. Secondly, as the individual studies were

genotyped on different microarray platforms, only a small set of SNPs were genotyped

on all platforms. Analysing only the common SNPs would mean discarding most

of the genotype data, resulting in a significant loss of power. Thirdly, as genes are

basic units that encode proteins to carry out physiological and biochemical functions,
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Figure 6.1: Histogram of proportion of double positive genes in 100,000 times of

randomisation in the permutation analysis

Gene Chr Position Paggregate

Tuberculosis study Leprosy study

SNPs/Mb Pgene SNPs/Mb Pgene

HLA-DQA1 6 32,713,161-32,719,407 7.0× 10−9 85 0.015 160 2.0× 10−8

HLA-DQB1 6 32,735,642-32,742,419 2.3× 10−8 131 0.024 84 4.3× 10−8

CYP11B2 8 143,988,977-143,996,261 5.1× 10−6 56 0.001 84 2.5× 10−4

CYP11B1 8 143,950,775-143,958,238 9.8× 10−6 111 0.003 84 2.5× 10−4

RBP1 3 140,718,970-140,741,180 7.2× 10−6 164 0.023 90 2.0× 10−5

CTSB 8 11,737,442-11,763,055 9.9× 10−6 175 0.003 310 2.2× 10−4

FDFT1 8 11,697,599-11,734,227 1.7× 10−5 205 0.004 403 3.1× 10−4

CYP26A1 10 94,823,222-94,827,631 4.2× 10−5 67 0.004 57 6.7× 10−4

AGER 6 32,256,724-32,260,001 9.6× 10−5 78 0.008 194 9.8× 10−4

SLC12A1 15 46,287,190-46,382,417 1.5× 10−4 77 0.987 113 1.2× 10−5

MYC 8 128,817,498-128,822,856 4.9× 10−4 152 0.477 66 9.3× 10−5

TLR1 4 38,474,271-38,482,807 5.1× 10−4 166 0.166 654 2.8× 10−4

TLR10 4 38,450,629-38,460,984 5.5× 10−4 190 0.190 607 2.6× 10−4

TLR6 4 38,504,803-38,507,555 8.3× 10−4 107 0.389 506 2.0× 10−4

Table 6.1: Association statistics of genes with P < 0.001 in the aggregate analysis
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Figure 6.2: Association plots at the CYP11B1/2, CTSB/FDFT1, CYP26A1 and

AGER loci
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Gene Chr Position Paggregate

Tuberculosis study Leprosy study

SNPs/Mb Pgene SNPs/Mb Pgene

Threshold P < 0.01

CYP11B2 8 143,988,977-143,996,261 5.1× 10−6 56 0.001 84 2.5× 10−4

CYP11B1 8 143,950,775-143,958,238 9.8× 10−6 111 0.003 84 2.5× 10−4

CTSB 8 11,737,442-11,763,055 9.9× 10−6 175 0.003 310 2.2× 10−4

FDFT1 8 11,697,599-11,734,227 1.7× 10−5 205 0.004 403 3.1× 10−4

CYP26A1 10 94,823,222-94,827,631 4.2× 10−5 67 0.004 57 6.7× 10−4

AGER 6 32,256,724-32,260,001 9.6× 10−5 78 0.008 194 9.8× 10−4

Threshold P < 0.05

HLA-DQA1 6 32,713,161-32,719,407 7.0× 10−9 85 0.015 160 2.0× 10−8

HLA-DQB1 6 32,735,642-32,742,419 2.3× 10−8 131 0.024 84 4.3× 10−8

RBP1 3 140,718,970-140,741,180 7.2× 10−6 164 0.023 90 2.0× 10−5

MYH8 17 10,234,367-10,265,747 0.001 99 0.014 53 0.011

PLAU 10 75,340,896-75,347,261 0.002 85 0.046 85 0.005

FOXC1 6 1,555,680-1,557,341 0.006 59 0.040 108 0.017

TTN 2 179,098,962-179,380,394 0.012 94 0.042 28 0.039

Table 6.2: Association statistics of genes with P < 0.01 or P < 0.05 in both tuber-

culosis and leprosy studies

the gene-based approach is more likely to help us to unravel the complex genetic

structure of common diseases. This also applies to the pathway analysis which will

be discussed in the next section. Although the Sidak’s method of correction is based

on the assumption that the SNP statistics are independent and uniformly distributed

under their null hypotheses, which may be violated due to the presence of LD, such

violation is unlikely to lead to significant errors (Peng et al., 2010). Indeed, even if

such errors may occur, they tend to be over-conservative and therefore would have a

minimal chance of introducing spurious results. This gene-based analysis approach

using the best SNP statistics has been widely used and published (Wang et al., 2007;

Baranzini et al., 2009; Torkamani et al., 2008).

The first part of this study was a proof-of-concept experiment to see whether there is

overlapping susceptibility between tuberculosis and leprosy, in other words, whether

genes associated with one disease are more likely to associate with another. Here
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I have used a permutation approach to generate an empirical distribution using a

randomisation procedure. This approach is robust to any statistical inflation that

may have occurred in the individual studies, as it randomised the same set of observed

data to generate the empirical distribution to which the count of double positive genes

was compared. Reassuringly, the results of the permutation analysis are comparable

to the tests against the hypergeometric distribution, and support the hypothesis of

shared susceptibility between the two mycobacterial diseases. This hypothesis is

consistent with literature showing common susceptibility genes in Asia including the

HLA class II genes (Mehra et al., 1995; Remus et al., 2003).

The results presented here implicate four discrete regions showing evidence of asso-

ciation with both tuberculosis and leprosy, with P < 1.0 × 10−4 in the aggregate

analysis and P < 0.01 in both of the individual sets. The strongest association was

observed at CYP11B1 and CYP11B2 which encode the enzymes 11β-hydroxylase

and aldosterone synthase respectively, both of which are members of the cytochrome

P450 protein family that catalyse the synthesis of steroid hormones. Individuals

who are immunosuppressed with steroid hormones, especially glucocorticoids, are

prone to various infections including tuberculosis. Interestingly, the enzymes farne-

syldiphosphate farnesyltransferase and retinoic acid 4-hydroxylase, encoded by two

other significantly associated gene regions FDFT1 and CYP26A1, are also involved

in catalysing the metabolism of lipids. Given recent studies reporting the important

role of lipids in the pathogenesis of mycobacteria (Steinberg and Grinstein, 2008), it is

plausible that the metabolism of lipids may play a role in immunity against mycobac-

teria. This will be discussed in more detail in the next section on pathway analysis.

In addition, cathepsin B, the gene product of CTSB, is a downstream mediator of

the TNF-α triggered apoptosis cascade (Foghsgaard et al., 2001) and may be neces-

sary for the response to M. tuberculosis infection (Kakegawa et al., 2004; O’Sullivan

et al., 2007; Li et al., 2009). Lastly, the gene AGER encodes a receptor protein be-
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longing to the immunoglobulin superfamily (Neeper et al., 1992), which is expressed

on lymphocytes and phagocytes. Ligation with advanced glycosylation end prod-

ucts induces multiple signal transduction pathways, including the pro-inflammatory

NF-κB pathway (Lander et al., 1997). Despite several studies reporting genetic as-

sociations of this gene with diabetic complications (Lindholm et al., 2006, 2008) and

multiple sclerosis (Caillier et al., 2008); its definitive role in these diseases has not

been established, and its role in the immune system remains unclear.

This work demonstrates a feasible approach to combine genetic studies using a gene-

based analysis. However, while these results identified several novel genes as potential

mycobacterial susceptibility candidates, further replication and fine mapping work is

essential to establish the definitive role of these genes. It is premature to comment

on the possible role of these genes without attempting to replicate these findings in

multiple populations. Furthermore, this combined analysis is restricted by the smaller

microarray in the leprosy study, which focuses on genes important for inflammatory

and metabolic processes. It is therefore essential that these genes are not over-

interpreted due to this focused genotyping approach. The following section describes

gene annotation and pathway analysis, using a single ranked list to compare the

significantly associated genes against the background list.

6.3 Gene annotation and pathway analysis

6.3.1 Introduction

As mentioned before, the gene-based approach offers several advantages in analysing

genetic studies. Genes are the basic unit of life that code for proteins. These proteins

interact in extensive networks to carry out different biological functions (Rual et al.,

2005; Stelzl et al., 2005; Stumpf et al., 2008), and complex diseases are thought to
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be contributed by the interaction of different genes in a functional module (Lage

et al., 2007; Köhler et al., 2008). The current SNP based approach largely based on

the additive model is unlikely to be able to capture such complex relationships in

an interactome, and may therefore miss important non-additive gene-gene or gene-

environment interactions. These interactions may account for the missing heritability

of complex diseases that remains unexplained by current GWA findings (McCarthy

and Hirschhorn, 2008; Manolio et al., 2009). Furthermore, the gene-based approach

has been found to be less susceptible to erroneous findings (Neale and Sham, 2004).

For these reasons, a gene-based or a pathway-based approach may allow us to gain

better insight into the intricate biological network and to unravel the polygenic basis

of common diseases. This section carries the association results forward for gene

annotation and pathway analysis.

6.3.2 Methods

The genes analysed in Section 6.2 of this chapter were annotated with the Gene On-

tology Enrichment Analysis and Visualization Tool (GOrilla) (Eden et al., 2009). It

determines whether genes of a particular biological theme may be over-represented

in the dataset. The pathway analysis was performed with the Ingenuity Pathway

Analysis (Ingenuity System Incoporation, USA), and the canonical network was con-

structed by connecting the 14 most associated genes at P < 0.001 in the aggregate

mycobacterial susceptibility analysis (Table 6.1). Details of the methodology have

been described in Chapter 2.

6.3.3 Results

Significant enrichments were detected with several Gene Ontology terms (Figure

6.3). The most significant association was observed with the term antigen processing
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GO:0019882  antigen processing and presentation

GO:0032341  aldosterone metabolic process

GO:0032342  aldosterone biosynthetic process

GO:0006705  mineralocorticoid biosynthetic process

GO:0008212  mineralocorticoid metabolic process

GO:0034754  cellular hormone metabolic process

GO:0002504  antigen processing and presentation via MHC class II

GO:0015671  oxygen transport

GO:0042611  MHC protein complex

GO:0005833  hemoglobin complex

GO:0004507  steroid 11−beta−monooxygenase activity

GO:0016713  oxidoreductase activity, etc

GO:0032395  MHC class II receptor activity

GO:0005344  oxygen transporter activity

− log10P

0 2 4 6 8

Figure 6.3: Gene Ontology analysis showing enriched terms at P < 1.0 × 10−4.

Colours indicate term categories (red: biological processes, green: molecular func-

tions, blue: cellular components)

and presentation (GO:0019882) with P = 1.5 × 10−7, indicating a significant over-

representation of genes in this pathway. Notably, enrichment was also suggested for

Gene Ontology terms relating to steroid hormone metabolism (Pbest = 2.2 × 10−5).

These results are consistent with the strongest association signal at the HLA class

II locus, and suggest the possible involvement of the steroid hormone metabolism

pathway.

To visualise the genes important in mycobacterial susceptibility, a canonical network

was built from the protein products of the 14 associated genes with P < 0.001 in the

aggregate analysis, with the addition of several key molecules such as IFN-γ, TNF-α

and IL-6 (Figure 6.4). The analysis showed that the innate immune receptors, rep-

resented by TLR1, TLR6 and TLR10, were connected with the antigen presentation

pathway through effector molecules like IFN-γ and IL-6. These molecules were in

turn linked to the lipid metabolism pathway, represented by CYP11B1/2, CYP26A1
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Figure 6.4: Canonical network built from the 14 products of genes with P < 0.001

(shaded in orange) and other molecules in the aggregate mycobacterial susceptibility

analysis. The darker orange shade indicates genes with P < 1.0× 10−4

and RBP1 through retinoic acid and corticosterone. Although the central molecules

IFN-γ, IL-6 and some others did now show significant association in the aggregate

analysis, TNF was associated with susceptibility to leprosy (P = 0.015). Moreoever,

IFNGR1, which encodes the ligand-binding chain of the IFN-γ receptor, showed a

weak association in the aggregate analysis (P = 0.046). Figures 6.5–6.7 illustrate the

three important components of the network (Toll-like receptor, antigen presentation

and steroid biosynthesis pathways) in more detail.

6.3.4 Discussion

The analysis presented in this section identified key areas which may be important

in human immunity against mycobacteria. These include the Toll-like receptor sig-
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Figure 6.5: Diagram showing the Toll-like receptor pathway. Protein products of

associated genes are highlighted (dark blue: P < 0.001 in the aggregate analysis,

light blue: P < 0.05 in either tuberculosis, leprosy or the aggregate analysis)

Figure 6.6: Diagram showing the antigen presentation pathway. Protein products

of associated genes are highlighted (dark blue: P < 0.001 in the aggregate analysis,

light blue: P < 0.05 in either tuberculosis, leprosy or the aggregate analysis)
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Figure 6.7: Diagram showing the steroid biosynthesis pathway. Protein products of

associated genes are highlighted (dark blue: P < 0.001 in the aggregate analysis,

light blue: P < 0.05 in either tuberculosis, leprosy or the aggregate analysis)
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nalling, antigen presentation and steroid biosynthesis pathways which make up the

key components in the canonical network.

These results highlight the importance of both the innate and adaptive immune sys-

tems in anti-mycobacterial immunity. Despite a weak association at the HLA locus

in the tuberculosis study, the aggregate gene-based and pathway analyses do support

a possible role of the HLA class II presentation complex in susceptibility to mycobac-

teria. This is consistent with early genetic studies suggesting an association between

the HLA and mycobacterial diseases including both tuberculosis (Singh et al., 1983,

1984; Chandanayingyong et al., 1988; Ravikumar et al., 1999) and leprosy (Chiewsilp

et al., 1979; de Vries et al., 1980; van Eden et al., 1980; Mehra et al., 1995).

Another important finding is the implication of the steroid biosynthesis pathway.

This involves several key enzymes in the glucocorticoid and the mineralocorticoid

pathways, including 11-beta hydroxylase (CYP11A1), aldosterone synthesis (CYP11B2),

as well as farnesyldiphosphate farnesyltransferase (FDFT1). There was also weak

evidence of association with SQLE, the gene encoding squalene epoxydase, in the

tuberculosis study (P = 0.046). The possible involvement of these pathways is bi-

ologically plausible for a few reasons. Firstly, cholesterol is a key molecule in the

synthesis of steroid hormones (Figure 6.7) which governs diverse metabolic func-

tions in humans including the immune response. Individuals who are immunosup-

pressed with steroid hormones, especially glucocorticoids, are prone to various in-

fections including tuberculosis; although paradoxically steroids may be used as an

adjunct therapy for tuberculous pericarditis and meningitis (Fowler, 1991; Marras,

2005; Chan, 2008). Perturbations in the steroid hormone biosynthesis pathway have

been suggested to account for the sexual inequality in the incidence of tuberculosis

(Neyrolles and Quintana-Murci, 2009), with men being clearly more predisposed to

the disease than women (Grossman, 1985; Yamamoto et al., 1990; Borgdorff et al.,
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2000). Secondly, cholesterol is an important molecule for mycobacteria as well as

for humans. It has been shown that cholesterol is required for mycobacteria to en-

ter the host cell (Gatfield and Pieters, 2000; Kaul et al., 2004; Munoz et al., 2009)

and to survive within the phagosome (de Chastellier and Thilo, 2006; van Der Geize

et al., 2007; Pandey and Sassetti, 2008). As mycobacteria are obligate intracellular

parasites, it is foreseeable that cholesterol metabolism is of vital importance to the

pathogens. This is also reflected in the complete genome sequences of M. tuberculosis

and M. leprae, showing significant proportions of their coding capacities related to

lipid metabolism with at least 20 cytochrome P450 enzymes in M. tuberculosis (Cole

et al., 1998, 2001). Although this study suggests a possible involvement in the host

lipid metabolism pathway, certain bacteria have been shown to produce a homologue

of host substrates to subvert the immune response (Cirl et al., 2008; Nesic et al.,

2010), which could be possible with mycobacteria given their extensive coding ma-

chinery in lipid metabolism. Lastly, the canonical network analysis suggests that the

lipid metabolism pathways may be related to the immune system through retinoic

acid. Retinoic acid belongs to a class of chemical compounds called retinoids which

are related to vitamin A. Through the retinoic acid receptors (RARs) and retinoid

x receptor (RXRs) (Renaud et al., 1995; Bourguet et al., 1995), both members of

the steroid hormone superfamily, retinoids act as transcription factors to promote

transcription of target genes including cytokines IL-6 (Balmer and Blomhoff, 2002)

and IFN-γ (Blalock and Gifford, 1977) in the canonical network. Retinoids have been

found to alter CD4+ T-cell differentiation (Stephensen et al., 2002; Iwata et al., 2003;

Ivanov et al., 2006; Yang et al., 2008) and thus have a direct and major effect on the

adaptive immune system.

Nevertheless, while these results support the genetic roles of these pathways in sus-

ceptibility to mycobacteria, caution must be taken not to over-interpret these re-

sults. It is possible that several genes out of a large pathway are associated purely
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by chance, especially in this analysis which starts with predominantly inflammatory

and metabolic pathways. Moreover, although the potential selection bias should have

been adjusted by the comparison of significant genes to the background list, the sta-

tistical significance may still be overstated. This is because the association at one

locus may contribute to the statistics of several adjacent genes, which may be ho-

mologous due to gene duplication and reside within the same functional pathway.

Further work is needed to determine the roles of these pathways in mycobacterial

diseases.

6.4 Identifying shared susceptibility with Crohn’s dis-

ease

6.4.1 Introduction

In Section 6.2 of this chapter, I provided evidence of overlapping susceptibility be-

tween tuberculosis and leprosy using permutation and parametric methods. In this

section I investigate such a possibility between mycobacterial diseases and Crohn’s

disease, an inflammatory bowel disease with a strong genetic component which has

been thoroughly investigated in recent GWA studies (Parkes et al., 2007; Raelson

et al., 2007; Barrett et al., 2008; Wang et al., 2009), using similar permutation and

parametric methods.

The hypothesis of shared susceptibility between mycobacterial diseases and Crohn’s

disease is based on several arguments. Firstly, early studies suggested that Crohn’s

diseases has a mycobacterial cause. Mycobacterium avium paratuberculosis causes

a chronic granulomatous inflammation in the intestines in cows called Johne’s dis-

ease, and the bacterium has been detected in the intestines and peripheral blood

of individuals with Crohn’s disease (Naser et al., 2004; Sechi et al., 2005; Feller
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et al., 2007). This has led to the argument that the pathogen may be an aetio-

logical agent for Crohn’s disease (Greenstein, 2003; Chamberlin et al., 2007; Pierce,

2009). Secondly, genetic studies have provided indirect evidence for the role of M.

avium paratuberculosis in Crohn’s disease. Recent GWA studies of Crohn’s disease

have identified numerous susceptibility genes relating to immunity against intracel-

lular bacteria (Parkes et al., 2007; Barrett et al., 2008), including NOD2, IRGM and

IL23R. The nucleotide-binding oligomerization domain 2 (NOD2) protein is a non-

redundant pattern recognition receptor for mycobacteria (Ferwerda et al., 2005, 2007;

Gandotra et al., 2007) and is involved in autophagy induction (Cooney et al., 2010),

an important host defence mechanism against mycobacteria (MacMicking et al., 2003;

Gutierrez et al., 2004; Alonso et al., 2007; Levine and Deretic, 2007; Kumar et al.,

2010) which requires the protein immunity-related GTPase family, M (IRGM) (Feng

et al., 2004; Singh et al., 2006). The gene IL23R encodes the receptor of IL-23, which

is important in generating anti-mycobacterial CD4+ T-cell responses (Khader et al.,

2007). Consistent with this hypothesis, a recent GWA study of leprosy has identified

several overlapping susceptibility genes with Crohn’s disease (Barrett et al., 2008;

Zhang et al., 2009). Based on these findings, I have conducted a formal analysis to

look for shared susceptibility between mycobacterial diseases and Crohn’s disease.

6.4.2 Methods

The analysis was conducted in a similar fashion to the methods described in Section

6.2 of this chapter. An association statistic was calculated for each of the 2,092 genes

described, using SNPs within 50 kb of a gene. The number of associated genes in

each disease was counted, as well as the number of double positive genes between

leprosy and Crohn’s disease, or tuberculosis and Crohn’s disease. Evidence of shared

susceptibility was tested with permutation and parametric tests.
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6.4.3 Results and Discussion

Results of the analysis support an overlapping susceptibility between leprosy and

Crohn’s disease, with Ppermute = 0.031 and Phypergeo = 0.027 at a threshold of

P < 0.01 for a positive gene association. The evidence was more significant at a

threshold of P < 0.05, with Ppermute < 1.0× 10−6 and Phypergeo = 2.4× 10−7. This

is in line with the hypothesis that there are overlapping genetic loci affecting leprosy

and Crohn’s disease, and the differences between the two thresholds suggest that

there may be an expanded set of genetic loci shared between leprosy and Crohn’s

disease. However, analysis of the tuberculosis and Crohn’s disease data does not

support an overlap between these two diseases, as shown by non-significant P -values

at either threshold of P < 0.01 (Ppermute = 0.447 and Phypergeo = 0.394) or threshold

of P < 0.05 (Ppermute = 0.571 and Phypergeo = 0.180).

The data presented here support the hypothesis of shared susceptibility between

leprosy and Crohn’s disease, and between leprosy and tuberculosis, but not between

tuberculosis and Crohn’s disease. These results are in line with previous genetic

findings identifying common susceptibility loci between leprosy and Crohn’s disease

(Parkes et al., 2007; Barrett et al., 2008; Zhang et al., 2009), yet less so between

tuberculosis and Crohn’s disease. One possible explanation for these findings is that

there truly exist shared susceptibility between leprosy and each of the other diseases,

yet with different genes between the pairs. Such a hypothesis is biologically plausible

given the highly specialised nature of the immune system, with different components

to generate immune responses to different pathogens.
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6.5 Discussion

This chapter describes continuing efforts to pursue the role of host genetics in my-

cobacterial diseases, by integrating datasets with a more functional perspective. In

the first section of this chapter, I have presented evidence for shared susceptibil-

ity between the two mycobacterial diseases, tuberculosis and leprosy. This provides

proof-of-concept to study host genetic susceptibility to the two mycobacterial dis-

eases as a single phenotype. In addition to the findings described in earlier chapters,

these analyses identified several genes in the steroid biosynthesis pathways as po-

tential susceptibility loci. These novel findings highlight the important roles of the

Toll-like receptor pathway and T-cell immunity in defence against mycobacteria, and

implicate the steroid biosynthesis pathway in mycobacterial susceptibility. These

analyses show the power of data conglomeration in identifying potential biological

pathways in human diseases. It is important to note, however, that the definitive

roles of these genes cannot be established without further replication work. While

these findings may provide insight into novel pathways, they should be thoroughly

tested in different populations to show robust associations.

I have also investigated the overlap of susceptibility loci between mycobacterial dis-

eases and Crohn’s disease in this chapter. The results suggest a possible genetic

overlap between leprosy and Crohn’s disease. This is consistent with literature which

suggests a possible mycobacterial cause of Crohn’s disease (Naser et al., 2004; Feller

et al., 2007). In this analysis of leprosy and Crohn’s disease, more significant statis-

tics were observed when a less stringent threshold of P < 0.05 was used to define

a positive gene association, with Ppermute < 1.0 × 10−6 and Phypergeo = 2.4 × 10−7.

In contrast, when the threshold of P < 0.01 was used, there was much weaker ev-

idence with Ppermute = 0.031 and Phypergeo = 0.027. The reason for this difference

may be related to the underlying genetic models as well as the overlap between the

169



two diseases as explained below. Despite most GWA findings explaining only a frac-

tion of disease heritability (McCarthy and Hirschhorn, 2008; Manolio et al., 2009),

these studies support the hypothesis that many common variants with very low effect

sizes may affect susceptibility to complex diseases, some with substantial polygenic

components (Weedon et al., 2008; Barrett et al., 2009; Purcell et al., 2009). Given

recent GWA studies of Crohn’s disease identifying numerous distinct loci (Alonso

et al., 2007; Barrett et al., 2008), it is possible that its genetic architecture may

consist of numerous variants each exerting a small effect on disease susceptibility.

Assuming a polygenic model for both diseases with a substantial genetic overlap,

the over-representation of double positive genes will preferentially occur with a less

stringent threshold, indicated by the more significant statistics in the permutation

or parametric analysis. Conversely, if the diseases have an oligogenic model or only

have a limited set of overlapping loci, random genes may be included by chance at a

less stringent threshold, rendering the tests insensitive in detecting genetic overlap.

Although it is premature to comment on the genetic architecture of these mycobac-

terial diseases, results of these analyses suggest that genetic overlap between them

may be limited to genes that are more significantly associated; while the list between

leprosy and Crohn’s disease may be more extended. It may therefore be useful to

study the genes implicated in Crohn’s disease in the context of leprosy.

In conclusion, this chapter demonstrates how data integration can provide novel

insight into the biology of diseases, using genetic data from the mycobacterial studies,

Crohn’s disease data from public depositories, and gene annotation and pathway

data from bioinformatic tools. I have also shown how genetic relationships between

two diseases can be investigated. These analyses, however, represent only a few

examples of how data integration and exploration can be performed. Large amounts

of data from public depositories including gene expression, genome diversity and

protein structure data can be further explored to infer the functional impact of genetic
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variations. The ongoing 1000 Genome Project will provide a deep catalogue of human

genetic variation, with a vast amount of sequence data in different populations which

will facilitate the identification of functional variants and help to understand disease

mechanisms.
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Chapter 7

Discussion

7.1 Overview of this thesis

This thesis presents work investigating the role of host genetics in common my-

cobacterial diseases. The genetic component of mycobacterial diseases has long been

recognised. The clustering of tuberculosis and leprosy in families initially led physi-

cians and scientists to regard both as primarily inherited diseases (Scollard et al.,

2006; Wilson, 2006). However, it was not until the late 1970s that scientists began

to discover the host genetic variants responsible for this inheritance, with studies

reporting associations of HLA alleles with tuberculosis and leprosy (van Eden et al.,

1980; de Vries et al., 1980; van Eden et al., 1982; Singh et al., 1983, 1984; Schauf

et al., 1985). The association results for leprosy were largely consistent likely due to

the large effect sizes of the HLA alleles; whereas the results for tuberculosis were less

consistent (Hawkins et al., 1988; Sanjeevi et al., 1992). The following decades saw

further development in the field, aided by improvements in genotyping techniques,

with studies reporting the identification of a number of candidate genes in the 1990s

(Cooke and Hill, 2001; Hill, 2006). Some of these candidates came from studies of
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animal models, while others came from human genetic studies based on hypotheses

derived from gene function. Although the genome wide approach was used in linkage

studies with micro-satellite markers, it had low power and resolution to detect genetic

variants.

The availability of high-density microarray genotyping technology, together with the

initial catalogue of human genetic variations created by the International HapMap

Project, has fuelled exponential growth in the number of GWA studies conducted

over the past few years. These studies have identified numerous novel genetic loci

in common diseases. This genome-wide approach has also been used to study the

host genetics of infectious diseases like malaria (Jallow et al., 2009), hepatitic C

(Thomas et al., 2009; Ge et al., 2009) and HIV infection (Fellay et al., 2007). Due

to the substantial heritable component in tuberculosis and leprosy, this approach

represents a feasible way to dissect the genetic bases of these mycobacterial diseases.

I have therefore conducted several studies on the host genetics of these diseases as

described in this thesis. These findings can potentially provide an insight into the

human immunity against these mycobacteria, and to help to devise novel therapeutics

to alleviate the massive global health burden imposed by these diseases.

7.2 Genetic susceptibility to tuberculosis

In Chapters 3 and 4, I have assessed genetic susceptibility to tuberculosis as part of

the WTCCC study. The study was conducted by genotyping 1,498 tuberculosis cases

and 1,496 controls recruited from The Gambia, with the Affymetrix 500K array com-

prising 500,568 SNPs randomly distributed across the genome. The study identified

the region flanking CADM1 as a potential susceptibility locus. This gene codes for

the protein CADM1 which mediates T-cell differentiation and cytokine release (Gal-

ibert et al., 2005). This association was supported by the consistent associations in
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the Gambian and Conakry-Guinean cohorts. However, robust associations were not

observed in the Malawian or Bissau-Guinean populations. Further fine mapping of

the associated region did not identify significantly more associated variants. While it

remains possible that CADM1 is a true locus affecting susceptibility to tuberculosis,

further studies from different populations are needed to establish its genetic role in

tuberculosis.

Several major difficulties were encountered during the course of this study. Firstly,

due to the short-range LD in African populations (Gabriel et al., 2002), the num-

ber of SNPs tagging the possible functional variants and therefore the coverage was

significantly reduced (Barrett and Cardon, 2006). The extensive diversity of African

populations discouraged the possibility of imputation using the HapMap Yoruba pop-

ulation, as an attempted imputation showed a disconcordant rate of 10.7%. This is

consistent with a study showing the need for population specific data for imputation

in African populations (Jallow et al., 2009). This has further limited the amount of

informative data points; and despite the resequencing effort to overcome these short-

comings, this did not identify any significantly more associated variant. Secondly,

tropical diseases including tuberculosis are often endemic in developing countries

where infrastructure is lacking. This poses difficulties in collecting a large number of

well characterised samples. Given the modest effect sizes of most common variants

(Hindorff et al., 2009; Manolio et al., 2009), sample size is very important in yield-

ing sufficient power to detect associations. These problems may have underlain the

difficulty experienced with finding robust associations in this WTCCC study.

Given the importance of the sample size in associations studies, I conducted a joint

analysis by combining the WTCCC Gambian data with a Ghanaian GWA tuber-

culosis study as described in Chapter 4. Previous studies have found success when

using this strategy to identify novel genetic loci showing robust association (Zeggini
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et al., 2008; Barrett et al., 2009). The joint analysis increased the sample size to

a total of 2,217 cases and 3,113 controls, which increased the power of detecting a

variant with an odds ratio of 1.25 from 50% to nearly 90%. This study identified the

locus at chromosome 18q11.2 with a SNP showing strong evidence of association in

the combined study, as well as a case control and a family population from Ghana

in the replication studies. A consistent direction of effect was also observed in the

Malawian, Bissau-Guinean and Conakry-Guinean populations, giving a highly signif-

icant overall statistic (P = 9.2× 10−9). In fact, the association showed a consistent

effect in all the 13 sub-populations in the study. These results present a novel locus

that affect susceptibility to tuberculosis, and suggest that functional studies should

be considered. Furthermore, a potential signal of association was detected at a SNP

in PARD3B. This study represents the largest human genetic study of tuberculosis

known-to date, and shows the power of combining genetic studies in identifying novel

genetic loci not identifiable with individual studies.

7.3 Genetic susceptibility to leprosy

Chapter 5 describes the efforts to assess genetic susceptibility to leprosy. The impor-

tance of this study is twofold. Firstly, leprosy is the only other common mycobacterial

disease affecting humans. Studying leprosy can potentially provide new insight into

immunity against mycobacteria, including M. tuberculosis. Given the present diffi-

culty in culturing M. leprae in vitro, genetic studies represent one of the few feasible

ways to study the disease. Secondly, despite the falling incidence, leprosy is still en-

demic in many parts of the world with a global incidence of over 200,000. This study

may help to develop novel therapeutics to reduce the health burden of the disease.

This study involved the genotyping of 258 leprosy cases and 300 controls recruited

from New Delhi, India, using the HumanCVD Genotyping BeadChip microarray
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which covers 2,092 genes in the human genome. This experiment identified HLA-

DRB1/DQA1 and TLR1 as major determinants of susceptibility to leprosy. The

results of this study identified two association signals in HLA class II genes that do

not account for each other, suggesting the possibility of more than one functional

allele that affects disease susceptibility (rs1071630, P = 4.9 × 10−14 and rs9270650,

P = 3.1 × 10−11). This study also identified a TLR1 variant protecting against

leprosy, at a genome-wide threshold of significance (rs5743618, P = 1.7×10−9). This

supports an important role of TLR1 in immunity against M. leprae, and suggests that

its modulation may be helpful in the treatment of mycobacterial infections. Lastly,

using these Indian population cohorts, I have replicated the locus at C13orf31 that

was reported in a recent GWA study of leprosy (Zhang et al., 2009). This provides

validation for this locus in populations independent from the original study in China,

and supports the need for further functional studies to characterise the function of

this gene.

7.4 Integrative analysis of mycobacterial susceptibility

As mentioned before, one reason to study host genetics in leprosy is to provide

new insight to resistance against tuberculosis. Although some evidence exists for

overlapping susceptibility between the two diseases (Kolk et al., 1984; Shinnick et al.,

1987; Hermans et al., 1995), formal analysis on the overlap is lacking. The availability

of genome-wide genotype data in tuberculosis, along with the selected gene centric

set in the smaller leprosy study, has enabled me to assess the genetic overlap between

the two diseases as described in Chapter 6. The results of this analysis are consistent

with the hypothesis of shared susceptibility between these two diseases, and provide

a proof-of-concept for experiments to look for common genes important for both

diseases.
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The aggregate analysis was performed using the gene-based statistics of the 2,092

genes in both studies. Despite a weaker signal in the tuberculosis study, the HLA class

II locus showed the most significant association statistics in the aggregate analysis.

The analysis also implicated several genes including CYP11B1/2, FDFT1, CYP26A1

and AGER in susceptibility to mycobacteria. This work demostrates a feasible ap-

proach to combine genetic studies using a gene-based analysis. Nevertheless, further

genetic work is needed to investigate the roles of these genes in tuberculosis and

leprosy in different populations.

These results show the power of integrating genetic and functional information, in-

cluding microarray data, gene annotations, protein interaction networks and other

association data, to help to identify genomic regions or biological pathways that are

important for the phenotype under study. However, this work only provides a few

examples of integrative analyses. With the rapid expansion of public bioinformatic

databases, it is possible to further explore the human genome; for example, using

expression databases, protein structure information and comparative genomic and

human genome diversity data. These analyses can help to identify important regions

of the genome, and provide a way to prioritise the order and nature of functional

experiments that follow genetic studies. The 1000 Genome Project, an ongoing inter-

national collaboration to provide a deep catalogue of genetic variation, will generate

a vast amount of data which could help to localise the functional variants in different

disease genes.

7.5 Concluding remarks

The approach of testing common variants for association in this thesis is largely

based on the common disease-common variant hypothesis (Lander, 1996; Risch and

Merikangas, 1996), which suggests that common diseases are largely determined by
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genetic variants common in the population. This hypothesis is supported by findings

from association studies which have identified numerous common genetic variants

affecting common disease susceptibility (Donnelly, 2008). However, due to the mod-

erate effect sizes of most common variants, they often explain only a small fraction

of the disease heritability (Manolio et al., 2009; McCarthy, 2009). Identifying this

missing heritability is one of the biggest challenges forced by contemporary geneti-

cists.

Despite agreement on the importance of identifying this unexplained heritability,

there are different views regarding where to find it. The contrasting view to the

common variant hypothesis suggests that common traits are affected by rare or low

frequency variants. These variants may have large effect sizes and therefore account

for a greater proportion of the unexplained heritability despite their lower frequencies.

For example, it has been estimated that only twenty variants of an odds ratio of

3 and a minor allele frequency of 1% would be required to account for most of

the unexplained heritability in type 2 diabetes (McCarthy, 2009). This common

disease rare variant hypothesis has been supported by a recent study identifying low

frequency variants in type 1 diabetes (Nejentsev et al., 2009). These views are not

mutually exclusive, however, and it is likely that the genetic architecture of common

disease actually embraces causal variants with a wide range of frequencies and effect

sizes (McCarthy, 2009). In addition, other genetic factors that contribute to missing

heritability may include copy number variation (CNVs), epigenetic change and gene-

gene and gene-environment interactions apart from SNPs.

Understanding this missing heritability is of paramount importance in guiding the

future of common disease genetics. If common genetic variants do account for the

bulk of the missing heritability, efforts may be spent in expanding the current GWA

studies with even larger sample sizes. Such a strategy, however, is highly ineffective in
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identifying low frequency or rare variants. Therefore, if the large fraction of missing

heritability lies with rare variants, the attention should be focused on tracking down

the these variants through different resequencing strategies. Nevertheless, given the

higher sequencing capacities now available at lower costs, high-throughput sequencing

is likely to be more informative in defining the functional variants of human traits; as

it is already making inroads into pinpointing the causal variant for some Mendelian

diseases with either whole-genome (Lupski et al., 2010; Roach et al., 2010) or exome

sequencing (Ng et al., 2009, 2010) strategies. These second and third generation

sequencing technologies will likely remain centrally important in the genetic field.

Moreover, several studies have taken the technique further, to assess molecular func-

tions at the gene transcription (Ozsolak et al., 2009; Pickrell et al., 2010; Montgomery

et al., 2010), protein translation (Ingolia et al., 2009) and DNA-protein interaction

(Schmidt et al., 2009) levels. As these techniques continue to inform us about the

unknown territories of the human genome, the latest example being the unexpected

discovery of extensive untranslated regions (Pickrell et al., 2010), it is possible that

this high-throughput sequencing technique may help to reveal the remaining missing

heritability.

This thesis presents major efforts to understand genetic susceptibility to common

mycobacterial diseases. The collaborative tuberculosis study represents the largest

genetic study of tuberculosis currently known to date, involving a total of more

than 10,000 samples. This identifies the chromosome 18q11.2 and, less strongly, the

PARD3B loci as susceptibility loci, and demonstrated that combining genetic studies

to achieve a larger sample size can help to identify novel genetic loci. The leprosy

study reaffirms the association at HLA class II locus and represents the first study

to show robust association at TLR1 beyond a genome-wide threshold of statistical

significance. Although these genetic findings may not be immediately translated

into benefits of clinical relevance, they can help to improve our understanding of the
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molecular mechanism by which diseases arise. Understanding these disease mech-

anisms can lead to the development of new therapeutics and vaccines; for example

molecules in the Toll-like receptor pathway have been used as DNA vaccine adjuvants

to enhance immunogenicity in the Grand Challenges in Global Health Project (Larsen

et al., 2009). This progress can set examples for other genetic findings described in

this thesis, so as to prioritise functional studies to help to understand their biological

roles in mycobacterial diseases. These findings are likely to provide new footholds

on the long and difficult path to better treatment and prevention for mycobacterial

diseases.
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P. R., Honoré, N., Garnier, T., Churcher, C., Harris, D., Mungall, K., Basham,

D., Brown, D., Chillingworth, T., Connor, R., Davies, R. M., Devlin, K., Duthoy,

S., Feltwell, T., Fraser, A., Hamlin, N., Holroyd, S., Hornsby, T., Jagels, K.,

Lacroix, C., Maclean, J., Moule, S., Murphy, L., Oliver, K., Quail, M. A., Rajan-

dream, M. A., Rutherford, K. M., Rutter, S., Seeger, K., Simon, S., Simmonds,

M., Skelton, J., Squares, R., Squares, S., Stevens, K., Taylor, K., Whitehead, S.,

Woodward, J. R., and Barrell, B. G. (2001). Massive gene decay in the leprosy

bacillus. Nature, 409(6823):1007–11.

Collins, F. S., Brooks, L. D., and Chakravarti, A. (1998). A DNA polymorphism dis-

covery resource for research on human genetic variation. Genome Res, 8(12):1229–

31.

Collins, F. S., Morgan, M., and Patrinos, A. (2003). The Human Genome Project:

lessons from large-scale biology. Science, 300(5617):286–90.

Colston, M. J. and Hilson, G. R. (1976). Growth of Mycobacterium leprae and M.

marinum in congenitally athymic (nude) mice. Nature, 262(5567):399–401.

Comas, I. n., Chakravartti, J., Small, P. M., Galagan, J., Niemann, S., Kremer, K.,

Ernst, J. D., and Gagneux, S. (2010). Human T cell epitopes of Mycobacterium

tuberculosis are evolutionarily hyperconserved. Nat Genet.

191



Comstock, G. W. (1978). Tuberculosis in twins: a re-analysis of the Prophit survey.

Am Rev Respir Dis, 117(4):621–4.

Conrad, D. F., Jakobsson, M., Coop, G., Wen, X., Wall, J. D., Rosenberg, N. A., and

Pritchard, J. K. (2006). A worldwide survey of haplotype variation and linkage

disequilibrium in the human genome. Nat Genet, 38(11):1251–60.

Cooke, G. S., Campbell, S. J., Bennett, S., Lienhardt, C., McAdam, K. P., Sirugo, G.,

Sow, O., Gustafson, P., Mwangulu, F., van Helden, P., Fine, P., Hoal, E. G., and

Hill, A. V. (2008). Mapping of a novel susceptibility locus suggests a role for MC3R

and CTSZ in human tuberculosis. Am J Respir Crit Care Med, 178(2):203–207.

Cooke, G. S. and Hill, A. V. (2001). Genetics of susceptibility to human infectious

disease. Nat Rev Genet, 2(12):967–977.

Cooney, R., Baker, J., Brain, O., Danis, B., Pichulik, T., Allan, P., Ferguson, D.

J. P., Campbell, B. J., Jewell, D., and Simmons, A. (2010). NOD2 stimulation

induces autophagy in dendritic cells influencing bacterial handling and antigen

presentation. Nat Med, 16(1):90–7.

Crick, F. (1958). On protein synthesis. Symp Soc Exp Biol, 12:138–63.

Crofton, J. (1959). Chemotherapy of pulmonary tuberculosis. Br Med J,

1(5138):1610–1614.

Dalton, D. K., Pitts-Meek, S., Keshav, S., Figari, I. S., Bradley, A., and Stewart,

T. A. (1993). Multiple defects of immune cell function in mice with disrupted

interferon-gamma genes. Science, 259(5102):1739–42.

Davis, A. S., Vergne, I., Master, S. S., Kyei, G. B., Chua, J., and Deretic, V. (2007).

Mechanism of inducible nitric oxide synthase exclusion from mycobacterial phago-

somes. PLoS Pathog, 3(12):e186.

192



Dawn Teare, M. and Barrett, J. H. (2005). Genetic linkage studies. Lancet,

366(9490):1036–1044.

de Bakker, P. I., McVean, G., Sabeti, P. C., Miretti, M. M., Green, T., Marchini,

J., Ke, X., Monsuur, A. J., Whittaker, P., Delgado, M., Morrison, J., Richardson,

A., Walsh, E. C., Gao, X., Galver, L., Hart, J., Hafler, D. A., Pericak-Vance, M.,

Todd, J. A., Daly, M. J., Trowsdale, J., Wijmenga, C., Vyse, T. J., Beck, S.,

Murray, S. S., Carrington, M., Gregory, S., Deloukas, P., and Rioux, J. D. (2006).

A high-resolution HLA and SNP haplotype map for disease association studies in

the extended human MHC. Nat Genet, 38(10):1166–1172.

de Chastellier, C. and Thilo, L. (2006). Cholesterol depletion in Mycobacterium

avium-infected macrophages overcomes the block in phagosome maturation and

leads to the reversible sequestration of viable mycobacteria in phagolysosome-

derived autophagic vacuoles. Cell Microbiol, 8(2):242–56.

de Jong, R., Altare, F., Haagen, I. A., Elferink, D. G., Boer, T., van Breda Vriesman,

P. J., Kabel, P. J., Draaisma, J. M., van Dissel, J. T., Kroon, F. P., Casanova,

J. L., and Ottenhoff, T. H. (1998). Severe mycobacterial and Salmonella infections

in interleukin-12 receptor-deficient patients. Science, 280(5368):1435–1438.

de Vries, R. R., Mehra, N. K., Vaidya, M. C., Gupte, M. D., Meera Khan, P., and

Van Rood, J. J. (1980). HLA-linked control of susceptibility to tuberculoid leprosy

and association with HLA-DR types. Tissue Antigens, 16(4):294–304.

Dean, M., Carrington, M., Winkler, C., Huttley, G. A., Smith, M. W., Allikmets, R.,

Goedert, J. J., Buchbinder, S. P., Vittinghoff, E., Gomperts, E., Donfield, S., Vla-

hov, D., Kaslow, R., Saah, A., Rinaldo, C., Detels, R., and O’Brien, S. J. (1996).

Genetic restriction of HIV-1 infection and progression to AIDS by a deletion allele

of the CKR5 structural gene. Hemophilia Growth and Development Study, Multi-

193



center AIDS Cohort Study, Multicenter Hemophilia Cohort Study, San Francisco

City Cohort, ALIVE . Science, 273(5283):1856–1862.

Delgado, M. A., Elmaoued, R. A., Davis, A. S., Kyei, G., and Deretic, V. (2008).

Toll-like receptors control autophagy. EMBO J, 27(7):1110–21.

Deretic, V. (2010). Autophagy in infection. Curr Opin Cell Biol.

Deretic, V., Delgado, M., Vergne, I., Master, S., De Haro, S., Ponpuak, M., and

Singh, S. (2009). Autophagy in immunity against mycobacterium tuberculosis: a

model system to dissect immunological roles of autophagy. Curr Top Microbiol

Immunol, 335:169–188.

DerSimonian, R. and Laird, N. (1986). Meta-analysis in clinical trials. Control Clin

Trials, 7(3):177–88.

Devlin, B. and Roeder, K. (1999). Genomic control for association studies. Biomet-

rics, 55(4):997–1004.

Dewan, M. Z., Takamatsu, N., Hidaka, T., Hatakeyama, K., Nakahata, S., Fujisawa,

J.-i., Katano, H., Yamamoto, N., and Morishita, K. (2008). Critical role for TSLC1

expression in the growth and organ infiltration of adult T-cell leukemia cells in vivo.

J Virol, 82(23):11958–63.

Djavaheri-Mergny, M., Amelotti, M., Mathieu, J., Besancon, F., Bauvy, C., Souquere,

S., Pierron, G., and Codogno, P. (2006). NF-kappaB activation represses tumor

necrosis factor-alpha-induced autophagy. J Biol Chem, 281(41):30373–30382.
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bacille Calmette-Guérin attenuation. J Infect Dis, 187(1):117–23.

Lewis, S. J., Baker, I., and Davey Smith, G. (2005). Meta-analysis of vitamin D

receptor polymorphisms and pulmonary tuberculosis risk. Int J Tuberc Lung Dis,

9(10):1174–1177.

Lewontin, R. C. (1964). The Interaction of Selection and Linkage. I. General Con-

siderations; Heterotic Models. Genetics, 49(1):49–67.

Li, H. T., Zhang, T. T., Zhou, Y. Q., Huang, Q. H., and Huang, J. (2006). SLC11A1

(formerly NRAMP1) gene polymorphisms and tuberculosis susceptibility: a meta-

analysis. Int J Tuberc Lung Dis, 10(1):3–12.

218



Li, J. H., D’Alessio, A., and Pober, J. S. (2009). Lipopolysaccharide can trigger

a cathepsin B-dependent programmed death response in human endothelial cells.

Am J Pathol, 175(3):1124–35.

Liebana, E., Girvin, R. M., Welsh, M., Neill, S. D., and Pollock, J. M. (1999).

Generation of CD8(+) T-cell responses to Mycobacterium bovis and mycobacterial

antigen in experimental bovine tuberculosis. Infect Immun, 67(3):1034–1044.

Lienhardt, C., Bennett, S., Del Prete, G., Bah-Sow, O., Newport, M., Gustafson, P.,

Manneh, K., Gomes, V., Hill, A., and McAdam, K. (2002). Investigation of envi-

ronmental and host-related risk factors for tuberculosis in Africa. I. Methodological

aspects of a combined design. Am J Epidemiol, 155(11):1066–1073.

Lifton, R. P. (1996). Molecular genetics of human blood pressure variation. Science,

272(5262):676–80.

Lin, D. Y. and Zou, F. (2004). Assessing genomewide statistical significance in linkage

studies. Genet Epidemiol, 27(3):202–214.

Lindesmith, L., Moe, C., Marionneau, S., Ruvoen, N., Jiang, X., Lindblad, L., Stew-

art, P., LePendu, J., and Baric, R. (2003). Human susceptibility and resistance to

Norwalk virus infection. Nat Med, 9(5):548–553.

Lindholm, E., Bakhtadze, E., Cilio, C., Agardh, E., Groop, L., and Agardh, C.-

D. (2008). Association between LTA, TNF and AGER polymorphisms and late

diabetic complications. PLoS ONE, 3(6):e2546.
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