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Abstract

Lower respiratory tract infections (LRTIs) are one of the most common
infectious diseases in Europe and worldwide. Very little is known about
the genetic factors associated with susceptibility to LRTI and so far studies
have only analysed candidate gene loci.
This work aimed to find genetic loci associated with susceptibility to severe
and mild LRTI. To analyse severe LRTI, a European cohort of community-
acquired pneumonia (CAP) sepsis patients was used. To analyse mild
LRTI, patients attending primary care with a cough were recruited across
Europe.
Two important candidate genes for susceptibility to severe and mild LRTI
were studied. None of the four functional polymorphisms analysed in
MBL2 were associated individually or when combined with susceptibility
to LRTI or survival from severe LRTI. Rare homozygotes for rs12252 in
the IFITM3 gene were found to associate with susceptibility to mild and
severe viral LRTI, particularly influenza infection.
Using a combination of genome-wide and candidate gene methods, 93 sin-
gle nucleotide polymorphisms (SNPs) were chosen to genotype and analyse
for susceptibility to mild LRTI. A gene region containing theMPHOSPH8,
TPTE2, PSPC1 and ZMYM5 genes was found to associate with suscepti-
bility to rhinovirus infection. A functional promoter SNP in the IL6 gene
and a gene region containing the SAP18, MRP63 and SKA3 genes were
associated with susceptibility to mild LRTI in smokers.
A GWAS was performed for susceptibility to CAP sepsis in Europe. Geno-
types were imputed for eight GWAS data sets comprising over 1000 CAP
sepsis cases and over 4000 controls. Preliminary analysis results suggest
an association in a chromosome 1 region containing the genes VASH2,
ANGEL2 and RPS6KC1.
This thesis presents results of the largest known genetic association study
for susceptibility to CAP sepsis, and the only known genetic association
study for mild LRTI. These novel findings will facilitate further research
which may lead to better treatment and outcome for LRTI.
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Chapter 1

Introduction

1.1 Common infectious diseases in Europe

The two infectious diseases with the highest incidence worldwide are diarrhoeal dis-

eases and lower respiratory infections. These are also responsible for the greatest

incidence in every region worldwide, except for Africa where malaria is more common

than lower respiratory infections (World Health Organisation, 2008). Lower respira-

tory infections are also associated with the greatest number of deaths worldwide of

any infectious disease. They also cause more deaths than other infectious diseases in

all regions except for Africa and South-East Asia where HIV/AIDS and diarrhoeal dis-

ease cause slightly more deaths respectively (World Health Organisation, 2008). The

distribution of other infectious diseases varies considerably worldwide. For example,

the incidence of measles is very high in South-East Asia but effectively non-existent

in the Americas, whereas Chagas disease is present only in the Americas and absent

everywhere else in the world (World Health Organisation, 2008).

“Lung infection”, including influenza, pneumonia and other acute lower respi-

ratory infections accounts for a greater global burden of disease than HIV/AIDS,

malaria, ischemic heart disease and tuberculosis. This category of disease does not
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include HIV disease resulting in infectious disease, so it could be argued that the

global burden of lung infection is even higher than this estimate (Mizgerd, 2006).

Studying all infectious disease in Europe would be too much for the breadth of

this thesis. Therefore, in this thesis I have studied lower respiratory tract infections

(LRTIs), which account for 19 million cases of infectious disease in Europe per year

(World Health Organisation, 2008). Lower respiratory infections account for by far

the greatest number of deaths of any infectious disease in Europe, accounting for over

50% of all infectious disease deaths in 2008 estimates (World Health Organisation,

2008). Lower respiratory infections are also the leading cause of death in low-income

countries, and still account for 0.35 million deaths (the 5th leading cause of death)

in high income countries, despite improved health care (World Health Organisation,

2011).

This thesis analyses the genetics of susceptibility to lower respiratory tract infec-

tion (LRTI) using two disease groups. One is a cohort of severe community-acquired

pneumonia (CAP) cases with sepsis. The other is a cohort of mild LRTI cases col-

lected in primary care. In this way, I am studying both ends of the spectrum of

diseases which are classified as LRTI, with very mild and very severe disease.

1.1.1 Sepsis

Sepsis is defined as the systemic response to infection and is often confused with

overlapping terms such as infection, bacteraemia, septicaemia and septic shock. An

American College of Chest Physicians/Society of Critical Care Medicine Consensus

Conference was held in 1991, and their agreed definitions for sepsis and related terms

were published in 1992 (Bone et al., 1992). Sepsis is defined as a clinical inflammatory

response arising from infection. However, even in the absence of infection, a similar

or identical response can arise. Therefore, systemic inflammatory response syndrome

(SIRS) is defined as the inflammatory response, with or without infection. SIRS is
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diagnosed, according to Bone et al. (1992) when a patient presents with more than

one of the following clinical manifestations:

1. A body temperature greater than 38 ◦C or less than 36 ◦C

2. A heart rate greater than 90 beats per minute

3. A respiratory rate greater than 20 breaths per minute or hyperventilation as

indicated by a PaCO2 of less than 32mm Hg

4. A white blood cell count greater than 12,000/mm3, less than 4,000/mm3 or the

presence of more than 10 percent immature neutrophils

Figure 1.1 shows the interrelationship between these related terms. This diagram

clearly shows that sepsis can only be defined when a patient has SIRS and indication

of infection. The related term bacteraemia, which is defined as a bacterial invasion

of the bloodstream, will therefore only occur due to infection, and may or may not

result in sepsis (Bone et al., 1992).

The mortality rate for sepsis varies widely between studies and the time point

analysed (Winters et al., 2010). Mortality has been estimated between 5% and 90%

in different studies, time points and continents (Casalino et al., 1998; Shapiro et al.,

2007; Winters et al., 2010). A large study observing sepsis at more than 200 sites in

Europe and the USA was published recently. This study included 25,375 patients,

and showed that raw hospital mortality was higher in Europe than in the USA (41%

vs. 28%), but that adjusted mortality (adjusted for descriptive measures of severity

of illness, admission source and survival status) was not significantly higher (32%

vs. 31%). Differences in patient and hospital management, intensive care unit (ICU)

admission and treatment protocols may be the cause of this difference, but further

large studies are required to accurately determine this (Levy et al., 2012).

Mortality after sepsis increases dramatically from discharge to 1 year after ad-

mission (Korosec Jagodic et al., 2006; Sasse et al., 1995). Long-term mortality from
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Figure 1.1: The overlap between infection, sepsis and systemic inflammatory response
syndrome (SIRS). The corresponding overlap with bacteraemia, fungemia, parasitemia
and viremia is also shown, where the presence of infection may or may not lead to
SIRS and therefore sepsis. In addition, conditions which lead to SIRS without infection
are shown: trauma, burns and pancreatitis. Reproduced with permission from the
American College of Chest Physicians (Bone et al., 1992)
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sepsis is almost invariably high (Korosec Jagodic et al., 2006; Perl et al., 1995; Sasse

et al., 1995; Weycker et al., 2003; Winters et al., 2010), and was estimated at 74% in

one very large study (much higher than the 21% hospital mortality recorded) (Wey-

cker et al., 2003). Sepsis is responsible for an estimated 36,800 deaths annually in the

UK alone; more than three times as many as breast cancer (Daniels, 2011).

Sepsis mortality for six countries in Europe (UK, France, Germany, Italy, Spain

and The Netherlands) was estimated between 99,000 and 128,000 per year, which

equates to between 118,000 and 153,000 deaths from sepsis in Europe annually (Davies

et al., 2001). Estimates have also shown that 10-14% of European ICU patients that

develop sepsis account for approximately 40% of the total costs in the ICU, a total

burden estimate of between e6.2 billion and e8.3 billion (Davies et al., 2001).

The sepsis occurrence in acutely ill patients (SOAP) study enrolled 1,177 sepsis

patients (37.4% of intensive care unit patients) from 24 European countries to identify

the frequency of sepsis in European ICUs and identify etiological, diagnostic, ther-

apeutic and prognostic factors associated with sepsis in the European population.

Considerable variation in rates of sepsis was observed between countries in Europe

(from 18% in Switzerland to 73% in Portugal). This study showed that there was no

difference in ICU mortality whether or not patients had suspected clinical infection

and whether or not pathogens were identified. ICU and hospital mortality also varied

between countries, with Switzerland exhibiting the lowest, and Portugal the highest

mortality (Vincent et al., 2006).

The frequency of hospitalisations with severe sepsis has increased relentlessly:

more than doubling each year between 2000 and 2007, with sepsis complicated by

organ failure accounting for one in 40 hospitalisations in 2007 (Kumar et al., 2011).

Pneumonia or lower respiratory infection is the predominant cause of sepsis (Angus

et al., 2001; Levy et al., 2012; Shapiro et al., 2007; Vincent et al., 2006; Weycker

et al., 2003).
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1.1.2 LRTI in primary care

Clinical definitions of LRTI in primary care vary. LRTIs can be classified into different

subcategories, each of which is distinct, but still falls under the bracket of LRTI. The

four most common LRTIs presenting in general practice are acute bronchitis, acute ex-

acerbations of chronic obstructive pulmonary disease (aeCOPD), community-acquired

pneumonia (CAP) and acute infective exacerbations of asthma (Greene et al., 2011).

LRTIs are the most common reason for consulting a general practitioner (GP) in

the UK, but the management and characterisation of these infections is still poorly

developed (Greene et al., 2011; Macfarlane et al., 2001). This has an impact on

antibiotic prescribing behaviour for LRTI. A recent study showed that antibiotic

prescribing (whether or not antibiotics are prescribed, as well as antibiotic choice) is

not associated with clinically important differences in recovery, when clinical presen-

tation was taken into account. Variation in prescribing behaviour therefore wastes

resources, leads to selection of resistant organisms, puts patients at risk of side effects

and undermines self care procedures with no improved outcome for patients (Butler

et al., 2009). In addition, non-adherence to antibiotics is common, with an average

of only 60% of individuals across Europe taking the antibiotics they are prescribed

(Francis et al., 2012b). There are no effective treatments for viral LRTI (Goetghebuer

et al., 2004), which is the greatest defined cause of mild LRTI.

Although hospitalisation following a primary consultation for LRTI is low (3%),

the median duration of “moderately bad” symptoms is six days, and 6% of individuals

experience moderately bad symptoms for a prolonged period of 21-28 days (Francis

et al., 2012a). Based on an overall incidence of 44 cases per 1000 in the adult popu-

lation per year, mild LRTI affects more than 2 million individuals in Europe per year

(Macfarlane et al., 2001; World Health Organisation, 2008). Therefore, despite not

being associated with very severe disease or high mortality rates, LRTI in primary

care still has a large impact on the well-being of a large number of people across
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Europe.

1.2 Immunity to infectious disease

Immunity is the process by which the body defends itself against infectious pathogens.

Immunity can be divided into two main areas: innate and adaptive immunity.

1.2.1 Innate immunity

Innate immunity is the first line of defence against infection, and consists of mech-

anisms that are in place before infection, and respond in essentially the same way

to every pathogen and repeated infection. Mechanisms of innate immunity include

physical barriers (such as epithelial surfaces), soluble and cellular factors.

One of the soluble factors of innate immunity is the complement system. This

uses antibodies and mannose binding lectin, as well as direct recognition, to recognise

microbes and result in activation. Complement proteins direct the phagocytosis of

microbes and lead to inflammation. Complement can be activated by the alternative,

classical and lectin pathways.

The cellular components of innate immunity include macrophages and neutrophils,

which phagocytose invading microbes and natural killer (NK) cells, which kill infected

host cells. Different receptors, including toll-like receptors (TLRs) can recognise

molecular patterns of microbes (such as double stranded RNA and lipopolysaccha-

ride) and activate cells to result in killing or secretion of cytokines. Cytokines are

secreted by macrophages and NK cells to activate phagocytes and stimulate inflam-

mation. Cytokines are classified into various families, including interleukins (IL) and

interferons (IFN), and these proteins are named with this prefix and a descriptive

suffix (IL-6 and IFN-α for instance). NK cells recognise major histocompatibility

complex (MHC) molecules on the surface of normal host cells, to prevent killing of
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uninfected host cells. When cells are infected, the expression of MHC is inhibited,

allowing infected cells to be destroyed (Abbas and Lichtman, 2005).

1.2.2 Adaptive immunity

Conversely, adaptive immunity is stimulated in reaction to infectious agents, and due

to the creation of immunological memory, responses gain magnitude and defensive

capabilities with repeated exposure. It is this principle which underlies the mechanism

of vaccination. Adaptive immunity mechanisms can specifically recognise distinct

molecules, and “remember” a microbe, responding more quickly to an infection by

the same organism many years later. The main cells involved in the adaptive immune

response are B and T lymphocytes. B cells produce antibodies, which have regions

of high variation that can recognise different antigens and thereby initiate specific B

cell responses and effector mechanisms to eliminate the recognised antigens.

There are two major classes of T cells: CD4+ and CD8+ T cells. CD4+ cells

have CD4 molecules but no CD8 molecules expressed on their surface, and CD8+

cells have the opposite. Both types of T cells recognise peptide fragments derived

from protein antigens expressed on the surface of host cells. This recognition can

then lead to macrophage activation in the case of CD4+ T cells, or the killing of

virus-infected cells in the case of CD8+ T cells. The MHC is involved with displaying

antigens for recognition by T cells. The recognition of antigen leads to an expansion

of the types of antibodies and cells that can recognise that antigen, thus increasing

the magnitude of the specific immune response (Abbas and Lichtman, 2005).

1.3 Pathogens in LRTI

Streptococcus pneumoniae was the most common pathogen identified in the sepsis co-

hort used in this thesis. Other pathogens identified include Haemophilus influenzae,
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Staphylococcus aureus, Pseudomonas aeruginosa and influenza virus. S. pneumoniae

(commonly referred to as “pneumococcus”) is a capsulated gram-positive bacteria.

The pneumococcus capsule protects the bacteria from the host immune response of

phagocytosis, whereby invading microbes are engulfed and destroyed by phagocytes.

The polysaccharide composition of the capsule determines the serotype of the pneu-

mococcus, of which there are at least 93. Modern vaccines only confer resistance to

certain serotypes (Catterall, 1999; Song et al., 2012).

Rhinovirus is the most common pathogen identified in the mild LRTI cohort used

in this thesis. Other pathogens identified include influenza virus, coronavirus, parain-

fluenza virus, human metapneumovirus, respiratory syncytial virus, S. pneumoniae

and H. influenzae. Rhinovirus is part of the picornavirus family and is therefore

a small RNA-containing virus with an icosahedral shell surrounding its RNA core

(Rossmann et al., 1985). There are over 160 types of human rhinovirus (HRV) which

belong to three species: HRV-A, HRV-B and HRV-C. HRV-A and HRV-C have been

shown to cause more severe illness in infants (Lee et al., 2012).

Influenza virus is a pathogen of major public interest, in part due to recent pan-

demic strains of the virus. Susceptibility to influenza virus has been studied in this

thesis. The influenza viruses A, B and C all infect humans, although types A and B

are far more common and were identified in the cohorts used in this thesis. Influenza

A and B viruses have segmented, negative-strand RNA genomes, and microscopically

look extremely similar, but have a slightly different composition of envelope proteins.

Both viruses have glycoprotein spikes which project from the virus envelope. Sub-

types of influenza virus are named after the subtype of their surface glycoproteins

hemagglutinin (HA) and neuraminidase (NA), such that the H1N1 subtype has HA

subtype 1 and NA subtype 1 (Bouvier and Palese, 2008; Lamb and Choppin, 1983).
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1.4 LRTI and immunity

The host mechanisms involved in innate immunity to particular pathogens are not

fully understood. However, S. pneumoniae is known to activate innate immunity

through complement activation and recognition by TLRs. Studies in mice sug-

gest complement activation is mainly through the classical pathway (Paterson and

Mitchell, 2006). Influenza viruses are known to activate host immune responses

through the production of interferons via the signalling pathway of TLR7, but also

upregulate several other cytokines (Fukuyama and Kawaoka, 2011). Very little is

known about the exact innate immune mechanisms associated with rhinovirus in-

fection, although interferons are probably involved (as in viral infections in general)

(Bartlett et al., 2012).

However, immunity mechanisms can cause tissue injury and disease in some situa-

tions. For instance in the case of sepsis, abnormalities in inflammation and immunity

mechanisms lead to the sepsis phenotype (Nee, 2006; Tang et al., 2010). It has been

suggested that both a lack of sufficient regulation of the adaptive immune response

and increased apoptosis of important immune cells could be responsible for the im-

mune response responsible for sepsis phenotypes. However, further understanding

of how the innate and adaptive immune responses contribute to sepsis is necessary

(Siner, 2009).

1.5 Genetics of disease

Records as early as the 2nd century A.D. describe circumcision regulations which

most likely refer to haemophilia, and demonstrate that its maternal transmission and

limitation to males were known even this long ago (Harper, 2004; Ingram, 1976).

This heredity was graphically described and the inheritance pattern of the disease

was clearly appreciated in a paper by Hay in 1813, which was still very early to be
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accurately describing genetic inheritance (Harper, 2004; Hay, 1813).

Genetics associated with disease was therefore appreciated long before heredity

was explained, long before genes and DNA were discovered, and long before mod-

ern genetics studies. There are many distinct ways that genetics can define both

Mendelian disease (disease caused by one genetic locus) and complex disease (disease

where susceptibility is influenced by multiple genetic loci and other factors). Genet-

ics has been helpful in defining and explaining disease through a range of evolving

methods and techniques. A number of examples of different diseases, the genetic

polymorphisms which are associated with them and the techniques used to define

them are presented here.

1.5.1 Genetics of disease: Cytogenetics

One of the most dramatic genetic differences that has been identified is altered chro-

mosome number. Amazingly, the structure of DNA was solved before the number of

human chromosomes was correctly determined (Tijo and Levan, 1956; Watson and

Crick, 1953). Following this discovery, however, several syndromes were found to be

associated with altered chromosome number. Lejeune et al. (1959) identified an ex-

tra small telocentric chromosome in children with Down’s syndrome (who were at the

time referred to as “Mongoloid” children). Lejeune et al. hypothesise (correctly) that

this extra chromosome could be the result of non-disjunction during meiosis. They

also (correctly) suggest that this could account for the increase in the frequency of

Down’s syndrome when the mother is older, in concordance with previous studies in

Drosophila melanogaster (Boyer, 1963; Harper, 2004; Lejeune et al., 1959).

In the same year, sex chromosome abnormalities were also described. An individ-

ual with Klinefelter’s syndrome was described with an extra sex chromosome (XXY)

(Jacobs and Strong, 1959). Later that year, an individual with Turner’s syndrome

was shown to be missing a sex chromosome (XO) (Ford et al., 1959). In a later study

11



CHAPTER 1. INTRODUCTION

of chromosomal number in spontaneous abortions, it was shown that 11 out of the

200 spontaneous abortion samples studied also had a missing sex chromosome, im-

plying (by comparison with the incidence of this trait) that only 1 in 40 individuals

with this karyotype reach full term. In addition, 33 other samples were shown to

have abnormal chromosome number. These were in the form of trisomy (3 copies

of one chromosome, as in Down’s syndrome; 22 samples), triploidy (3 copies of all

chromosomes; 9 samples) and tetraploidy (4 copies of all chromosomes; 2 samples).

This study showed that chromosome number is an important factor in spontaneous

abortions, and that abnormal chromosome number is surprisingly common (Carr,

1965; Harper, 2004).

Cytogenetics (the microscopic study of chromosome structure) has advanced more

recently, and is now used not only to determine chromosome number, but also to

identify microdeletions and microduplications, more recently in conjunction with a

method called fluorescence in situ hybridization (FISH) (Dave and Sanger, 2007;

Lawrence, 2000). Before FISH, however, chromosomes could still be stained to assess

translocations, deletions and duplications. This led to the discovery of a deletion

in chromosome 15, which can either result in Angelman syndrome or Prader-Willi

syndrome, depending whether the deletion was inherited maternally (Angelman syn-

drome) or paternally (Prader-Willi syndrome) (Kaplan et al., 1987; Knoll et al., 1989;

Ledbetter et al., 1981). Experiments defined the inheritance of the deletion using a

restriction fragment length polymorphism (RFLP) assay to identify the allele present

in affected children and their parents, and showed that the maternal allele was not

inherited in individuals with Angelman syndrome (and therefore this defines the dele-

tion), and vice versa in Prader-Willi syndrome (Knoll et al., 1989). This demonstrates

that sometimes even when polymorphisms have been characterised with disease, DNA

sequence is not the only important factor influencing the genetic impact on disease

and epigenetic effects such as this can also influence inheritance.
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1.5.2 Genetics of disease: Linkage for Huntington’s

The genetic features of Huntington’s disease were first described in 1872 alongside

the first description of the disease by George Huntington (Harper, 2004; Huntington,

1872). However, it wasn’t until over 100 years later that a linkage study identified

the genetic loci responsible for the disease. In 1980, a proposal for the first type of

genome-wide linkage study was published, which would use linkage to look for genetic

loci leading to disease. Just three years after this, a genetic marker for Huntington’s

was discovered, using RFLPs as DNA markers to analyse polymorphisms throughout

the genome in family pedigrees, to determine polymorphisms which segregate with

disease (Botstein et al., 1980; Gusella et al., 1983; Harper, 2004). RFLP is still used in

genetic association studies, and its invention was wholly dependent on the discovery of

restriction enzymes, which specifically cut DNA at a defined sequence site (Roberts,

2005). The exact genetic polymorphism responsible for Huntington’s disease wasn’t

discovered until ten years later, but this genetic linkage mapping was utilised in its

discovery. It was shown that Huntington’s disease is defined by the number of CAG

repeats in a gene which was named Huntingtin following this discovery (Huntington’s

Disease Collaborative Research Group, 1993).

1.5.3 Genetics of disease: Phenylketonuria

Conversely, phenylketonuria (PKU) can be caused by any one of a great many mu-

tations in the phenylalanine hydroxylase (PAH ) gene; 548 separate mutations in the

gene were recorded as of 2007. Roughly 5% of these do not affect the function of the

PAH gene, but the rest lead to a spectrum of the PKU condition (Blau et al., 2010).

PKU was first described in 1934, when Følling identified that “feeble-minded”

children (which we now know had phenylketonuria) had phenylpyruvic acid excreted

in their urine, and hypothesised (correctly) that this was due to an inability to prop-

erly metabolise phenylalanine (Boyer, 1963; Folling, 1934; Harper, 2004). It was later
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shown that raised phenylalanine concentrations in the brain can lead to impaired neu-

ropsychological function, and thereby the mental retardation seen in patients suffering

from PKU (Blau et al., 2010).

The inheritance of this condition was identified as autosomal recessive by 1946,

and the differing incidence of the condition in different geographical populations was

also noted. Ways of altering the metabolism of affected individuals as a form of

treatment were already being tested, and the idea of changing the diet of those with

the condition was raised in this year (Penrose, 1946). This idea was tested in 1953

with great success, despite the exact cause of the condition still being unknown. A

two-year old child with phenylketonuria was given a low-phenylalanine diet for 10

months and showed improvements in mental state. However, when phenylalanine

was put back into her diet, the child “lost in a few days all the ground gained in

the previous ten months”, and within 24 hours of beginning the new diet “could no

longer stand” (Bickel et al., 1953). Screening programmes for PKU were underway

in the 1960s, and these rapidly led to programmes of population screening which still

take place worldwide (Blau et al., 2010; Guthrie and Susi, 1963; Harper, 2004; Levy

et al., 1970; National Health Service, 2012).

This story from the discovery of PKU to worldwide screening is proof that detec-

tion and treatment of genetic conditions is possible even without the identification of

the exact genetic mutations involved. However, for complex disease, the advancement

of sophisticated techniques has been necessary to identify genetic polymorphisms as-

sociated with disease.

1.5.4 PCR

The Polymerase Chain Reaction (PCR) was first fully described in 1987 (Mullis and

Faloona, 1987). This remarkably simple technology can amplify specific fragments of

DNA and paved the way for rapid advances in genetics in recent times. Without the
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development of PCR, recent genetic discoveries would not have been possible. All

current genotyping technologies utilise PCR.

PCR involves the addition of deoxyribonucleotide triphosphates (dNTPs), oligo

primers, buffer and Taq polymerase to DNA samples. Taq polymerase is a ther-

mostable polymerase discovered within the organism Thermus aquaticus. It remains

relatively unaffected by the high temperatures in the PCR procedure. The DNA and

PCR reagents mixture is cycled through different temperature steps. The first step

heats the mixture to separate DNA into its two strands. A cooling stage then allows

the hybridisation of designed oligonucleotides that act as primers, to complementary

sequences in the DNA strands. DNA polymerase then performs DNA synthesis start-

ing from the two primers, using the dNTPs in the mixture. The procedure is then

performed in repetitive cycles, through which the sequence of DNA bracketed by the

primers is amplified, producing double the number of specific double-stranded DNA

molecules in each cycle. Therefore, as the cycles are completed multiple times, the

amount of DNA of a particular sequence can be increased dramatically (Saiki et al.,

1988).

1.5.5 SNPs and linkage disequilibrium

Single nucleotide polymorphisms (SNPs) are single base positions which are found

to have a different nucleotide between individuals. SNPs found within the coding

regions of a gene can affect the function of the resulting protein. For instance, if

a base pair position is usually a T, and is the second base in a codon for leucine

(CTC for instance), if this base pair position can also be found as a G, then this

will replace the leucine at that position with arginine (CGC). This is called a non-

synonymous, missense SNP. SNPs can also change codons to stop codons (non-

synonymous, nonsense SNPs), resulting in a truncated protein, and can be silent

changes which do not affect the amino acid composition of the resulting protein
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(synonymous SNPs).

Linkage disequilibrium (LD) describes the phenomenon whereby polymorphisms

under selection or close to each other are inherited together. Therefore, by mapping

one locus in a chromosomal region, information about the surrounding polymorphisms

can be inferred. SNP genotypes are not randomly distributed between individuals,

they follow the rules of LD and are found on specific haplotypes. LD describes a

correlation between pairs of variants. High LD between two SNPs means that the

observation of a particular allele at one SNP location would mean a high likelihood

of observing a particular allele at the other SNP location. When a new variant arises

through mutation, it is initially only found on the unique chromosome on which the

mutation occurred, meaning that it is only found in the presence of surrounding vari-

ation. As recombination and mutation occur, this association between variation is

slowly reduced. Recombination is less likely to occur between SNPs that are very

close together than between SNPs that are further apart. Therefore, the association

between a SNP and its neighbours usually drops the further the neighbouring vari-

ation from the SNP of interest, and will drop after a recombination hotspot (The

International HapMap Consortium, 2005).

1.5.6 Candidate gene studies

Linkage studies were very successful in determining genetic regions associated with

Mendelian diseases, but for complex diseases these studies have been less informative.

Focus therefore turned towards other methods to determine genetic associations with

disease, and candidate gene studies were the main approach.

Candidate gene studies focus on genes which are implicated as important in the

disease of interest, usually based on knowledge of gene function. Rather than scanning

the whole genome in a hypothesis-free manner such as is done with linkage studies,

hypotheses are made prior to genotyping. Although vast numbers of candidate genes
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have been implicated in a whole range of diseases, these associations rarely replicate,

unless they use large sample sets and are very statistically significant. There are a

number of reasons why this could occur, including heterogeneity between patient pop-

ulations, a lack of population stratification analysis meaning that related individuals

and individuals of differing ethnicity are not removed and therefore act to skew the

data, or a lack of linkage disequilibrium (LD) between the causal polymorphism and

the genotyped polymorphism (Tabor et al., 2002).

In addition, the less that is known about a disease, the fewer options there are for

candidate genes to genotype. Due to publication bias, studies showing positive re-

sults are more likely to be published than studies showing negative results, and studies

have shown that the first study to report an association often implies a stronger risk

than that observed in later publications (Tabor et al., 2002). There is also a lack

of correction for multiple testing in candidate gene studies. Even though previous

candidate gene studies will have been conducted in the same cohort, individual asso-

ciations are published with no correction. Following results from the Human Genome

Project (Collins et al., 2003) and The International HapMap Project (The Interna-

tional HapMap Consortium, 2005), genome-wide association studies (GWAS) became

possible, which have largely made candidate gene studies obsolete.

1.5.7 The Human Genome Project

The Human Genome Project produced the first draft of the full human genome se-

quence in 2001 (Lander et al., 2001), with the final sequence completed in 2003

(Collins et al., 2003), just 50 years after the structure of DNA was described (Watson

and Crick, 1953). This extraordinary feat was the largest genome sequenced at the

time, and was eight times larger than the sum of all previously sequenced genomes.

The sequence of just one human genome gleaned an enormous amount of information

about the broad genomic landscape, including information about genes, transposable
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elements, GC content, CpG islands, segmental duplications, simple sequence repeats

and more. Comparisons between the human genome sequence and already completed

genome sequences could also be performed, allowing discoveries related to the origin

of genes and the number and complexity of genes compared to other species (Lander

et al., 2001).

The human genome sequence was generated from genomic DNA of multiple indi-

viduals, which meant that differences in DNA between people could also be observed.

Thereby the number of SNPs identified in the human genome increased one-thousand

fold after analysis of the human genome sequence, to describe 1.42 million SNPs. It

was also possible to analyse the distribution of these SNPs, with observations that

the density of SNPs is higher in regions containing genes, lower on sex chromosomes,

and strikingly higher or lower in some regions than average (for example there is a

high level of variation observed in the HLA region on chromosome 6) (Chakravarti,

2001; Lander et al., 2001; Sachidanandam et al., 2001).

1.5.8 The International HapMap Project

The International HapMap Project aimed to further this characterisation of varia-

tion, by identifying human genetic variation between four populations with Euro-

pean, African and Asian ancestry. These populations were from the Yoruba people

of Ibadan, Nigeria, individuals from Tokyo, Japan, Han Chinese individuals from

Beijing, China and United States residents with Northern and Western European

ancestry collected by the Centre d’Etude du Polymorphisme Humain (CEPH). Phase

I of the project aimed to genotype at least one SNP with a minor allele frequency

(MAF) ≥ 0.05 every 5kb in every sample from these four populations (a total of 269

individuals).

By mapping common variation in the human genome between populations, The

International HapMap Project characterised LD between SNPs and investigated the
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evolutionary forces that have shaped variation in natural populations. They showed

evidence of selective sweeps in particular genomic regions (for instance the LCT gene,

which influences the ability to digest dairy products), confirmed that LD is low near

telomeres and elevated near centromeres and showed that genes involved in immune

responses are more often located in regions of low LD, to name a few examples.

The primary aim of the project, however, was to create a public, genome-wide

database of common human sequence variation which could be used to better guide

the design and analysis of medical genetic studies (The International HapMap Con-

sortium, 2005). This project was a fundamental step towards the generation of chip

arrays for GWAS.

1.5.9 Genome-wide association studies

GWAS became possible due to the International HapMap Project described above,

the design and manufacture of dense genotyping chips to genotype hundreds of thou-

sands of SNPs, and the assembly of large, well-characterised sample collections for

many common diseases (de Bakker et al., 2005; Hirschhorn and Daly, 2005; The

Wellcome Trust Case Control Consortium, 2007). GWAS are based on the common

disease-common variant (CD-CV) hypothesis, which states that common diseases are

associated with common variants (Gibson, 2012; Lander, 1996). Modern GWAS in-

volve the genotyping of 300,000 - 2,500,000 SNPs in many samples. In a case-control

study, each SNP is analysed in cases and controls, with the aim of detecting differ-

ences in genotype or allele frequencies between healthy individuals and cases with

the disease or trait of interest. GWAS make use of LD in the genome, which means

that not all SNPs in the genome need to be typed in order to detect an association

(de Bakker et al., 2005). Figure 1.2 explains this further, and shows examples where

SNPs are either directly or indirectly (as in a GWAS) tested for an association.

Fine-mapping around a SNP that associates with disease can often identify the
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causal SNP for an association, which will have been tagged by the SNPs genotyped

in the GWAS. A landmark paper from the Wellcome Trust Case Control Consortium

(WTCCC) presented some of the earliest and largest case-control GWAS, and demon-

strated the power of these studies to detect genetic associations with common disease

(The Wellcome Trust Case Control Consortium, 2007). This paper also highlighted

important considerations with these studies in relation to their design and analysis.

 

 

 

 

  

Figure 1.2: Testing SNPs directly or indirectly for association. (a) A case in which
the functional SNP (in red) responsible for an association is directly typed and tested
for an association. This scenario would occur, for instance, in a candidate gene study,
where a SNP is chosen for genotyping based on prior knowledge about its possible
function. For example it could be a missense SNP which is likely to affect the function
of the candidate gene (green rectangle) of interest. (b) This describes a case such
as that likely to be found in a genome-wide association study (GWAS). Genotyped
SNPs (in red) are chosen to be genotyped based on LD in the region, such that each
genotyped SNP is in high LD with as many ungenotyped SNPs as possible. In this
example, the red genotyped SNPs provide information about the blue SNP, such that
the blue causal SNP is tested for association indirectly. If the red SNPs associate with
a disease/trait in a GWAS, the blue SNP most likely will too. In this way, fewer SNPs
need to be directly genotyped in the first steps of a GWAS. Reprinted by permission
from Macmillan Publishers Ltd: Nature Reviews Genetics (Hirschhorn and Daly, 2005),
copyright 2005.

1.5.9.1 False positives and multiple testing

Due to the large number of tests performed in any GWAS (one for each SNP, in-

cluding additional analyses for different phenotypes within one study), conservative

significance levels have been established to distinguish true from false-positive results.

A p-value of 0.05 by its very definition means that the association observed would

occur by chance alone 5% of the time. Therefore, if this p-value threshold was used
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in a GWAS, it would be expected that 5% of results (25,000 SNPs in a GWAS using

a 0.5 million SNP chip) would reach this p-value threshold just by chance and would

therefore be false positive results. Thus, to correct for this multiple testing problem,

a much lower p-value threshold of 5x10−8 has been set, above which GWAS results

are not considered to be genome-wide statistically significant (Kraft et al., 2009).

1.5.9.2 Advantages and disadvantages of GWAS

GWAS has been enormously successful in determining genetic loci which associate

with a wide range of diseases and traits. As of 15th November 2012, the GWAS

catalogue contains 9277 published associations with p-values of 1x10−5 and lower, in-

cluding associations with aging, alcohol consumption, Alzheimer’s disease, eye colour,

heart failure, height, multiple sclerosis, Parkinson’s disease, psoriasis, rheumatoid

arthritis, type 1 and 2 diabetes and ulcerative colitis, to name just some (Hindorff

et al., 2012).

By design, GWAS requires no prior information about gene function, and is essen-

tially a hypothesis-free method for determining genetic associations across the whole

genome. This means that when dense genotyping chips are used with appropriate

sample sizes, GWAS have the potential to find any common genetic variation associ-

ated with disease in the genome. GWAS are susceptible to the effects of stratification,

but in terms of population stratification, this can usually be corrected for using the

data available from a GWAS (Anderson et al., 2010; Hirschhorn and Daly, 2005).

However, GWAS are unable to assess the affect of rare variants on genetic risk and

could therefore be missing a large and important aspect of genetic susceptibility to

disease. In addition, GWAS are often underpowered to detect associations with very

small effect sizes (odds ratio between 1 and 1.2) without extremely large sample sizes

(Spencer et al., 2009).
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1.5.9.3 Imputation and phasing

The design of GWAS chips has meant that imputation can be performed using geno-

types spanning the entire genome. Imputation is an important process in the anal-

ysis of any GWAS dataset. This two-step process allows the inference of millions of

ungenotyped SNPs at high accuracy, meaning that GWAS involving for instance one

million genotyped SNPs can be analysed for many millions of SNPs. This increases

the power of GWAS, can be used to aid fine-mapping, and means that meta-analysis

can be performed for sample sets genotyped on different SNP sets (Howie et al., 2012,

2011; Li et al., 2009; Marchini and Howie, 2010). It was recently shown that impu-

tation can be performed for data from a wide range of human populations, despite a

lack of specific reference panels for these populations (Howie et al., 2011). Figure 1.3

shows the main principles of genotype imputation.

In order for imputation to be accurately performed from GWAS data, data must

first be phased to construct haplotypes which can then be used to impute genotypes.

IMPUTE2 performs phasing as the first step of the imputation process (Howie et al.,

2009). However, phasing can now be performed before imputation (pre-phasing)

which can reduce the computational cost of imputation while maintaining high levels

of accuracy. Performing this step prior to imputation also means that, as reference

panels for imputation evolve, imputation can more easily be repeated with more so-

phisticated reference panels without implicitly repeating phasing for no reason (Howie

et al., 2012).

Phasing works by looking at the genotypes of an individual in chunks and com-

paring them to the haplotypes of other individuals in the sample set and/or reference

panel (depending on the exact phasing method). This establishes best-guess phased

haplotype data for each individual. This means that genotype data is converted to

haplotype data for every individual, where the genotypes of neighbouring SNPs on

the same chromosome of a chromosome pair are inferred (Delaneau et al., 2012; Howie
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Figure 1.3: This figure illustrates the steps involved in imputation from GWAS data.
Data in (a) has been genotyped with a genome-wide chip, and therefore there are SNPs
which have not been typed in the data. This data may show an association plot such as
that shown in (b). Sample data in (a) is phased to generate haplotypes as in (c) (three
samples shown). A reference set of haplotypes from HapMap or thousand genomes, as
in (d), is then used to impute the data and infer genotypes with high frequency. The
phased data in (c) have been coloured to match the haplotype which they correspond
to in (d). Imputation therefore generates the genotype data in (e). An association plot
for this combined genotyped and imputed data may resemble (f), following association
analysis which takes the uncertainty associated with each imputed SNP into account.
Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Genetics
(Marchini and Howie, 2010), copyright 2010.
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et al., 2012, 2009).

Different phasing methods perform phasing in slightly different ways, and therefore

require different computational loads and result in differing accuracy of phased data

(Delaneau et al., 2012; Howie et al., 2012). Segmented HAPlotype Estimation and

Imputation Tool (SHAPEIT) (Delaneau et al., 2012) is probably the fastest and most

accurate pre-phasing method available at the time of writing (Delaneau et al., 2012;

Howie et al., 2012). Therefore, the process by which this method works to phase data

is described next.

SHAPEIT (Delaneau et al., 2012) improves on previously available phasing meth-

ods (IMPUTE2 and MaCH) to create a method which scales linearly as sample size

and SNP number increase. This method uses the data in a sample set in a way which

is simplified but does not ignore any portion of the data. Haplotypes of individuals

are collapsed into a graph structure, such that the same amount of data can be rep-

resented in a smaller space, thereby simplifying how it can be used. Haplotypes of

all samples are split into chunks, so each chunk has a number of possible haplotypes

observed in the sample set. Paths between chunks are then defined and weighted de-

pending how often haplotypes in neighbouring chunks are found together. In a similar

way, the genotypes of individuals are split into chunks along the genome, where each

chunk contains a defined number of heterozygotes. These chunks can then be divided

into the possible haplotypes that would represent each chunk of genotypes, and paths

between chunks can be defined and their probabilities calculated. These haplotype

defining processes occur as a loop, improving with each iteration, and using an av-

erage of the iterations to define the final haplotypes for each individual (Delaneau

et al., 2012, 2011).

Following phasing, imputation can be performed using a reference panel of hap-

lotypes such as those available from The HapMap Project, or more recently from the

1000 Genomes Project (described below). This reference panel is used to accurately
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infer the genotypes of SNPs which are found in the reference panel but not in the

dataset to be imputed. Using the haplotypes available for the samples from phasing,

and comparing these to the haplotypes in the reference for the same region, impu-

tation methods can then define the probability of seeing each genotype at positions

ungenotyped in the sample set (Howie et al., 2009; Marchini and Howie, 2010). This

means that output genotype data from imputation is formatted as probabilities rather

than absolute genotypes. The uncertainty level for each genotype can be taken into

consideration when analysing data, and a reliability score for each association result

is calculated from these probabilities. For genotypes which were genotyped in the

sample set rather than imputed, or for ungenotyped SNPs which are found in perfect

LD with genotyped SNPs, the probability of the genotype will be 1 (Marchini et al.,

2010; Pei et al., 2010).

1.5.10 The 1000 Genomes Project

The 1000 Genomes Project is an ongoing venture which aims to “discover, genotype

and provide accurate haplotype information on all forms of human DNA polymor-

phism in multiple human populations” (1000 Genomes Project Consortium et al.,

2010). Phase 2 of the HapMap Project obtained genotypes for 210 unrelated indi-

viduals in 4 populations at approximately four million SNPs. As a comparison of

scale, the phase 1 variant call set from the 1000 Genomes Project (released in March

2012) includes 1,092 individuals from 14 populations typed at >38 million SNP sites

(1000 Genomes Project Consortium, 2012b; Howie et al., 2012). This vast data set

has been used to characterise genetic variation within and between populations, and

more specifically rare variants, and their locations in the genome (1000 Genomes

Project Consortium, 2012b).

The latest release of 1000 Genomes Project data has meant that imputation can

be performed more accurately for a wider range of human populations (Howie et al.,
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2012). The continuing evolution of data from the 1000 Genomes Project is a prime

reason for performing phasing before imputation as mentioned earlier; data can more

easily be re-imputed as new data freezes become available. Data from this project is

also utilised when screening data from medical genetics next-generation and exome

sequencing projects. Comparisons between 1000 Genomes data and sequencing data

from cases can illuminate rare variants which are over-represented in the case popu-

lation, or gene regions with more rare variants than expected (1000 Genomes Project

Consortium, 2012b).

1.6 Genetics of infectious disease

It has long been apparent that host genetic factors can significantly influence mor-

tality from infectious disease; one landmark study showed that adoptees who had a

biological parent who died prematurely from infectious disease had a relative risk of

death from infectious disease of 5.81, while the relative risk of death from all causes

was just 1.71 (Sorensen et al., 1988). More recent similar studies have also shown a

strong genetic aspect to infectious disease (Petersen et al., 2010, 2002).

The earliest example of a specific genetic variant conferring susceptibility to in-

fectious disease is that of the sickle-cell gene and susceptibility to malaria (Allison,

1954). In 1978, the restriction endonuclease HpaI was shown to be useful in the diag-

nosis of sickle-cell trait, as this enzyme would cut β-globin gene DNA in a different

pattern in sickle-cell carriers, sufferers and unaffected individuals (Kan and Dozy,

1978). This is an example of balancing selection, as sickle-cell trait carriers are pro-

tected from malaria, which maintains the polymorphism and therefore sickle-cell trait

in the population. A large West African GWAS demonstrated a strong association

(p=4.5x10−14) between rs334, the sickle haemoglobin (HbS) causal polymorphism,

and risk of disease caused by the malaria parasite Plasmodium falciparum (Jallow

26



CHAPTER 1. INTRODUCTION

et al., 2009).

Another similar example was discovered and published more recently. Two in-

dependent variants in the APOL1 gene were found to confer risk of kidney disease.

These variants seem to be only present in individuals of African descent, African

Americans have higher rates of kidney disease than European Americans, and the

APOL1 gene region on chromosome 22 harbours signals of strong positive selection.

It has been shown that only APOL1 gene products with these variants are able to

lyse trypanosomes and these variants probably confer resistance to trypanosomal in-

fection and protect from African sleeping sickness (Freedman et al., 2010; Genovese

et al., 2010). Both of these findings are probably examples of balancing selection,

a phenomena also proposed between inflammatory bowel disease and mycobacterial

infection (Jostins et al., 2012).

Another example of an infectious disease association is a 32 base pair deletion

in the CCR5 gene which was shown to confer resistance to HIV infection, even in

individuals who have been multiply-exposed (Liu et al., 1996; Samson et al., 1996).

This deletion generates a truncated dysfunctional protein which is not expressed on

the cell surface, and can therefore not be used for HIV entry into cells (Lederman

et al., 2006). This phenomenon was utilised in a stem-cell transplant to treat a HIV-

1 positive patient with acute myeloid leukaemia. Stem cells from a donor who was

homozygous for this 32 base pair deletion were used for the transplant, and the patient

was still HIV-1 virus free 20 months after transplantation and the discontinuation of

antiretroviral therapy (Hutter et al., 2009).

Recently, GWAS has proved extremely useful in defining genetic variants associ-

ated with infectious disease (Chapman and Hill, 2012; Hill, 2012). Studies in popu-

lations across the world have found associations with tuberculosis, leprosy, dengue,

hepatitis B and more (Chapman and Hill, 2012; Kamatani et al., 2009; Khor et al.,

2011; Thye et al., 2010; Wong et al., 2010a,b; Zhang et al., 2009). The first GWAS of
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an infectious disease was published in 2007, and studied host control of HIV-1 (Chap-

man and Hill, 2012; Fellay et al., 2007). Many strong associations were identified in

the first GWAS of leprosy susceptibility in a Chinese population, and a further GWAS

of susceptibility to leprosy in an Indian population identified a further association in

TLR1 (Wong et al., 2010b; Zhang et al., 2009).

GWAS of infectious disease has been limited to a selection of diseases and popu-

lations, however. Of 36 infectious disease GWAS in the GWAS catalogue (updated

11/4/12), 12 (33%) of these are studies of HIV or AIDS (Hindorff et al., 2012). How-

ever, according to the World Health Organization (WHO), HIV accounts for only 15%

of deaths (estimates for 2008), 15% of Disability-adjusted life years (DALYs) (2004

estimates) and just 0.05% of incidence (2004 estimates) of infectious disease world-

wide (World Health Organisation, 2008). In addition, ten of these GWAS have been

performed solely in individuals with European ancestry (Hindorff et al., 2012). That

accounts for 28% of the published infectious disease studies in the GWAS catalogue,

despite only 4% of infectious disease cases (according to 2004 estimates) and 4% of

infectious disease deaths (according to 2008 estimates) occurring in Europe (World

Health Organisation, 2008).

1.7 Genetics of common infectious diseases in Eu-

rope

GWAS has been used to identify genetic variants associated with infectious disease

in Europe (Chapman and Hill, 2012). The first GWAS of an infectious disease was

conducted in eight European and one Australian cohorts, for host control of HIV-1.

This GWAS identified three hit regions associated with control of infection; HCP5

(which tags HLA-B), HLA-C and ZNRD1 (Chapman and Hill, 2012; Fellay et al.,

2007). Further GWAS in Europeans have also studied HIV, and have analysed viral
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load, viral control and disease progression (Chapman and Hill, 2012). Apart from

those genes already mentioned, the most significant observed association in these

studies, and the finding with the greatest odds ratio, is for the MICA gene and HIV

control (p=1.4x10−34, OR=4.4) (Pereyra et al., 2010).

The largest European infectious disease GWAS published so far, in terms of the

total number of samples in the study, is for meningococcal disease, with 475 cases

and 4703 controls in the discovery sample set, and 968 cases and 1376 controls in

the replication cohort. This GWAS found a significant association between variants

in the CFH gene region and susceptibility to meningococcal disease (Davila et al.,

2010).

Several GWAS in Europeans and the rest of the world have identified an associa-

tion between genetic variation in IL28B and both treatment-induced hepatitis C viral

clearance and spontaneous clearance of the hepatitis C virus, showing that these two

characteristics overlap in terms of their genetics. Many patients with chronic hepati-

tis C will not be cured by treatment, and those patients with African ancestry are

less likely to be cured than Europeans. In addition, approximately 30% of individuals

spontaneously clear hepatitis C infection (Ge et al., 2009; Rauch et al., 2010; Thomas

et al., 2009). IL28B encodes IFN-λ3. IFN-λ proteins are up-regulated in the pres-

ence of viruses, and can activate a host of genes with immunomodulatory function,

via the JAK/STAT pathway. IL28B genotyping is now in wide clinical use to predict

treatment responses in hepatitis C (Urban et al., 2012).

Despite these successes in GWAS of common infectious diseases in Europe, there

are infectious diseases which are more neglected in terms of genetics studies, in com-

parison to others and considering the impact of disease. Figure 1.4 shows genetics

publications in the human genome epidemiology (HuGE) navigator database com-

pared to the disability-adjusted life years lost (DALYs) worldwide for a selection

of infectious and chronic diseases. Of the three European GWAS discussed here,
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HIV/AIDS and hepatitis C are among the six most frequently studied infectious dis-

eases. Lower respiratory infection is the disease with the highest morbidity worldwide

in this plot, and according to this data, is the most neglected disease group in terms

of genetics studies (Rowell et al., 2012).

 

Figure 1.4: Infectious and chronic diseases are represented according to worldwide
morbidity (disability-adjusted life-years, DALYs) and publication frequency in human
genome epidemiology (HuGE), 2001-2010. Solid black circles represent the six most
studied infectious diseases. Open black circles represent three chronic diseases that are
often part of the natural course of infection with hepatitis B virus, hepatitis C virus
and Helicobacter pylori infection. Grey diamonds denote the most frequently stud-
ied diseases overall, and grey squares denote the diseases with the greatest morbidity
worldwide (Rowell et al., 2012).

Although it is known that there is a genetic component for susceptibility to infec-

tious disease, and although some variants have been defined in other diseases, there

30



CHAPTER 1. INTRODUCTION

are no known genetic variants which convincingly confer susceptibility to sepsis or

LRTI.

1.7.1 Genetics of susceptibility to CAP and sepsis

Susceptibility to sepsis is a neglected phenotype within modern genetics and has not

to my knowledge been studied using any high-throughput technique. A number of

candidate gene studies exist, but these are usually underpowered and collectively have

only studied a limited number of SNPs within the genome. In addition, due to the

heterogeneity in sepsis, it is rare to find studies which precisely overlap in terms of

phenotype.

There have been many studies of candidate polymorphisms and sepsis, with poly-

morphisms in 38 genes implicated as potential contributors to susceptibility to pul-

monary infection and sepsis (Chung and Waterer, 2011). Most studies only report

analysis for one polymorphism at a time, however, and usually with small sample

sizes.

A recent paper investigated host genetic risk factors for susceptibility to CAP

in Russian patients requiring hospitalisation. This study is one of very few which

studies many polymorphisms for susceptibility to CAP at once. The authors studied

334 patients with CAP, and compared these to two different control groups. The

first group were a group of healthy individuals that were medical workers repeatedly

exposed to infectious agents through contact with patients, who had not contracted

CAP during or before the study (141 individuals). The second group were a group

of healthy population controls (314 individuals). The patients and controls were

genotyped for 13 variants (including SNPs and INDELs) in 11 genes. A recessive

association with one SNP in the CYP1A1 gene remained statistically significant after

Bonferroni correction (post-correction p=0.01 with the first control group, p=0.0036

with the second control group). CYP1A1 was included in the study because it is a
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xenobiotics detoxification gene. These genes encode enzymes which are involved in

the detoxification and excretion of a range of compounds, and thereby participate in

resistance to harmful metabolites. The associating SNP is functional and determines

gene expression of CYP1A1 (Salnikova et al., 2012).

A Spanish group have published findings with numerous candidate genes and CAP

phenotypes in one of the largest CAP sample sets utilised for genetics studies. They

have published studies for 22 variants in 11 genes, and have studied susceptibility,

survival and severity in CAP phenotypes (Garcia-Laorden et al., 2011, 2008; Martin-

Loeches et al., 2012; Sole-Violan et al., 2010, 2011). Their susceptibility analyses

include large numbers of patients and controls (1262 CAP patients and 1224 healthy

controls in the largest study (Sole-Violan et al., 2011)). However, they only report sta-

tistically significant associations with susceptibility for surfactant protein haplotypes

(lowest p-value=7x10−5) (Garcia-Laorden et al., 2011). With Bonferroni correction

for the 22 published variants, which does not account for any other variants that have

been studied but not published, a p-value threshold of 0.002 should be achieved before

a result is considered statistically significant. Apart from the susceptibility result for

surfactant protein haplotypes mentioned above, there are two published associations

from the group which meet this criterion. One is an association with bacteraemia

in pneumococcal CAP for a functional SNP in the FCGR2A gene (p=0.00016), and

the other is an association with acute respiratory distress syndrome (ARDS) for a

promoter SNP in the IL6 gene (p=0.002). However, both these analyses include very

small numbers of samples (85 bacteraemic vs. 234 non-bacteraemic pneumococcal

CAP cases; 20 ARDS patients vs. 286 non-ARDS patients) (Martin-Loeches et al.,

2012; Sole-Violan et al., 2011), and so genotype frequencies (in cases in particular)

are likely to be inaccurate.

Studies of genetics of survival from sepsis are slightly more advanced; one GWAS

paper has been published for prognosis and response to therapy in sepsis (Man et al.,
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2012). Primarily this GWAS was used to look for genetic markers that predict drug

response to the drug Drotrecogin alfa (DAA), a recombinant form of activated protein

C. One SNP (in the 5’ untranslated region of LOC222052) was shown to associate

with treatment response (p-value < 5x10−7). This study also analysed genetic factors

associated with mortality at 28 days. This survival analysis “yielded fewer interesting

genetic candidates”, however. This analysis included quite a small number of samples

(total n=1446), though, which could explain the lack of findings.

Despite extensive research very few robust associations between genetic polymor-

phisms and sepsis phenotypes have been described to date (Sutherland and Walley,

2009). Possible explanations for these inconsistent findings include inadequate sample

sizes (and hence a lack of study power), unidentified population sub-structure, fail-

ure to correct for multiple testing during statistical analysis, variations in phenotype

definition and unrecognised host-pathogen interactions.

1.7.2 Genetics of susceptibility to LRTI in primary care

Genetics studies published for LRTIs focus on severe disease leading to hospitalisation,

are usually conducted in children, and usually involve the analysis of one pathogen

causing disease. Respiratory syncytial virus (RSV) is probably the most extensively

studied subgroup of LRTI, and is by far the most common cause of viral LRTI in

infants and children (Miyairi and DeVincenzo, 2008; van Woensel et al., 2003). One

UK-based study utilised data from 1,308 children, including 436 children under the age

of five who were admitted to hospital with an LRTI. This study examined familial

and environmental risk factors for LRTI, and showed that there is some familial

susceptibility to severe LRTI early in life (Goetghebuer et al., 2004). In 2007, a

study looked at 384 SNPs in 220 candidate genes for genetic susceptibility to RSV

bronchiolitis in 470 hospitalised children compared to 1008 population controls. The

four SNPs with the lowest p-values for significance were in the genes VDR (p=0.0017),
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JUN (p=0.0093), IFNA5 (p=0.0093) and NOS2 (p=0.0031) (Janssen et al., 2007).

However, almost all other studies for RSV are far too small to accurately define

genetic effects (Miyairi and DeVincenzo, 2008).

Studies have also been performed with severe acute respiratory syndrome (SARS)

coronavirus, another severe form of LRTI. These studies have mostly used larger

sample collections, but have only found associations with polymorphisms in CLEC4M

(p=0.005) and FCGR2A (p=0.03), despite studying over 34 polymorphisms (Chan

et al., 2007; Ip et al., 2005; Khoo et al., 2008; Li et al., 2008; Wang et al., 2008; Yuan

et al., 2005; Zhang et al., 2005).

Chronic obstructive pulmonary disease (COPD) is a risk factor for LRTI, and

as mentioned earlier, acute exacerbations of COPD is one of the four commonest

types of LRTI. GWAS have been performed, and have identified three genetic loci

for susceptibility to COPD (CHRNA3/5, HHIP and FAM13A) (Pillai et al., 2009).

However, a further study then showed that the polymorphisms in these regions are

associated with subtypes and risk factors for COPD. For instance, the CHRNA3/5

region is associated with increased smoking intensity, airflow obstruction and emphy-

sema in individuals with COPD. It is therefore possible that these SNPs are actually

associated with an increase in behaviour or clinical symptoms which lead to COPD

(Pillai et al., 2010).

Rhinovirus is one of the leading causes of LRTI in primary care. A recent paper

showed that host susceptibility to illness caused by rhinovirus varies significantly

between individuals (Lee et al., 2012). However, it is unknown whether this inter-

individual difference in susceptibility has a genetic component and any specific genes

involved remain unknown.
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1.8 Outline of this thesis

This thesis explores human genetic susceptibility to common severe and mild lower

respiratory infections in Europe, in a variety of ways. Using a combination of genome-

wide and candidate gene approaches, this work aims to identify genetic factors asso-

ciated with susceptibility to severe sepsis and mild LRTI. Challenges associated with

modern studies for genetic susceptibility to these diseases are also addressed. I have

used both old and new technologies and methods to extract DNA, genotype SNPs

and analyse associations.

Chapter 3 describes experiments to find the optimal methods to extract DNA for

three different sample types, for different types of genetic association study. As the

basis of all association studies, DNA extraction is a very important step, and this

report of methods for this important procedure could be of use to anyone starting a

new sample collection or deciding the best way to process their samples.

Chapter 4 investigates polymorphisms in two candidate genes for susceptibility to

severe sepsis and mild LRTI. I analyse subgroups within the large sepsis and mild

LRTI cohorts, and highlight the difficulties associated with candidate gene studies and

the findings published from them. I have genotyped four SNPs in the MBL2 gene,

and shown a lack of association. In addition, I have found a recessive association for

a SNP in the IFITM3 gene with severe H1N1 influenza sepsis and mild viral LRTI.

Chapter 5 combines modern GWAS approaches and classic candidate gene ap-

proaches to present what is probably the first reported study of its kind. This study

analyses genetic susceptibility to mild LRTI in primary care using SNPs chosen from

candidate genes and GWAS findings of severe disease, and shows that some genetic

loci do affect susceptibility to these mild infections. I replicate a finding from an

unpublished invasive pneumococcal disease GWAS dataset using mild bacterial LRTI

cases, demonstrate two separate associations for smokers with LRTI and identify a

new locus which associates with genetic susceptibility to rhinovirus.
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Chapter 6 presents an approach to study susceptibility to severe sepsis genome-

wide. This study combines eight GWAS datasets from across Europe, analysing

susceptibility to sepsis across Europe in the largest study of its kind in infectious

disease. Having processed the data and imputed genotypes for all sample sets, I have

preliminary results from this study, which describe novel, promising associations with

susceptibility to sepsis.

In the final chapter, I summarise these findings and consider the future of the field.

It is hoped that, through an increased understanding of susceptibility, protection

and disease mechanisms, these findings could eventually lead to new therapies and

vaccines, and thereby lower incidence of disease.
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Chapter 2

Materials and methods

2.1 Sample collections

The following sample collections are used in this thesis.

2.1.1 GRACE

(Genomics to combat Resistance against Antibiotics in Community-acquired LRTIs

in Europe)

This collection includes approximately 3000 LRTI cases from 16 networks across

11 countries in Europe, with approximately 3000 controls matched by age, location

and time of collection. Patients were being assessed in a primary care setting for

an illness where an acute or worsened cough was the main symptom, had a clinical

presentation that suggested a LRTI with a duration of up to and including 28 days,

were consulting for the first time within this illness episode, were seen within normal

consulting hours, and were considered immunocompetent. Controls were individuals

attending the same GP surgery for reasons other than infectious causes. Controls

were matched for age, sex, location and time of collection. All individuals included in

analysis were of self-reported Caucasian ancestry. Individuals were between 18 and 88
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years of age, and the median age was 53 years; 40% were male. GRACE was funded

by the 6th Framework Programme of the European Commission under the reference

LSHM-CT-2005-518226.

2.1.2 GenOSept

(Genetics Of sepsis and Septic shock)

The GenOSept sample collection consists of 1770 sepsis cases from across Europe.

GenOSept aims to assess genetic factors associated with outcome from sepsis. Sep-

sis was diagnosed based on the International Consensus Criteria, 2003 (Bone et al.,

1992). Patients admitted to ICU with sepsis caused by community acquired pneumo-

nia (CAP) or faecal peritonitis (FP) were recruited to the GenOSept study between

13/6/2006 and 31/12/2008 in 118 different hospitals in 17 different countries in Eu-

rope. Patients all had clinical evidence of infection, evidence of a systemic response to

infection and evidence of severe sepsis, as defined in appendix chapter B. Individuals

were between 18 and 98 years of age, and the median age was 67. 58% of the cases

were male. GenOsept was funded by the European Union 6th Framework-Programme

of RTD Funding, The Sainsbury Family Trust, The Intensive Care Society and the

Wellcome Trust.

2.1.3 GAinS

(Genomic Advances in Sepsis)

GAinS is a UK collaborative group and part of the European GenOSept study.

The GAinS group has overseen the collection of DNA from over 1800 sepsis pa-

tients from around the UK. GAinS began recruiting on 30-9-2005 and the study is

still actively recruiting. Many of the patients collected in GAinS were included in

the GenOSept GWAS. However, many samples have also been collected since the

GenOSept study ended, and these have been used in further GWAS and candidate
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gene genotyping, and will be used for the replication of GWAS results.

2.1.4 Pneumococcal Empyema

More than 600 cases of thoracic empyema have been collected from children across the

UK. A subset of these cases is caused by S. pneumoniae. This collection is ongoing

and further phenotypic information is not available at this time.

2.1.5 Kenyan Bacteraemia

Approximately 2000 bacteraemia cases (as defined by a blood culture positive bacte-

rial infection) from children <13 years, and approximately 3000 cord blood samples to

use as controls have been collected in Kilifi District Hospital, Kenya. Ethical approval

for the collection of the Kenyan samples was given by the Kenya Medical Research

Institute (KEMRI) National Scientific Steering and Research Committees. The pneu-

mococcal samples used in this thesis all had confirmed infection by S. pneumoniae

(Scott et al., 2011).

2.1.6 IPD

(Invasive Pneumococcal Disease)

Cases were collected from patients with IPD (294 samples) from three hospi-

tals in Buckinghamshire and Oxfordshire, UK (John Radcliffe, Horton General and

Wycombe General hospitals). IPD was defined as the isolation of Streptococcus pneu-

moniae from a normally sterile site. This collection was part of an enhanced active

surveillance programme coordinated by Dr Derrick Crook, John Radcliffe Hospital

Department of Microbiology. Consecutive IPD cases were enrolled between June

1995 and May 2001. The mean age of the patients was 58 years, ranging from 0 to

94 years, and 50% were male. 69% of the cases were pneumonia, 15% bacteraemia,
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11% meningitis and 5% other (Roy et al., 2002).

2.2 Cohorts with available genome-wide genotyp-

ing data

2.2.1 WTCCC2 UK controls

(Wellcome Trust Case Control Consortium 2)

Samples from the 1958 birth cohort were genotyped genome-wide as part of the

WTCCC2 project. These samples were obtained from the National Child Develop-

ment Study which was based on all individuals born during one week in 1958 in

England, Wales and Scotland. DNA was obtained from EBV-transformed cell lines.

Genotyping was performed using the Affymetrix 6.0 chip. Half of the samples from

this cohort were used as controls in the IPD GWAS performed by Dr. Anna Rautanen

at the Wellcome Trust Centre for Human Genetics, University of Oxford. The other

half were used the GAinS UK CAP sepsis susceptibility GWAS presented in chapter

5, and also in the GenOSept European CAP sepsis GWAS presented in chapter 6.

The entire cohort contains approximately 3000 samples.

2.2.2 HYPERGENES Italian controls

Individuals were recruited from across continental Italy (excluding Sardinia) as part of

a study of hypertension. All individuals self-reported being of Italian origin for more

than two generations and were more than 55 years of age. Samples were quantified

and normalised to 50ng/µl prior to genotyping and were genotyped using the Illumina

Infinium II 1M duo BeadChips (Illumina, San Diego, CA, USA), in the Genomic

Laboratory of the Genomic and Bioinformatic platform at the University of Milan.

Data from 1280 individuals from this cohort were studied in this thesis.

40



CHAPTER 2. MATERIALS AND METHODS

2.2.3 EPICOLON Spanish controls

Colorectal cancer cases and controls matched by age and gender were collected in

25 centres across Spain. Controls were collected from healthy unrelated individuals.

Appropriate informed consent was collected from all participants, and approval for

the study was gained from the corresponding ethical committees. DNA was extracted

from most samples in the Spanish National Genotyping Center, and all genotyping

was performed here using the Affymetrix 6.0 chip. Data from 572 control individuals

from this cohort were studied in this thesis.

2.2.4 GABRIEL German controls

(Gabriel Advanced Survey)

GABRIEL (GABRIEL, 2012; Moffatt et al., 2010) was funded by the European

commission and Wellcome Trust Award. German control individuals collected as

part of the GABRIEL ADVANCED SURVEY were used. This is a cross-sectional

population-based survey conducted in rural areas of Austria, Germany and Switzer-

land. Children aged 6-12 years (135,359 individuals in total) were recruited through

schools. DNA was extracted from blood samples using Puregene (QIAGEN, Hilden,

Germany) on an Autopure LS instrument (QIAGEN, Hilden, Germany). These sam-

ples were genotyped with the Illumina Human610 quad array, at the Commissariat à

L‘Energie Atomique, Institut de Génomique, Centre National de Génotypage, Evry,

France. Data from 858 control individuals from this cohort were studied in this thesis.

2.2.5 EGEA French controls

(Epidemiological study of Genetics and Environment of Asthma)

EGEA is part of GABRIEL (GABRIEL, 2012; Moffatt et al., 2010). All individu-

als recruited in EGEA were of European ancestry and were born in France. Samples
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were genotyped using the Illumina Human610 quad array at the Commissariat à

L‘Energie Atomique, Institut de Génomique, Centre National de Génotypage, Evry,

France. Data from 357 control individuals from this cohort were studied in this thesis.

2.2.6 SIALS Irish controls

(Studies in Amyotrophic Lateral Sclerosis)

Control data from the SIALS study (Cronin et al., 2008) were accessed through db-

GaP (accession number phs000127.v1.p1) at www.ncbi.nlm.nih.gov/sites/entrez?db=gap.

Control samples were from individuals with no personal or family history of neurolog-

ical disease that were accompanying patients to neurology clinics in Dublin, Ireland.

All controls had self-reported Irish ancestry for at least three generations. Genotyp-

ing was provided by NINDS (National Institute of Neurological Disorders and Stroke)

and was performed on the Illumina Infinium II 500K chip. Funding was provided by

the Muscular Dystrophy Association, Irish Institute of Clinical Neurosciences and

Intramural funding at NIH. Data from 211 control individuals from this cohort were

studied in this thesis.

2.3 Laboratory methods

2.3.1 DNA extraction

DNA extraction was performed in a slightly different way for the sample sets processed

in this thesis. Details for each cohort are shown below.

2.3.1.1 GRACE

Blood was collected in EDTA tubes for all GRACE individuals and stored at −80 ◦C.

Methods were tested to find the most appropriate technique to extract DNA from
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these samples (see section 3.3.1). Maxwell ®16 (Promega UK Ltd) Blood DNA Pu-

rification kits were used with the Maxwell ®16 instrument (Promega UK Ltd) to

extract DNA. Rachel Craik extracted approximately 1000 of these samples, while I

extracted the rest (approximately 5000).

2.3.1.2 GAinS

Blood was collected in EDTA tubes, transported at room temperature and finally

stored at −80 ◦C. All samples which were not genotyped in the GenOSept GWAS

were extracted using the Maxwell ®16 (Promega UK Ltd) Blood DNA Purification

kits with the Maxwell ®16 instrument (Promega UK Ltd), or using the QIAamp DNA

Blood Midi kit (Qiagen).

2.3.1.3 Pneumococcal Empyema

Samples were collected in Oragene DNA OG-250 kits (DNA Genotek Inc) and trans-

ported and stored at room temperature before extraction. DNA extraction was per-

formed using the standard extraction method from Oragene (DNA Genotek Inc).

More details on the method used for extraction can be found in section 3.3.2.

2.3.2 DNA quantification

All DNA collections were quantified using PicoGreen ®(Invitrogen). The QuantIT

™PicoGreen ®reagent will fluoresce in the presence of double stranded DNA, while

fluorescence in the presence of RNA or single stranded DNA is minimal (Invitrogen,

2008). Therefore, by measuring the fluorescence of an aliquot of a sample following the

addition of PicoGreen ®, the concentration of DNA in the sample can be quantified

by comparison to a standard curve.

43



CHAPTER 2. MATERIALS AND METHODS

2.3.3 Whole genome amplification

Samples from the IPD and Pneumococcal Empyema collections were whole genome

amplified using GenomiPhi (GE Healthcare). GenomiPhi uses a DNA polymerase,

random hexamer primers and dNTPs with input DNA, to polymerise DNA from many

random locations in the genome, based on where the primers bind non-specifically.

As polymerisation continues over the course of the procedure, DNA in the sample is

amplified and thus concentration of DNA is increased (GE Healthcare, 2006). The

standard protocol was used, but for samples with starting concentrations lower than

10ng/µl, 3µl starting DNA was used, and 7µl sample buffer added before continuing

with the standard protocol.

2.3.4 Agarose gel electrophoresis

Agarose gel electrophoresis was used to check the presence of DNA extracted from

serum as in chapter 3 and for visualisation of restriction fragment length polymor-

phism (RFLP) results in chapter 4. Agarose gels (2%) were made using agarose

powder (Sigma) and 1x Tris acetate ethylenediaminetetraacetic acid (TAE) buffer

(VWR). After dissolving agarose in 600ml TAE buffer and cooling, 25µl ethidium

bromide was added to the solution, mixed, and poured into a large tray. Samples

were loaded with loading dye from New England Biolabs, and electrophoresis was

performed at 200 volts for 30 minutes. Images were visualised under ultraviolet light.

2.3.5 Genotyping methods

2.3.5.1 MBL2 HRMA assay methods

High resonance melting analysis (HRMA) uses fluorescent dyes which incorporate

into the DNA fragments amplified by PCR. Following PCR amplification of a region

of interest, the DNA is heated in a machine which can measure fluorescence as the
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temperature increases. As the temperature increases and double stranded DNA sep-

arates, fluorescence is released and measured. DNA with a different genotype will

separate and release fluorescence at slightly different temperatures, and therefore the

pattern of fluorescence release can be used to define genotype. Probes can also be

designed which bind to the amplified fragments and can enhance the difference in

temperature which different genotypes of DNA separate at (Reed et al., 2007; Vossen

et al., 2009).

Two HRMA assays were used to genotype four SNPs in the MBL2 gene, as de-

scribed by Vossen et al. (2010). To genotype three of these SNPs, primers am-

plify a 103 bp fragment spanning the three SNPs (B, C, D) in exon 1 of the MBL2

gene. Sequences of the PCR primers for the exon were CTGCAGTGATTGCCT-

GTAGC (F) and GCCCAACACGTACCTGGTTC (R). The unlabelled probe was

designed according to the wildtype (AA) genotype and had the following sequence:

GGCAAAGATGGGCGTGATGGCACCAAGGGA. The probe had a 3’-amino-C6

modification to prevent DNA polymerase extension during PCR. Primer sequences

for amplifying the Y/X polymorphism in the MBL2 promoter region were TTC-

CCTAAGCTAACAGGCATAA (F) and GCACTATGATGAGCAGTGGG (R). The

probe was designed to match the Y-variant and had the following sequence: CCACG-

GAAAGCATGTTTATAGTCTT. The probe was 3’-modified with a phosphate group

to prevent extension during PCR (Vossen et al., 2010). Control samples of known

genotype (confirmed by sequencing) were included on every plate for exon genotyp-

ing. Genotypes were assigned by 96-well plate. All sepsis samples (survivors and

non-survivors) were mixed on the same plates when genotypes were assigned. PCR

primers and unlabelled probes were manufactured by Metabion.

Amplification was performed in a 10µl reaction volume containing 1µl 10x PCR

buffer without MgCl2 (Roche Diagnostics), 0.8µl 25mM MgCl2 (Roche Diagnostics),

1µl dNTP mix (BioLine; 2mM of each dNTP), 0.05µl forward primer (10µM), 0.5µl
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reverse primer (10µM), 0.5µl unlabelled probe (10µM), 1µl 10x LC Green Plus (Idaho

Technology), 0.1µl Fast Start Taq DNA Polymerase (Roche Diagnostics), 3.05µl water

and 2µl 10ng/µl DNA template.

PCR was performed in a 96 well plate (FrameStar 96, skirted PCR plate, white

wells, black frame; 4titude, UK) and reactions were overlaid with mineral oil (Sigma).

Amplification was performed with an initial denaturation of 95 ◦C for 10 minutes

followed by 55 cycles of 20 seconds at 95 ◦C, 30 seconds at 60 ◦C and 40 seconds

at 72 ◦C. A final extension step of 5 minutes at 72 ◦C was performed followed by 1

minute at 95 ◦C. Finally, the samples were cooled to room temperature.

High resolution melting was performed using a LightScanner (HR-96, Idaho Tech-

nology). Samples were melted from 55 ◦C to 98 ◦C at 0.1 ◦C/second. Melting curves

were analysed with Lightscanner Software using Call-IT 1.5. Probe melting data

were displayed as derivative melting plots in unlabelled probe scanning mode of the

Lightscanner software and automatic grouping of the different genotypes was per-

formed. Amplicon melting analysis was performed to complement the probe melting

data and the data were displayed as difference plots of temperature-overlaid nor-

malized melting curves (Wittwer et al., 2003). The baseline (standard) in amplicon

scanning mode was set at variant AA, the genotype with the highest Tm.

2.3.5.2 Sequencing of MBL2 exon and promoter polymorphisms

Primers for exon polymorphism sequencing were GCACCCAGATTGTAGGACA-

GAG (F) and CAGGCAGTTTCCTCTGGAAGG (R) (Chapman et al., 2010a). PCR

conditions were: 94 ◦C for 14 minutes, 38 cycles of 94 ◦C for 30 seconds, 58 ◦C for 30

seconds and 72 ◦C for 30 seconds, then 72 ◦C for 5 minutes. Primers for promoter se-

quencing were AGCTGGGGATTTGGAAAAGT (F) and GGATCACCAGCTTTCAGCTC

(R). PCR conditions were: 95 ◦C for 15 minutes, 43 cycles of 94 ◦C for 30 seconds,

63 ◦C for 30 seconds and 72 ◦C for 1 minute, then 72 ◦C for 10 minutes.
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All other conditions in the sequencing protocol were the same for both promoter

and exon sequencing:

PCR was performed in a 10µl reaction with final concentrations of 1.2x PCR

buffer (Qiagen), 1.2mM MgCl2 (Qiagen), 240µM each dNTP (BioLine), 240µM of

each primer (Metabion), 0.3 units HotStar Taq DNA Polymerase (Qiagen) and 20ng

DNA template. 6µl PCR product was run on a 2% (w/v) ethidium bromide agarose

gel for 1 hour to check that PCR was successful.

ExoSAP was used to clean PCR products, which were then subject to sequencing

reactions. 4µl PCR product was treated with 1 unit of Shrimp Alkaline phosphatase

(Promega) and 2 units of Exonuclease I (New England Biolabs) in a final volume of

8µl with 0.5x Shrimp alkaline phosphatase buffer (Promega),

Purified PCR product (2µl) was used in a 10µl reaction containing 0.25µl Big Dye

Terminator Sequencing Mix v3.1 (ABI), 0.94x Big Dye Dilution Buffer, 0.5µM primer

(forward or reverse depending on which direction the reaction is for). Primers were

the same as those used for PCR. Sequencing conditions were as follows: 25 cycles of

96 ◦C for 10 seconds, 50 ◦C for 5 seconds and 60 ◦C for 4 minutes.

Ethanol precipitation was used to clean products, which were then run on an ABI

3730xl capillary sequencer, in the Zoology department at the University of Oxford.

Trace and sequence analysis was performed using Sequencher 4.2 software. Traces

were checked for any unreliable calls, and forward and reverse strands were aligned.

The genotype of the SNPs was manually checked on chromatograms.

2.3.5.3 IFITM3 RFLP

Genotyping of rs12252 was performed by restriction fragment length polymorphism

(RFLP) using primers CAGGAAAAGGAAACTGTTGAGAACC (F) and CTCCTG-

GAGCCTCCTCCTCA (R). Primers had 3’ penultimate base mismatches to IFITM3

to ensure specific amplication of IFITM3 rather than IFITM2. PCR was performed
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in a 6µl reaction containing 0.6µl 10x PCR buffer (Qiagen), 0.6µl dNTP mix (Bio-

Line; 2mM of each dNTP), 0.12µl of each primer (10µM; Metabion), 0.03µl HotStar

Taq DNA Polymerase (Qiagen), 3.73µl water and 0.8µl 25ng/µl DNA template. PCR

conditions were: 95 ◦C for 15 minutes, 45 cycles of 94 ◦C for 30 seconds, 62 ◦C for 30

seconds and 72 ◦C for 1 minute, then a final step of 72 ◦C for 10 minutes. PCR prod-

ucts were incubated with MScI at 37 ◦C for 4 hours, which cuts the PCR product

in the presence of the wild type T allele. Fragments of length 572, 426 and 146bp

were visualised on agarose gels, according to the genotype of the sample. All minor

homozygotes and heterozygotes were Sanger sequenced in the reverse direction to

confirm their genotype, using the same IFITM3 RFLP primers and the same meth-

ods used for MBL2 sequencing (see section 2.3.5.2). Analysis was performed using

PLINK v1.07 (Purcell, 2012; Purcell et al., 2007) and SPSS v18 (PASW Statistics

18).

2.3.5.4 Sequenom iPLEX genotyping

The Sequenom iPLEX system makes use of matrix-assisted laser desorption/ionisation,

time-of-flight (MALDI-TOF) mass spectrometry to accurately genotype up to 40

SNPs at a time in hundreds to thousands of samples. Carefully designed primers am-

plify approximately 100bp around all SNPs in an assay in a multiplex PCR reaction.

These PCR products are treated to remove unused nucleotides, and then an exten-

sion reaction is performed. Extension primers are designed to end at the base before

the SNP site. Extension is performed with mass-modified terminator nucleotides so

that only one base is added to the extension primer in the reaction. Products are

cleaned again, dispensed onto a chip, and then analysed using a MassARRAY An-

alyzer instrument. This measures time-of-flight, which depends on the mass of the

extended primer, and can therefore demonstrate differences in mass between primers

extended with different mass-modified terminator nucleotides, which are visualised
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with spectra for each sample (Oeth et al., 2007, 2009; Sequenom, Inc., 2010a).

Results were visualised using the MassARRAY Typer 4.0. Results were clus-

tered automatically using the Typer software, after input of expected mass peaks

(Sequenom, Inc., 2010b). All cluster plots for all plates were visually inspected and

sample genotypes were changed appropriately, in a conservative manner, to ensure

that all called genotypes were reliable. Data were exported for quality control analysis

using PLINK (Purcell, 2012; Purcell et al., 2007).

2.3.5.5 MPHOSPH8 region fine-mapping in GRACE

Quality control was performed using PLINK (Purcell, 2012; Purcell et al., 2007),

for the Sequenom genotyping data from efforts to fine-map the MPHOSPH8 gene

region. Two SNPs were removed for having a call rate less than 80%. An additional

three SNPs were removed because the clustering from genotyping was very unclear.

Genotyping was performed in two separate assays- half the SNPs were genotyped in

one assay, and half in the other. Call rate thresholds for sample exclusion were slightly

different for the two assays. The first assay used a call rate threshold of 80%, which

removed 16 samples from the analysis. The second assay used a call rate threshold of

70%, which removed 37 samples. This gave similar genotyping rates in the remaining

samples for both assays; 0.974 and 0.978 in assays one and two respectively. Two

further SNPs were removed with HWE p-values <1x10−5 in controls. Both of these

SNPs showed p-values of 0.01.

All samples passing QC were used for imputation in the region, using IMPUTE2.2

(Howie et al., 2011, 2009). The 1,000 Genomes Phase I interim release in NCBI build

37 (hg19) coordinates was used as a reference panel.

2.3.5.6 GWAS genotyping

Many of the sample cohorts described above have been genotyped in GWAS.
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The genome-wide chip used for each cohort is shown below:

GenOSept: Affymetrix 5.0

IPD: Affymetrix 6.0

Kenyan bacteraemia: Affymetrix 6.0

GAinS 2011: Illumina Omni Express

WTCCC2: Affymetrix 6.0

EPICOLON: Affymetrix 6.0

GABRIEL: Illumina 610 Quad

SIALS: Illumina Infinium II 550K

HYPERGENES: Illumina 1M

2.4 Analytical methods

2.4.1 Hardy-Weinberg equilibrium

Hardy-Weinberg equilibrium (HWE) was almost simultaneously first described in

1908 by both G.H. Hardy and W. Weinberg. This equilibrium describes the constant

proportions of genotype frequencies in successive generations of a population. The

equilibrium stands as long as the population is large, mates at random, and is under

no selection or migration pressure (Crow, 1988; Hardy, 1908; Stern, 1943; Wigginton

et al., 2005).

Equation 2.1 shows the equilibrium, where p is the allele frequency of the major

allele, and q is the allele frequency of the minor allele. Therefore the expected geno-

type frequencies of major homozygotes are defined by p2, heterozygotes by 2pq and
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minor homozygotes by q2. If this equilibrium deviates from 1, the population is not

in equilibrium.

p2 + 2pq + q2 = 1 (2.1)

Deviations from equilibrium can be due to small sampling numbers, non-random

mating, selection or migration pressure in the sample, and can be an indication of

poor genotyping quality (Hosking et al., 2004). An exact test should be used to

calculate HWE, due to the inflated type I error rates associated with using a simple

χ2 goodness-of-fit test (Wigginton et al., 2005). An exact test is used to calculate

HWE in the PLINK and SNPTEST softwares. An HWE threshold of <1x10−5 in

controls was used in this thesis, except for in GWAS analysis, where a threshold of

<1x10−10 was used.

2.4.2 Linkage disequilibrium measures

There are two widely used measures of LD; D’ and r2. LD between any pair of SNPs

can be defined with either of these measures as a value between 0 and 1, where 1 is

perfect LD. r2 is a much stricter measure and will only be observed as 1 if the allele

frequencies of both SNPs are exactly the same. It is a two-way measure which looks

at how often a particular allele in SNP one is found with a particular allele in SNP

two, and how often the same allele is found in SNP two when the same allele is found

in SNP one. Conversely, D’ will reach 1 for instance when one rare allele is only found

with a particular allele in another SNP, even though the opposite will not be true.

2.4.3 Power calculations

The power to detect genetic association was calculated using a non-centrality param-

eter in a non-central χ2 distribution. The non-centrality parameter (λ) is a function
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of the sample size, the allele frequency in controls, the allele frequency in cases (if

known) and the LD between the marker of interest and the disease-causing variant,

and is given by equation 2.2.

λ = 2r2NcaseNctrl(Fcase − Fctrl)2

NF (1 − F ) (2.2)

where N is the number of cases and controls, F if the frequency of the risk allele,

and r2 is the LD between the marker of interest and the disease-causing variant.

Where the frequency of the risk allele in cases is unknown, this is given by equation

2.3, where the estimated effect size (odds ratio) is used.

Fcase = FctrlOR

1 − Fctrl + FctrlOR
(2.3)

All power calculations in this thesis were performed using an R script written by

Damjan Vukcevic (Clinical Epidemiology and Biostatistics Unit, The Royal Children’s

Hospital Melbourne, Australia) which follows these formulae.

2.4.4 Statistical tests for association

2.4.4.1 Pearson’s χ2 test

Pearson’s χ2 test compares the distribution of observed values with that of expected

values under the χ2 distribution (Pearson, 1900). In a case control analysis, genotype

data are applied to a contingency table, where case data are found in one row, and

control data in the other row. Based on the totals of rows and columns in this table,

the expected frequency in each cell of the table can be calculated, and the deviation

from this expectation can be tested for significance. Pearson’s χ2 test was used for

matched analysis in GRACE in chapters 4 and 5, and for the analysis of the GAinS

UK CAP sepsis GWAS in chapter 5.
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2.4.4.2 Fisher’s exact test

Fisher’s exact test was devised by Fisher to improve upon Pearson’s χ2 test. Pear-

son’s test is inaccurate when cells of a contingency table contain small numbers of

observations (it is used for all instances where the observation in at least one cell of

the table is less than 5). Fisher’s exact test exactly calculates the distribution of the

data and can therefore more accurately determine the likelihood of observing this dis-

tribution by chance (Fisher, 1922). Fisher’s test is much more computationally heavy

than Pearson’s χ2 test, and is therefore not practical to compute for larger numbers

of observations. The difference in accuracy between the two tests is greatly reduced

for larger numbers of observations. Fisher’s exact test was used for all IFITM3 H1N1

sepsis analyses in chapter 4.

2.4.4.3 Logistic regression

Logistic regression works to fit data to a regression line, and then tests how well

the data fit to this line (for the significance of the association), and the slope of the

line (for the odds ratio). Logistic regression can be binomial (for 2 categories to

analyse-as in the allelic test) or multinomial (with 3 or more categories to analyse-as

in the genotypic test, see section 2.4.4.5). Covariates can also be used in logistic

regression, which will be corrected for when forming the regression line through the

data. Logistic regression was used for all analyses where covariates were included: all

GRACE analyses except the matched analysis (for MBL2 and IFITM3 in chapter

4 and the SNPs genotyped by iPLEX in chapter 5) and all MBL sepsis analyses in

chapter 4.

2.4.4.4 SNPTEST methods

SNPTEST is a software which can be used to analyse imputed genotype data, in

order to take into account the uncertainty associated with each genotype, for in-
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formative analysis results. Statistical theory for missing data looks at the observed

data and missing data (and thereby the uncertainty) for each genotype. Tests are

then performed to calculate the score data and an information matrix for each SNP.

This score data and information matrix are required to perform the score test on the

data, to determine the statistical significance of an association. Information measures

(“info”) are also calculated for each SNP. These are measures of the reliability of the

information for each SNP, and values are between 0 and 1, where 1 is the most reliable

measure and will be assigned to directly genotyped SNPs. SNPTEST was used to

perform all SNP association analyses in chapter 6 (Marchini et al., 2010), and the

MPHOSPH8 imputed analyses in chapter 5.

2.4.4.5 Models of association

Genotype data can be analysed for association using a number of different models.

Each model analyses the differences between genotypes in cases and controls in a

different way. Where AA denotes the major homozygote, Aa denotes the heterozygote

and aa denotes the minor homozygote, the models are defined as follows:

Allelic test: Compares all A alleles to all a alleles

Genotypic test: Compares all 3 genotypes; AA to Aa to aa

Dominant test: Compares Aa and aa to AA

Recessive test: Compares aa to Aa and AA

Heterozygous test: Compares Aa to AA and aa

In chapter 4, MBL analysis was performed for each genotype in every subgroup

for all of the tests above and IFITM3 analysis was performed for all tests except

the heterozygous test (any difference in the heterozygous test will be reflected in the

genotypic test). In GRACE chapter 5, the allelic, genotypic, dominant and recessive
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tests were performed for all major subgroups. In chapter 6, all tests were performed,

but only the allelic results have currently been visualised.

2.4.5 Identity by state and descent

Unknown relatedness in a sample set can create bias in genetic association studies.

However, using genome-wide data, it is possible to use analytical methods to calculate

relatedness between samples and detect closely related samples. Methods in PLINK

can be used to estimate the underlying identity by descent (IBD) state between pairs

of individuals given the observed identity by state (IBS) sharing and genome-wide

level of relatedness between them (Purcell, 2012).

Equation 2.4 shows the calculation for π̂ (pi hat). This denotes the proportion

of alleles shared IBD, and therefore denotes relatedness between pairs of samples.

The expected probability of IBD states given IBS states is specified in terms of allele

frequency and averaged over all SNPs, and can then be used to calculate P(Z=1)

and P(Z=2). These are the probabilities of two individuals sharing one or two alleles

respectively (Purcell et al., 2007).

π̂ = P (Z = 1)
2 + P (Z = 2) (2.4)

A π̂ score of 1 denotes that all alleles are shared IBD, and therefore represents

duplicate samples. A score of 0.5 denotes that half of the alleles are shared IBD, and

therefore denotes siblings (Anderson et al., 2010). A π̂ score threshold of 0.2 was used

in this thesis to remove related individuals in GWAS analysis.

2.4.6 Multi-dimensional scaling

Following calculations of relatedness between samples, these data can be used for

further analysis to determine population stratification within a sample-set. This can
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be performed by two main methods: principal component analysis (PCA) and multi-

dimensional scaling (MDS). Both of these methods give similar results (Nelis et al.,

2009). Using PLINK, MDS was performed for the datasets in this thesis (Purcell,

2012; Purcell et al., 2007).

Population stratification is an important confounder which must be accounted for

in association studies. Without correction for this confounder, false positive results

can be generated because of differences between cases and controls due to differences

in ancestry, rather than differences in disease risk (Campbell et al., 2005; Cardon

and Palmer, 2003). Studies have been performed to analyse population structure

within Europe, and fine-scale population stratification within individual populations

in Europe. This analysis can be used to create genetic maps, infer population history

and ancestry and aid the design of future genome-wide studies (Di Gaetano et al.,

2012; Nelis et al., 2009; Salmela et al., 2011).

MDS is used to visualise population substructure and to provide quantitative

measures of population stratification which can be used as covariates in downstream

analyses, as well as to identify individuals with different population backgrounds to

the majority of the sample-set (outliers) that need to be excluded from analysis. MDS

is a statistical method to quantify similarities and differences in data. Indices which

represent these similarities and differences are defined in multiple dimensions, such

that more similar pairs of samples have more similar values and less similar pairs of

samples have less similar values (Purcell et al., 2007; Young, 1985). PLINK uses MDS

to produce a dimensional representation (the number of dimensions can be specified)

of substructure in a dataset based on the pairwise comparisons of the IBS analysis

(Purcell et al., 2007). All MDS plots in this thesis were made using SPSS v18 (PASW

Statistics 18).
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2.4.7 GWAS QC

The GenOSept, IPD and Kenyan bacteraemia GWAS datasets underwent quality

control and were analysed by Dr. Anna Rautanen, Wellcome Trust Centre for Human

Genetics, University of Oxford. The quality control, processing and analysis of all

data sets used in the CAP sepsis susceptibility GWAS described in chapter 6 are

presented below, and in tables 2.1 and 2.2. Quality control for the GenOSept dataset

for use in the MBL2 association analysis was also performed as described below.

All sample sets were processed to put them in the same format before QC. All

steps did not need to be performed for all datasets, but all datasets were processed

so that:

1. All SNP locations matched to NCBI build 37 (hg19) coordinates.

2. All SNPs were named with rs numbers (rather than chip codes).

3. All alleles were coded as A,C,G,T and 0 (missing genotype).

4. All phenotypes were coded as 1 for controls, 2 for cases and -9 for missing.

5. Gender was coded as 1 for male, 2 for female and -9 for missing.

6. All SNPs were flipped to the positive strand after QC.

Quality control (QC) for SNPs and samples was performed in the same way for

all sample sets and in the following order:

1. SNPs with clustersep value <0.3 were removed where information was available

for cohorts genotyped with Illumina chips.

2. SNPs which could not be matched to NCBI build 37 (hg19) coordinates using

LiftOver (University of California, Santa Cruz, 2012a) were removed.

3. Samples with call rate <98% were removed.
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4. Samples were removed when computed gender did not match reported gender.

5. SNPs with call rate <98% were removed.

6. SNPs with HWE <1x10−10 were removed.

7. SNPs with minor allele frequency (MAF) <1% were removed.

8. SNPs with MAF between 1% and 5% and with call rate <99% were removed.

9. Related samples (with π̂ score >0.2) were removed.

10. In a window of 50 SNPs, one SNP of each pair was removed if LD between the

SNPs was greater than 0.2, to create a list of SNPs not in LD with each other.

A new window was analysed every five SNPs along the genome.

11. Using only SNPs which were not in LD with each other, MDS components were

calculated.

12. The following MDS plots were made: component (C) 1 vs. C2, C1 vs. C3, C2

vs. C3 and C3 vs. C4. Any outliers were removed.

13. Heterozygosity was plotted against missingness and any samples more than 3

standard deviations away from the mean for heterozygosity in either direction

were removed.

2.4.8 GWAS processing and analysis procedures

The LiftOver tool available from UCSC (University of California, Santa Cruz, 2012a)

was used to convert SNP locations from NCBI build 36 coordinates to NCBI build

37.

The SHAPEIT program was used (Delaneau et al., 2012) to phase all GWAS data

before imputation. An effective population size of 11418 (which is equivalent to the
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effective size of the HapMap phase II population) was used, and the genetic map file

was from the 1,000 Genomes Phase I integrated variant set release (v1) in NCBI build

37 (hg19) coordinates. All other settings were performed as default (states-phase 100,

burn 10, prune 10, main 50).

IMPUTE2.2 (Howie et al., 2011, 2009) was used to impute polymorphisms for

all datasets. 1,000 Genomes Phase I integrated variant set release (v1) in NCBI

build 37 (hg19) coordinates was used as a reference panel. Options of buffer 250

and Ne 20000 were used. Accurate strand information could not be obtained for the

Italian HYPERGENES dataset. Therefore, the align_by_maf_g option was specified

during imputation, to flip the strand of all SNPs which IMPUTE2 deemed to be on

the negative strand. This compares the alleles in the genotyped data to those in

the reference data, and flips the strand of the SNP if the alleles do not match. In

addition, it uses the allele frequency of the genotyped and reference data to determine

the strand of A/T and C/G SNPs.

SNPTEST version 2.4.0 was used for the analysis of all imputed data. The score

method was used, and frequentist tests 1-5.

Lambda was calculated with the R package GenABEL.
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Chapter 3

Modern DNA extraction

techniques

3.1 Introduction

Poor quality DNA is a recognised problem leading to poor genotyping reliability (La-

hermo et al., 2006), and genotyping errors are likely to lead to spurious associations.

Even very slight differences between samples can lead to differences in genotyping

(Clayton et al., 2005; The Wellcome Trust Case Control Consortium, 2007). There-

fore, samples of poor quality must be removed from genetic analysis. These can be

identified in ways such as lower genotyping call rates and deviating heterozygosity

rates in genome wide association studies (Anderson et al., 2010). Contamination of

DNA samples can lead to an increased number of heterozygous genotypes, and can

even be a cause of spurious associations.

In order to provide enough statistical power to detect associations with small

effects, large sample collections are needed, particularly for GWAS (The Wellcome

Trust Case Control Consortium, 2007; Zondervan and Cardon, 2004). This necessity

is becoming increasingly apparent for whole genome and whole exome sequencing
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too. Large sample sizes are also required for candidate gene studies in order to more

reliably settle controversial susceptibility associations and accurately measure allele

frequencies within different populations or disease groups. The collection, manage-

ment and storage of thousands of high quality DNA samples is extremely laborious,

requiring patience and skill to carefully avoid contamination or degradation of DNA

that can lead to poor results in genotyping.

One of the most important steps in sample processing is DNA extraction, since

a good quality of resulting DNA is necessary for all genetic analyses. Fairly high

quantities of DNA are also required for new genetic analyses including whole genome

sequencing. Comparisons of extraction techniques to find the most cost and labour

effective techniques to extract good quality DNA from blood, saliva and serum are

presented here.

3.2 Aim

The aim of the work in this chapter was to find the modern DNA extraction tech-

niques which lead to the highest yields and concentrations of high quality DNA for

genotyping from three different sample types (blood, saliva and serum).

3.3 Results

3.3.1 DNA extraction from blood

DNA extractions were performed from two different collections of blood samples: the

GRACE European LRTI collection and the GAinS UK sepsis collection. These sam-

ples are described in more detail in Materials and methods section 2.1. Table 3.1

describes factors associated with the different methods used for both sample collec-

tions. Manual and automated methods were compared.

63



CHAPTER 3. MODERN DNA EXTRACTION TECHNIQUES

T
ab

le
3.

1:
C
om

pa
ris

on
of

di
ffe

re
nt

m
et
ho

ds
fo
r
ex
tr
ac
tin

g
D
N
A

fro
m

bl
oo

d
in

tw
o
sa
m
pl
e
co
lle

ct
io
ns
.

SE
V
:
st
an

da
rd

el
ut
io
n

vo
lu
m
e.

A
pp

ro
xi
m
at
el
y
10

00
of

th
e
G
R
A
C
E

sa
m
pl
es

we
re

ex
tr
ac
te
d
by

R
ac
he

lC
ra
ik
,W

el
lc
om

e
Tr

us
t
C
en
tr
e
fo
r
H
um

an
G
en

et
ic
s,

U
ni
ve
rs
ity

of
O
xf
or
d.

T
he

re
st

we
re

ex
tr
ac
te
d
by

th
e
au

th
or

of
th
is

th
es
is.

St
ar
ti
ng

m
at
er
ia
l

D
N
A

ex
tr
ac
ti
on

m
et
ho

d

C
os
t

pe
r

sa
m
pl
e

(£
)

C
os
t
of

ro
bo

t
(£

)

T
im

e
re
qu

ir
ed

pe
r

sa
m
pl
e

(m
in
s)

V
ol
um

e
st
ar
ti
ng

m
at
er
ia
l

re
qu

ir
ed

V
ol
um

e
re
su
lt
in
g

D
N
A

(µ
l)

n
M
ea
n
co
n-

ce
nt
ra
ti
on

D
N
A

(n
g/
µ
l)

T
ot
al

av
er
ag
e

yi
el
d

(µ
g)

G
R
A
C
E

W
ho

le
Bl
oo

d

Q
IA

am
p

m
in
ik

it
2

N
on

e
12

20
0µ

l
20
0

17
5

36
7

G
R
A
C
E

W
ho

le
Bl
oo

d

Q
IA

cu
be

ro
bo

t
2

9,
20
0

10
20
0µ

l
10
0

18
0

40
4

G
R
A
C
E

W
ho

le
Bl
oo

d

M
ax

we
ll
16

ro
bo

t
Bl
oo

d
SE

V
ki
t

2
9,
50
0

4
40
0µ

l
26
0

56
02

46
12

G
A
in
S

W
ho

le
Bl
oo

d

M
ax

we
ll
16

ro
bo

t
Bl
oo

d
SE

V
ki
t

2
9,
50
0

4
40
0µ

l
26
0

18
4

34
8.
8

G
A
in
S

W
ho

le
Bl
oo

d

Q
IA

am
p

m
id
ik

it
3.
77

N
on

e
10

2m
l

30
0

40
8

26
4

79

64
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DNA requirements for the two sample collections were different. For the GRACE

collection, extracted DNA needed to be of a minimum concentration of 25ng/µl (the

required concentration for genotyping using the Sequenom iPLEX system). The yield

needed to be as high as possible, but the technique needed to be quick to perform due

to the large sample collection and time constraints for the project. For the GAinS

collection, DNA needed to be of a minimum concentration of 50ng/µl (the required

concentration for whole exome sequencing), with as high a yield as possible.

Therefore, different methods were compared for the different sample collections.

Two Qiagen DNA extraction kits, the QIAamp mini and midi, were tested. In addi-

tion, the QIAcube was tested. This is the Qiagen automation method which uses the

QIAamp mini kit reagents and components in a robot which performs the extractions

for 12 samples at a time. Finally, the Maxwell 16 robot from Promega was tested,

using the Blood SEV (standard elution volume) kit.

The Qiagen and Promega kits use different methods to extract DNA. The Qiagen

kits use a column which will bind DNA alone at the pH of the lysis and wash buffers,

and release DNA at the pH of the elution buffer or water. This allows the DNA

to be caught on the column, washed with buffer and then eluted at a lower pH.

The Promega kit uses specially designed MagneSil® Paramagnetic Particles (PMPs)

which will bind negatively charged DNA and can then bind a magnet to be transferred

between wash steps. This allows the DNA to be separated from all other components

of the sample, and effectively cleaned through repeated wash steps and separation

from the remainder of the sample (Dan Kephart and Shenoi, 2006).

The Maxwell method obtained lower average yields from the GAinS whole blood

than from the GRACE whole blood (8.8µg compared to 12µg). The QIAamp midi kit

obtained by far the highest concentrations and yields from blood (264ng/µl mean con-

centration and 79µg mean yield). The QIAcube and QIAamp mini kit obtained very

similar DNA concentrations to each other and to that obtained using the Maxwell,
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but yields were lower, and the time required to process each sample was higher.

3.3.2 DNA extraction from saliva

The Hill group has collected saliva samples from children with empyema across the

UK, and this collection is ongoing. Most of these children will have empyema caused

by Streptococcus pneumoniae. This collection will be used for further replication of

findings presented in this thesis. Results from tests to determine the best methods

for extracting the highest possible concentrations and yields of DNA from these saliva

samples are presented here.

The standard manual method for DNA extraction from Oragene saliva collection

kits (DNA Genotek) was compared to automated methods using the Maxwell 16

robot, with the SEV blood and tissue kits. Figure 3.1 shows a comparison of DNA

yields obtained when comparing these methods. Similar yields are obtained for all

three methods when the amount of DNA in the saliva sample is low. However, when

the amount of DNA in the saliva is higher, the manual method can extract higher

yields. The Maxwell LEV (low elution volume) kit was also tested using the Maxwell

16 robot for extractions from saliva. However, although both the cell and blood kits

were tested, high quality DNA could not be extracted from saliva using this LEV

Maxwell method.

When performing manual DNA extractions from saliva, there are further varia-

tions in the method which have been tested in order to try and improve the yields

and concentrations obtained from samples. The standard extraction procedure was

performed with varying elution volumes and starting volumes of saliva.

Table 3.2 shows the difference in yields and concentrations obtained when DNA is

extracted from saliva aliquots of different volumes. A starting volume of 500µl leads to

by far the highest average yield of DNA per µl of saliva, and has a similar percentage

of samples with the concentration of resulting DNA <5ng/µl to the method using the
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Figure 3.1: DNA yield comparison of manual and Maxwell 16 automated methods
for DNA extraction from saliva

whole sample and eluting in 500µl.

Further tests were then performed to determine the best elution volume to use

when extracting from 500µl saliva. Fifty-eight samples were processed from 500µl

saliva in duplicate, with differing elution volumes. One version of the sample was

eluted in 50µl and the other in 100µl. Figures 3.2 and 3.3 show the differing concen-

trations and yields obtained from the samples with different elution volumes. DNA

concentrations in the 50µl elution samples were at least twice as high as in the 100µl

elution samples in 65% of cases. A further 23% of samples had concentrations at least

1.5 times higher in the 50µl elution than the 100µl elution.

3.3.3 DNA extraction from serum

A number of collaborators with the Hill group have large serum collections available

which were collected as part of other studies but never used. With the correct ethics

regulations in place, it would be possible to use these samples for genetics studies,
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Table 3.2: Comparison of methods for extracting DNA from saliva with different
starting volumes and elution volumes. The whole sample average volume was 1407µl.

Volume
starting
saliva

Volume
eluted in

Fraction of
samples with
concentration
of
resulting
DNA <5ng/µl

Average
yield
(µg)

Average yield
per µl saliva
extracted
from (ng)

500µl 100µl 135/381 (35%) 0.53 5.32
Whole sample 200µl 20/40 (50%) 0.53 2.63
Whole sample 500µl 12/40 (30%) 1.94 3.88

Figure 3.2: Comparison of elution volumes for DNA extraction from saliva in terms
of resulting concentration
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Figure 3.3: Comparison of elution volumes for DNA extraction from saliva in terms
of resulting yield

as long as it is possible to extract DNA from the samples. Therefore, a number of

methods were tested to determine if and thereby how DNA can be extracted from

serum for modern genetics studies.

Table 3.3 shows a comparison of four different techniques for extracting DNA from

serum samples. Two of these techniques (using the Qiagen circulating nucleic acid

kit) involved using the same kit but with serum that had been freshly separated from

blood compared to serum that had been stored at −80 ◦C for more than two years.

These techniques were able to extract 20-30ng of DNA per ml sera. Of the other two

techniques, one used a different commercially available kit designed specifically for

isolating DNA from serum (Invitrogen kit), and the other was a modified technique

from a paper comparing DNA extraction techniques from serum (Fong et al., 2009).

These techniques were tested using old sera too. The results from an RFLP assay

for the genomic DNA and whole genome amplified (using GenomiPhi) DNA obtained

from these techniques are shown in figure 3.4.

The Maxwell LEV (low elution volume) kit was also tested in the Maxwell 16

robot for extractions from serum. Despite attempts to optimise this procedure for

the extraction of DNA from serum (including using different pre-extraction steps,
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Figure 3.4: RFLP results run on an agarose gel to asses DNA quality before (a)
and after (b) whole genome amplification. The four samples were tested from each
technique. Positive and negative controls were run at the same time.
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different cartridges in the Maxwell and different programs in the robot), no DNA

could be obtained from serum samples using this method.

3.4 Discussion

Blood is the traditional material used for collection of samples for DNA analysis, and

with good reason. The results presented here show that this material is the one which

most consistently leads to good amounts of DNA after extraction; concentrations

obtained from DNA extracted from saliva are often less than 5ng/µl and yields of

DNA from serum are consistently low. However, there are safety issues surrounding

the collection and handling of blood, and it is often a lot more difficult to obtain

consent for a collection of blood than saliva or buccal swabs, especially when the

collection is from young children. In addition, blood needs to be properly stored

upon collection to ensure the extraction of good yields of DNA, as demonstrated

here.

3.4.1 DNA extraction from blood

For the GRACE project DNA extractions, it is clear that the Maxwell 16 robot with

the SEV blood kit was the best extraction method to use. This method gave a higher

mean concentration and yield for GRACE blood samples than the other methods

tested, and the mean concentration was well above the 25ng/µl concentration re-

quired. Although the QIAamp mini kit and QIAcube robot required smaller volumes

of blood for each extraction, performing two extractions would not have improved

the concentration obtained, and would only lead to a marginally improved yield com-

pared to the Maxwell method. In addition, it took far less time to extract DNA using

the Maxwell 16 robot than the QIAamp mini kit and QIAcube robot.

For the GAinS project, two methods were tested. The QIAamp midi kit was
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almost twice as expensive as the Maxwell 16 robot with the SEV blood kit, used a

lot more starting material, and took more time per extraction. However, the mean

concentration and yield obtained with the QIAamp midi kit was much higher. Since

the minimum concentration required for this sample set was a lot higher than the

mean obtained using the Maxwell 16 robot with the SEV blood kit for this collection,

the QIAamp midi kit is clearly a better choice for this purpose.

In the GRACE project all blood samples were immediately frozen following col-

lection, and carefully transported in a frozen state too. However, blood samples in

the GAinS collection were posted to a collection point in the standard post. It is

likely that DNA in the sample degraded during this period of transportation at room

temperature. This could account for the difference in mean concentration and average

yield obtained from samples extracted using the Maxwell 16 robot from the GRACE

and GAinS collections. This difference is statistically significant (p=8.3x10−17 for

concentration, p=1.3x10−16 for yield).

3.4.2 DNA extraction from saliva

The non invasive nature of saliva collection for genetics studies has higher compliance

and fewer ethical implications particularly in the recruitment of children. The main

problem in processing saliva samples turned out to be low DNA yields, but this varied

highly from sample to sample. It was shown that the tissue and blood kits for use

with the Maxwell 16 instrument are very comparable, and at lower yields these are

also very comparable with the manual saliva DNA extraction method from Oragene.

However, at higher concentrations, manual extraction generates substantially higher

yields. The manual extraction method is also cheaper, as it does not require the

purchase of Maxwell kits. Manual extraction is performed with the purifier solution

that is provided free of charge when Oragene kits are purchased. Manual extraction

was therefore chosen as the method of choice for DNA extraction from saliva.
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Further tests were performed in order to improve the DNA yields and concentra-

tions obtained from the manual extraction method. These tests showed that the most

reliable method for obtaining DNA at a higher concentration and yield was to extract

from 500µl saliva and elute into 50µl elution buffer. It seems counter intuitive that

extracting from a smaller volume of saliva could give greater yields per µl. It is likely

that this is because when extracting from 500µl saliva, extractions can be performed

in 1.5ml eppendorf tubes rather than 15ml falcon tubes, and so the DNA extracted

is less likely to be missed during the elution process. This was also a concern when

reducing the elution volume. DNA must be lost in those cases where there is not an

equal yield of DNA in a 50µl and 100µl elution from the same sample. However, using

a 50µl elution does often lead to higher yields, and since it is very important in this

collection that concentrations be kept as high as possible, the 50µl elution volume is

certainly the best.

Unsurprisingly, there is a significant correlation between the amount of saliva

collected in each sample and the yield obtained from extraction. Therefore it is

extremely important in a saliva collection to ensure that enough saliva is provided

by each individual in the study. As every participant in this collection was a young

child, this was particularly difficult to achieve in this case. This does demonstrate

though, that even though saliva should be the ideal material for collection of DNA

from children (given its non-invasive nature), it does pose problems after collection

when the resulting quantity of DNA can be low.

Since the concentrations of DNA obtained from the saliva samples tested is on

average very low, it is necessary to whole genome amplify the extracted DNA. This

has been performed for all samples and most samples performed extremely well, giving

much higher amounts of DNA from each sample which can be used in downstream

applications including GWAS and high-throughput sequencing.
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3.4.3 DNA extraction from serum

One of the more difficult aspects of working in infectious disease genetics is the re-

quirement to obtain cohorts large enough for modern genetic studies. Collections

are largely made in remote locations where ethical considerations may be more com-

plex and where people with disease are in medical settings for short lengths of time,

thereby making it harder to accumulate very large collections.

When a sample collection has already been made, it is therefore very important

that it can be used for genetics studies in addition to the collection’s primary purpose.

With ethical approval, samples already collected for other purposes could also be used

for genetics studies. Serum, a component of blood which separates after coagulation,

is often collected for other purposes and can remain unused after a study is complete.

Although by its very nature, serum should be largely cell free, it is still possible to

extract small amounts of DNA from these samples. Although none of the work in

this thesis uses DNA from serum samples, it is important to study the best way to

extract this as a means of obtaining sample collections for the future.

As previously mentioned, the main difficulty in extracting DNA from serum is that

there is very little DNA in the sample in the first place. Therefore it is important to

use a technique designed to capture all DNA in a sample. Of the three techniques

tested for DNA extraction from serum, one stood out as being far better than the

others. The Qiagen circulating nucleic acid kit more consistently obtained higher

yields with better quality DNA (as judged by its performance in PCR before and

after whole genome amplification) than the other techniques tested. This was even

the case when extracting from serum that had been stored for long periods of time.

Before implementing a technique for the extraction of DNA from a large sample

collection, more tests should be performed to find the best method for performing

these extractions. However, these tests work well as a proof of principle to show that

serum collections probably could be used for large genetic studies.
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3.4.4 Other collection materials

The Hill group has also been involved with the processing of samples collected as

buccal swabs, blood spots on cards similar to Guthrie cards, and the extraction of

DNA from blood using the traditional salting out method. Although these methods

have not been tested as thoroughly as the methods here, it is generally considered

that the salting out method for DNA extraction from blood is cheap and often leads

to high yields, but requires high volumes of blood and is very labour intensive. Buccal

swabs are a good non-invasive way of collecting DNA samples, but this has largely

been superseded by the new Oragene saliva collection method which gives higher

DNA yields with lower bacterial content and is easier to perform collections for.

Blood spots on Guthrie cards are collected routinely after birth worldwide, and

were originally designed to use to check for the genetic disorder phenylketonuria (Blau

et al., 2010; Guthrie and Susi, 1963). Just as saliva may be a preferable alternative

to blood collection due to consent issues, participation in genetic studies may be

increased with this less invasive collection procedure (Bhatti et al., 2009). In addition,

some collections of blood spots on cards are kept and are available as an important

potential resource for genetics studies (with the correct ethics procedures in place),

in a similar way to serum collections. However, it is often difficult to extract DNA

from these cards, due to the presence of PCR inhibitors and the low quantity of DNA

in a blood spot (Makowski et al., 1997). Methods to whole genome amplify DNA

directly from the card could improve the yield of DNA and have been trialled in the

Hill group laboratory, though, with some success.

3.5 Conclusion

I have demonstrated here the value of thoroughly testing DNA extraction techniques,

both to discover which techniques work best, and also to figure out the best method for
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any individual collection. I have shown an analysis to determine the best techniques

for DNA extraction from blood for two different types of study, as well as extractions

from saliva and serum. I have also shown the importance of storage conditions for

blood samples for DNA extraction. The results presented in this chapter have been

key to obtaining good quantities of extracted DNA for collections used in this thesis.

The findings are also of value for future collections.
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Chapter 4

Candidate genes for susceptibility

to sepsis and mild LRTI

4.1 Introduction

The introduction of genome-wide association studies (GWAS) and high-throughput

sequencing in human genetics studies has meant that candidate gene studies are

sometimes considered to be outdated and obsolete. Candidate gene studies have been

described as “woefully inadequate” and “a shot in the dark” (Altshuler et al., 2008).

Since these studies only look at a limited number of polymorphisms for any given trait,

they are certainly not adequate to determine the main genetic loci associated with

any given disease. In addition, the limited number of SNPs genotyped in a candidate

gene study mean that it is a lot harder to detect evidence of confounding within a

dataset. DNA quality, population ancestry and familial relationships can therefore

not be accurately calculated, which could bias the study’s results (Anderson et al.,

2010). However, there are still many SNPs which cannot be accurately genotyped in

GWAS, examples of which are presented here.

This chapter presents studies for SNPs in two candidate genes for infectious dis-
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ease. Four SNPs were genotyped in the MBL2 gene. One of these SNPs can be accu-

rately genotyped using a GWAS chip, but the other three reside very close together

in exon 1 of the gene, making it impossible to design primers to specifically genotype

these SNPs individually using a GWAS. One SNP was genotyped in the IFITM3

gene (rs12252). The DNA sequence for this gene is extremely similar (95% identical)

to that of the IFITM2 gene (National Center for Biotechnology Information, 2012).

Therefore, the challenge associated with genotyping this SNP is in designing primers

which specifically amplify the fragment of interest in IFITM3 but not IFITM2.

The MBL2 SNPs have previously been associated with bacterial disease

(de Benedetti et al., 2007; Eisen et al., 2006; Frakking et al., 2007; Garcia-Laorden

et al., 2008; Garred et al., 2003; Roy et al., 2002) while the IFITM3 SNP was recently

shown to associate with susceptibility to viral infection (Everitt et al., 2012). These

SNPs have all been studied and are presented here with respect to susceptibility to

mild lower respiratory tract infection and severe sepsis, in both bacterial and viral

subgroups. In addition, the MBL2 SNPs are analysed with respect to survival from

severe sepsis.

Interestingly, the SNPs in both of these genes show very different allele frequencies

in different regions of the world. The allele frequency of the MBL2 variants can

range from 0 to 80% between South Africa and Peru (Garred, 2008), while the allele

frequency of the IFITM3 SNP rs12252 ranges from 4% in Europe to 59% in Japan

(1000 Genomes Project Consortium et al., 2010).

4.2 Aim

The aim of this work was to assess associations between SNPs in two candidate

genes (MBL2 and IFITM3 ) and susceptibility to sepsis and mild LRTI. Associations

between MBL2 and survival from sepsis were also assessed. The results for these two
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candidate genes are presented separately below.

4.3 MBL2 association study

4.3.1 Introduction

MBL2, which encodes mannose-binding lectin (MBL), is one of the most extensively

studied but still controversial candidate genes reported to be associated with sepsis

and infectious disease phenotypes. MBL binds carbohydrates on the surface of a wide

variety of viruses, bacteria, yeasts, fungi and protozoa and subsequently triggers host

innate immune responses through activation of the complement system, in addition

to promoting opsonophagocytosis by a complement-independent pathway (Turner,

2003).

The function of MBL is known to be influenced by common SNPs found both

in the promoter region and in exon 1 of the gene, which affect the level of gene

expression and structure of the MBL protein (Chapman et al., 2010a; Garred, 2008;

Garred et al., 2006; Larsen et al., 2004; Lipscombe et al., 1992; Madsen et al., 1994,

1995, 1998; Matsushita et al., 1995; Mullighan et al., 2008; Naito et al., 1999; Sumiya

et al., 1991).

Three functional SNPs (denoted D-rs5030737-codon 52; B-rs1800450-codon 54 and

C-rs1800451-codon 57) in exon 1 ofMBL2 affect the stability, ligand binding capacity,

complement activating ability and half-life of the encoded protein (Garred, 2008;

Garred et al., 2006; Larsen et al., 2004; Lipscombe et al., 1992; Madsen et al., 1994;

Matsushita et al., 1995; Naito et al., 1999; Sumiya et al., 1991). Because their effect

on serum MBL levels is very similar, wild type alleles for these SNPs are denoted A,

while the B,C and D variants are pooled and given the designation O. If an individual

is heterozygous (A/O) for any one of these three variants, MBL levels are 10-20% that

of wild type individuals, whereas in variant homozygotes or compound heterozygotes
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(O/O), serum MBL concentrations are virtually undetectable (Chapman et al., 2010a;

Mullighan et al., 2008).

MBL2 promoter polymorphisms have also been associated with MBL levels inde-

pendent of these exonic SNPs, with the SNP denoted X/Y at position -221 (rs7096206)

having the strongest down-regulating effect (Garred, 2008; Madsen et al., 1995, 1998).

Figure 4.1 shows the names given to combined genotypes for the three exon SNPs

and this promoter SNP.
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Figure 4.1: A diagram to show the different observed combinations of MBL2 geno-
types. Two combined genotypes have not been observed in any published work that
I know of. The XO/YO combined genotype has not been observed in any published
work that I know of, but is observed in this study.

Previous studies have reported both the presence and the absence of an association

between these SNPs and susceptibility to, and outcome from, infectious disease, in-

cluding invasive pneumococcal disease (IPD), community-acquired pneumonia (CAP)

and sepsis (Eisen et al., 2008; Garcia-Laorden et al., 2008; Gordon et al., 2006; Roy
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et al., 2002). Upwards of 30 studies have reported the presence or absence of asso-

ciations with MBL2 polymorphisms and/or MBL levels in sepsis phenotypes, with

sepsis sample sizes ranging from 44 to 848 (de Benedetti et al., 2007; Eisen et al.,

2008, 2006; Frakking et al., 2007; Garcia-Laorden et al., 2008; Garred et al., 2003;

Gordon et al., 2006; Ozdemir et al., 2010). In an attempt to confirm or refute a role

for common MBL2 genetic variation in relation to sepsis susceptibility and outcome,

an association study was performed in the large cohort of well-phenotyped patients

with sepsis recruited from intensive care units (ICUs) across Europe as part of the

GenOSept consortium. This is the largest known study investigating the influence

of MBL2 polymorphisms on susceptibility to, and survival from sepsis. In addition,

in order to investigate the role of MBL2 polymorphisms in susceptibility to milder

infectious disease, these polymorphisms were studied in the GRACE mild lower res-

piratory tract infection (LRTI) cohort. No studies of MBL2 variation have been

published with mild LRTI in a primary care setting to my knowledge.

4.3.2 Methods

4.3.2.1 Genotyping

The three exon SNPs were genotyped in 1846 community-acquired pneumonia (CAP)

and faecal peritonitis (FP) sepsis samples from the GenOSept and GAinS cohorts

using high resonance melting analysis (HRMA). Seven of these failed genotyping.

Genotypes of eleven samples were confirmed by sequencing. All of these samples

were also genotyped for the -221 promoter SNP; 369 by HRMA and 1477 by GWAS

on the Affymetrix chip 5.0. Promoter genotypes were confirmed in two samples by

sequencing. GWAS data were cleaned using the parameters described in Materials

and methods section 2.4.7. Twenty-eight day status was not available for 107 sepsis

patients and so these were not included in the survival analysis performed. Every

participant except three in the GRACE study (n=5869) was successfully genotyped
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for all four MBL SNPs described here using HRMA. Sequencing was used to confirm

some genotypes. See Material and methods section 2.3.5 for details of all genotyping

procedures.

4.3.2.2 Subgroups and statistical analysis

Both survival from and susceptibility to sepsis were analysed. The main end point

for survival was chosen as 28 days because most studies of sepsis patients have used

28-day mortality as a clinical end-point (Dhainaut et al., 2003; Huh et al., 2009;

Man et al., 2012; Nakada et al., 2011; Winters et al., 2010). Specific age groups

and UK individuals were analysed separately, to remove any age or population bias

in the data. In addition to sepsis caused by CAP and FP, other phenotypes were

studied, in order to establish if there was an effect ofMBL2 polymorphisms on specific

phenotypes within sepsis. These phenotypes were: sepsis with CAP alone, sepsis with

FP alone and sepsis caused by Streptococcus pneumoniae (the largest subgroup defined

by organism) alone. Survival at 6 months was also analysed because a previous study

(Garcia-Laorden et al., 2008) found that MBL2 genotypes were associated with death

after 28 days.

In the susceptibility analysis, all UK individuals with sepsis were analysed against

UK healthy controls from the GRACE study. CAP sepsis susceptibility was also

studied separately, but valid controls to analyse susceptibility to FP sepsis alone were

not available. CAP sepsis caused by S. pneumoniae only was also analysed. All

subgroups within GRACE were analysed for susceptibility, as described in section

4.3.3.3.

All analyses were performed by logistic regression using SPSS v18 (PASW Statis-

tics 18). Analysis defining deficient and sufficient genotypes was performed in three

different ways (see results). Analysis looking at each exon and promoter combined

genotype (as in figure 4.1) against the YA/YA combined genotype, and analysis of the
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distribution of all seven combined genotypes (with XO/YO and YO/YO genotypes

grouped together) were performed in every subgroup. Allelic, genotypic, recessive,

dominant and heterozygous tests were carried out for each SNP individually, and on

the A/A, A/O and O/O combined exon genotypes.

Age associated significantly with sepsis 28 day survival (p=1.51x10−19), whereas

other confounding factors such as gender, CAP/FP diagnosis and presence of respi-

ratory disease did not. Therefore age was included as a covariate in all the sepsis

analyses. Since many of the sepsis samples analysed had undergone genome-wide

genotyping, population outliers could be removed based on multi-dimensional scal-

ing (MDS) data. In GRACE, as no GWAS analysis has been performed, population

stratification could not be corrected for in this way. Therefore, all GRACE analyses

(except the matched analysis) used country as a covariate. LRTI overall and rhi-

novirus LRTI subgroups were also analysed with smoking as an additional covariate,

as smoking status differed significantly between cases and controls.

4.3.3 Results

The observed genotype frequencies in the sepsis cases, GRACE mild LRTI cases and

GRACE healthy controls were comparable to those observed in previously-published,

large population-based European studies (Dahl et al., 2004; Garcia-Laorden et al.,

2008).

4.3.3.1 Sepsis survival analysis

The number of deaths and survivors within the subgroups analysed for sepsis survival

are shown in table 4.1.

MBL2 genotype distributions for the main survival analyses are presented in table

4.2. MBL functional status (where the XO/YO, YO/YO and XA/YO combined

genotypes were defined as MBL deficient and all other combined genotypes as MBL
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Table 4.1: Survival analyses performed for the sepsis data set, and the numbers of
deaths and survivors included in each subgroup. The 6 month survival group is a subset
of samples from the whole set, for which 6 month survival information was available.

Analysis Number of
deaths

Number of
survivors

28 day survival

Whole set 357 1482
Aged 70 and under 134 940
Aged 60 and under 67 578
CAP sepsis 178 805
FP sepsis 179 677
Pneumococcal sepsis 45 200
UK sepsis samples 158 673

6 month survival Whole set 265 704

sufficient) did not associate with 28 day sepsis mortality (p=0.169), 6 month sepsis

mortality (p=0.229) or pneumococcal sepsis 28 day mortality (p=0.643). Significant

associations were not seen in any of the other subgroups either (p>0.05).

The specific combinations of MBL2 genotypes that define functional sufficiency

or deficiency remain somewhat controversial. Therefore, sufficient/deficient analysis

was also performed by defining genotypes XO/YO, YO/YO, XA/YO and XA/XA

(Chapman et al., 2010a) or XO/YO, YO/YO, XA/YO and YA/YO (Frakking et al.,

2007) as MBL deficient. There was no association in the whole study set or any of

the subgroups (p>0.05) in these variations of the analysis.

Each genotype was also examined individually, combined genotypes were com-

pared between cases and controls, and the exon genotypes combined (A/A, A/O,

O/O) were analysed. The lowest p-value observed in all tests was 0.017 for the pro-

moter polymorphism heterozygous test for FP sepsis survival. Genotype frequencies

are listed for survivors and deaths for the main survival subgroups analysed in this

cohort, in table 4.3.
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4.3.3.2 Sepsis susceptibility analysis

The number of cases and controls within the subgroups analysed for sepsis suscepti-

bility are shown in table 4.4.

Table 4.4: Number of cases and controls within the subgroups analysed for suscepti-
bility to sepsis. UK controls were healthy controls from the GRACE study.

Analysis Number
of cases

Number of
UK controls

UK sepsis 831 477
UK CAP sepsis 496 477
UK pneumococcal sepsis 95 477

MBL2 genotype distributions for the cases and controls in the susceptibility analy-

ses are presented in table 4.5. MBL functional status did not associate with UK sepsis

overall (p=0.51), UK CAP sepsis susceptibility (p=0.343) or with UK pneumococcal

sepsis susceptibility (p=0.587).

As with survival analysis, functionally sufficient/deficient genotypes were analysed

according to their alternative definitions. There was no significant association in any

of these alternative analyses (p>0.05). Each genotype was also examined individu-

ally, combined genotypes were compared between cases and controls, and the exon

genotypes combined (A/A, A/O, O/O) were analysed. The lowest p-value observed

in all tests was 0.029 for the B genotype recessive test in the UK pneumococcal sus-

ceptibility subgroup. Genotype frequencies are listed for cases and controls in table

4.6.

4.3.3.3 Mild LRTI susceptibility analysis

The same analyses were performed for all GRACE subgroups (as listed in table 4.7).

The main association analyses are presented in table 4.8. MBL functional status did

not associate with LRTI overall (p=0.653), bacterial LRTI (p=0.181) or viral LRTI

(p=0.844), or any of the other subgroups. Functionally sufficient/deficient genotypes
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Table 4.6: MBL2 genotype counts are shown for each susceptibility subgroup, with
percentages shown in brackets.

MBL2
Genotype

UK
healthy
controls
(%)

UK sepsis
cases (%)

UK CAP
sepsis
cases
(%)

UK pneu-
mococcal
cases (%)

A/A 262 (54.9) 494 (59.4) 295 (59.5) 55 (57.9)
A/B 122 (25.6) 182 (21.9) 114 (23) 23 (24.2)
A/C 20 (4.2) 17 (2) 10 (2) 2 (2.1)
A/D 54 (11.3) 85 (10.2) 49 (9.9) 9 (9.5)
Sum A/O 196 (41.1) 284 (34.1) 173 (34.9) 34 (35.8)
B/B 6 (1.3) 22 (2.6) 13 (2.6) 5 (5.3)
B/C 2 (0.4) 2 (0.2) 0 0
B/D 8 (1.7) 19 (2.3) 10 (2) 1 (1.1)
C/C 0 0 0 0
C/D 1 (0.2) 6 (0.7) 4 (0.8) 0
D/D 2 (0.4) 4 (0.5) 1 (0.2) 0
Sum O/O 19 (4.0) 53 (6.3) 28 (5.6) 6 (6.4)
Total 477 831 496 95

were also analysed according to their alternative definitions. One subgroup had a

p-value <0.05 for these main analyses (Haemophilus influenzae subgroup, O/O and

XA/O as deficient, p=0.048). Each genotype was also examined individually, com-

bined genotypes were compared between cases and controls, and the exon genotypes

combined (A/A, A/O, O/O) were analysed. The lowest p-value observed in all tests

was 0.012 for the B genotype heterozygous test in the coronavirus subgroup. Geno-

type frequencies are listed for controls and the main subgroups of cases in table 4.9.

4.3.4 MBL2 discussion

Overall, across all subgroups and with all tests included within the sepsis analysis

alone, 374 tests were performed. With Bonferroni correction, a p-value of 1.34x10−4

would be necessary to be able to consider a result significant, but this is a very

stringent correction, since the tests are not all independent. However, the lowest p-
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Table 4.7: GRACE subgroups analysed for MBL2 SNPs with the covariates used in
each analysis, and the number of cases and controls included.

Type of analysis Covariates Number
of cases

Number of
controls

Basic case control country 2864 2686
Matched none 2449 2449
All bacterial country 396 2686
Viral country 1283 2686
Non-viral country 1581 2686
Consolidation country 205 2686
Recurrent LRTI country 850 2686
Haemophilus influenzae country 177 2686
Streptococcus
pnuemoniae

country 156 2686

H. influenzae and
S. pneumoniae

country 307 2686

Rhinovirus country 541 2686
Coronavirus country 200 2686
Influenza A and B country 273 2686
Rhinovirus country and smoking 541 2679
Rhinovirus smokers country 226 599
Rhinovirus non-smokers country 315 2080
Case control country and smoking 2863 2679
Case control smokers country 805 599
Case control non-smokers country 2058 2080
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Table 4.9: MBL2 genotype counts are shown for each susceptibility subgroup, with
percentages shown in brackets.

MBL2
Genotype

GRACE
healthy
controls
(%)

GRACE
cases (%)

GRACE
bacterial
cases (%)

GRACE
viral cases
(%)

A/A 1607 (59.8) 1724 (60.2) 246 (62.1) 777 (60.6)
A/B 590 (22) 617 (21.5) 81 (20.5) 279 (21.7)
A/C 85 (3.2) 81 (2.8) 12 (3) 29 (2.3)
A/D 285 (10.6) 282 (9.8) 38 (9.6) 131 (10.2)
Sum A/O 960 (35.8) 980 (34.1) 131 (33.1) 439 (34.2)
B/B 52 (1.9) 57 (2) 5 (1.3) 22 (1.7)
B/C 20 (0.7) 19 (0.7) 3 (0.8) 8 (0.6)
B/D 38 (1.4) 68 (2.4) 10 (2.5) 28 (2.2)
C/C 1 (0) 0 0 0
C/D 2 (0.1) 6 (0.2) 0 4 (0.3)
D/D 6 (0.2) 10 (0.3) 1 (0.3) 5 (0.4)
Sum O/O 119 (4.3) 160 (5.6) 19 (4.9) 67 (5.2)
Total 2686 2864 396 1283

value of 0.017 (for the FP sepsis survival promoter polymorphism heterozygous test)

would still not be considered a significant result, even with less stringent correction.

In GRACE, a total of 580 tests have been performed, giving a Bonferroni corrected

p-value threshold of 8.62x10−5. Again, these tests are not strictly independent, but

the most significant p-value (0.012 for the B genotype heterozygous test in the coro-

navirus subgroup) would still not be considered significant, even with less stringent

correction.

Despite being the largest known cohort of severe reaction to infection that has

been analysed according to MBL2 polymorphisms, this study of 28 day survival from

severe sepsis across Europe did not find a significant association between MBL2 defi-

ciency genotypes and either survival from severe sepsis (at 28 days and six months),

susceptibility to severe sepsis or susceptibility to mild LRTI. The mild LRTI study

is the only reported research studying MBL2 polymorphisms and mild infectious

disease.
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These large sample collections enabled the examination of MBL2 genotype asso-

ciations in a number of predefined subgroups. Even when examining these smaller

subgroups, these analyses still have sufficient power to detect any strong associations.

Odds ratios of 1.45, 1.57 and 1.52 or more can be detected with 80% power in the

largest subgroups (28 day survival, six month survival and CAP sepsis susceptibility

respectively). Even in the most underpowered subgroup, (pneumococcal sepsis 28 day

survival) there is 80% power to detect odds ratios of 2.5 or more. Although age was

corrected for in the primary sepsis analyses, association analysis was also performed

in two groups of younger patients (less than 60 and less than 70 years of age) in

whom it might be expected that MBL deficiency would play a greater role in mor-

tality. Twenty-eight day survival was also analysed in the predefined groups of CAP

sepsis, FP sepsis, and pneumococcal sepsis (caused by S. pneumoniae). Similarly,

susceptibility associations were examined in the subgroups of patients with CAP and

pneumococcal sepsis. No associations were found in any of these analyses. 28 day

survival in UK cases alone was also analysed, with the aim of avoiding any population

stratification which might have obscured associations, but again MBL2 genotype did

not influence outcome. Moreover, population outliers were removed from these sepsis

analyses based on multidimensional-scaling using genome-wide genotypes. Therefore

it is unlikely that population stratification was a major confounder in this study.

In the main subgroups of LRTI overall, bacterial LRTI and viral LRTI there is

80% power to detect odds ratios of 1.20, 1.39 and 1.25 respectively. In the smallest

GRACE subgroup (smokers with rhinovirus) there is 80% power to detect an odds

ratio of 1.62 or more. The GRACE sample set is therefore powered to see associations

of smaller effects than in the sepsis cohort. Smaller effects are probably what would

be expected in a cohort of milder phenotype.

One of the limitations of the sepsis collection is that microbiological information is

not available for all cases (approximately 60% of sepsis patients had a microbe iden-
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tified), and therefore the causal organism of infection is not known for all individuals.

Without this information, thorough analysis of subgroups within the data cannot be

performed (with the exception of the pneumococcal analysis). However, even with

this information, pathogen based subgroups (other than S. pneumoniae) are likely to

be too small to have sufficient power to detect an association.

Due to the study design, the patients with the most severe outcome from sepsis

who died very quickly on admission to ICU were not included in this study (for

instance if there wasn’t time to collect consent from next of kin). Although this will

have diluted the sample cohort, there is still adequate power, and so it is unlikely

that this will have affected the results.

The effect of MBL2 functional genetic variants has been studied widely in a num-

ber of sepsis related phenotypes. Garcia-Laorden et al. (2008) found, in one of the

largest studies, that MBL2 genotypes do not associate with susceptibility to CAP in

adults, which is consistent with these findings. They also concluded, as this study did,

that there was no association between 28 day mortality and MBL2 deficient geno-

types. They did, however, find an association with 90 day survival. As the 6 month

survival analysis shows, however, these data do not support such an association with

longer term survival, even though there is 100% power to detect an association with

the odds ratio they observe (OR=2.34).

Gordon et al. (2006) have reported the study with the most similar sepsis pheno-

type to that of GenOSept, but with many fewer patients. They found an association

between A/O and O/O exonic polymorphisms and susceptibility to sepsis (p=0.001),

and also showed an even more significant association between the distribution of

combined genotypes and susceptibility to sepsis (p<0.0001). These findings were not

replicated in this study, despite the phenotype being very comparable. This suggests

that Gordon et al.’s findings were false positives, since studies with fewer patients are

more likely to be unreliable.
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Eisen et al. (2008) performed a meta analysis of six studies of MBL2 poly-

morphisms in patients with severe bacterial infection. They found an association

between low circulating levels of MBL and mortality, and an increased risk of death

from S. pneumoniae infection (OR=5.62). In the study presented here, an associ-

ation was not observed between MBL2 deficient genotypes and death from sepsis

due to S. pneumoniae infection, despite having 100% power to find an association of

this strength. However, Eisen et al. (2008) also showed that MBL2 genotype poorly

determines MBL levels, and in fact, the proportion of MBL deficient individuals is

underestimated when defined by genotype. It is therefore possible that all MBL de-

ficient individuals were not captured in this study, and that MBL levels, rather than

genotype, might correlate with survival in the GenOSept cohort. Nevertheless, the

findings presented here strongly suggest that an important effect of MBL status on

sepsis phenotypes is highly unlikely.

Since there are no published studies of MBL2 and susceptibility to mild lower

respiratory tract infection, it is impossible to compare the data presented here with

previous similar work. A study of MBL genotypes and levels in a very small number

of children showed no association with mild respiratory syncytial virus (RSV), which

is equivalent to a very small proportion of my data. This small study is far from con-

clusive, but it does support my findings (Kristensen et al., 2004). Since the GRACE

study is well-powered and many subgroups have been analysed, it is unlikely that

further work would find an association between MBL2 genotypes and susceptibility

to mild lower respiratory tract infection.

Variant MBL2 is very common in certain populations among healthy individuals

(Garred et al., 2006) and it is known that alternative immune mechanisms can replace

the function of MBL (Roos et al., 2004) thereby rendering deficient individuals as

immune competent. This could explain the lack of a significant association between

MBL2 functional polymorphisms and the phenotypes analysed in the present study.
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Two individuals were identified with variant alleles X, B and D, which were con-

firmed by sequencing. Previous reports have suggested that due to linkage disequi-

librium between the exon and promoter SNP, only the Y allele in the promoter is

described with exonic polymorphisms (Garcia-Laorden et al., 2008; Madsen et al.,

1995). This study shows that other combinations are also possible, although they are

very rare.

Although connections between MBL levels or MBL2 genotypes with sepsis have

been extensively studied, most of the studies are statistically underpowered and there-

fore it is not surprising that findings have been contradictory. In this study, it has

been shown that there is no significant association between MBL2 genotypes and

susceptibility to or survival from severe sepsis in a sample set that has adequate sta-

tistical power to show associations with effect sizes previously reported. In addition,

the GRACE LRTI sample set has shown that there is no association between MBL2

genotypes and susceptibility to LRTI overall, bacterial LRTI, viral LRTI or many

further subgroups of the GRACE sample set.

4.4 IFITM3 association study

4.4.1 Introduction

Interferon-inducible transmembrane proteins 1,2 and 3 (IFITM1,2 and 3) are viral

restriction factors that mediate cellular resistance to a collection of viruses, including

influenza, West Nile virus and dengue virus (Brass et al., 2009). IFITM3 is necessary

and sufficient for interferon (IFN) regulation of viral replication through interferon

effector genes. IFN prevents the transferral of influenza A viral components to the

cytosol, thereby inhibiting viral infection (Feeley et al., 2011). There are currently

15 non-synonymous, 15 synonymous, one stop gaining and one possible splice-site

altering SNPs known in the IFITM3 gene. The possible splice-site altering SNP
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(rs12252) is found close to a splice site for one transcript of the IFITM3 gene (1000

Genomes Project Consortium, 2012a,b).

Everitt et al. (2012) report functional data and a genetic association with variation

in the gene IFITM3. They found a significant additive association for susceptibility

to severe H1N1 influenza infection with rs12252. However, their genetic analysis only

included a small number of H1N1 influenza cases (n=53) and the association result

used imputed data for the control population. Small sample sizes often imprecisely

estimate genotype frequencies and imputed data may be inaccurate for rare SNPs

such as this (Marchini and Howie, 2010). In an attempt to reassess this association,

additional H1N1 influenza cases from the GAinS study, and over 5000 European cases

of lower respiratory tract infection and matched controls from the GRACE study were

genotyped for rs12252 (for details of genotyping methods, see Materials and methods

section 2.3.5.3) .

4.4.2 Subgroups and statistical analysis

Severe H1N1 influenza cases with sepsis collected as part of the UK GAinS sepsis

study, mild lower respiratory tract infection (LRTI) cases and healthy controls col-

lected as part of the GRACE study were genotyped. Viral and bacterial subgroups

within GRACE were studied (viral overall, rhinovirus, coronavirus, influenza, rhi-

novirus smokers, rhinovirus non-smokers, bacterial overall, H. influenzae, S. pnuemoniae,

and H. influenzae and S. pneumoniae combined). The GAinS H1N1 cases were com-

pared to GRACE UK and GRACE European controls. The H1N1 cases from Everitt

et al. (2012) were studied against the European GRACE controls, and in combination

with the GAinS H1N1 cases.

All severe H1N1 analyses were performed using a two-tailed Fisher’s exact test.

All analyses in GRACE were performed using logistic regression with country as a

covariate. The allelic, dominant, recessive and genotypic model were tested in every
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subgroup.

4.4.3 Results

2623 healthy European controls were genotyped for rs12252, providing the largest

available collection of genotyped Caucasians for this SNP. Genotype counts and

association results for all subgroups which showed p-values <0.05 are shown in table

4.10. No other subgroups showed any associations.

A slightly smaller number (n=34) of hospitalised sepsis cases with H1N1 infection

were genotyped from GAinS, but different allele and genotype frequencies were ob-

served to those shown by Everitt et al. (2012) (table 4.10). Analysis was performed

for Everitt et al.’s cases, and a combinations of Everitt et al.’s cases and the GAinS

H1N1 cases, compared to the healthy European controls in this study. These analyses

clearly showed that the model of association is recessive for this SNP.

2730 European mild LRTI cases were also genotyped, and analysis found that

this SNP does not associate with bacterial infections overall (379 cases), nor with

specific infections with H. influenzae (152 cases) or S. pneumoniae (131 cases). How-

ever, there was evidence of a recessive association for this SNP with general mild

viral infections of the respiratory tract (caused by rhinovirus (498), influenza (240),

coronavirus (169), respiratory syncytial virus (116), human metapneumovirus (110)

and parainfluenza virus (61), or a combination of two of the above viruses (54)). A

recessive association is seen with viral LRTI as a whole (OR 3.59, 95% CI 1.01-12.79).

Association results for the largest subgroups in this group were: rhinovirus (OR 3.93,

95% CI 0.87-17.77), influenza virus (OR 7.12, 95% CI 1.28-39.58) and coronavirus

(OR 4.12, 95% CI 0.45-37.51).
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4.4.4 IFITM3 discussion

Genotype data from this large collection of controls, compared to the combined data

from the GAinS H1N1 cases and those from Everitt et al. (2012), indicate clearly that

the model of association for this SNP is recessive (table 4.10), rather than the additive

model described by Everitt et al. (2012). Rare homozygotes for this SNP are driving

this association and show an OR of 23.38, with no association for heterozygotes

compared to major homozygotes (OR 1.05 95% CI 0.48-2.30).

Without directly genotyped controls and with small sample sizes, it is difficult to

define genetic associations. By extending the case series reported by Everitt et al., a

different genetic model for severe H1N1 influenza susceptibility has been found. This

recessive susceptibility effect is important in characterising possible inter-population

differences in susceptibility given that only 1 in 600 Europeans has the suscepti-

bility genotype compared to as many as 1 in 4 East Asians and 1 in 12 Africans

(1000 Genomes Project Consortium et al., 2010). This association relies on three

homozygotes genotyped by Everitt et al., however, and not all of these individuals

have undergone population stratification analysis to exclude consequent bias. This is

particularly important given the wide variation in genotype frequency between pop-

ulations. No minor homozygotes were observed in the Caucasian GAinS H1N1 cases,

which is perhaps expected given the low frequency of the genotype in this population.

Moreover, by analysing large numbers of cases of community-acquired mild LRTIs

and matched controls, this study has shown the same recessive susceptibility associ-

ation for mild viral infections to that identified for severe H1N1 influenza. This indi-

cates that the IFITM3 locus does not provide a specific susceptibility locus for H1N1

influenza but, instead, this interferon pathway gene likely associates with altered sus-

ceptibility to several common viral infections. There was no evidence that this SNP

is associated with mild bacterial infection, which is unsurprising since IFITM3 has

not been implicated in the control of bacterial infection. IFITM3 has implicated in
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infection by multiple viruses, including influenza A, HIV-1, yellow fever virus and

west nile virus (Brass et al., 2009; Feeley et al., 2011; Huang et al., 2011; Jiang et al.,

2010; Schoggins et al., 2011). Therefore future studies with other large viral sample

sets are necessary to further define this genetic association.

4.5 Discussion

A total of five SNPs in two candidate genes were genotyped in over 5000 samples.

SNPs in MBL2 have been extensively studied in infectious disease phenotypes previ-

ously, and have shown differing associations in bacterial disease subgroups. A SNP

in IFITM3 has only recently been implicated in susceptibility to viral disease, and

the study presented here represents an extension of that study. All SNPs (with the

exception of the MBL2 promoter SNP) are difficult to genotype and show differ-

ing allele frequencies in populations across the world. It is therefore harder to form

conclusions for associations found with these polymorphisms, since any association

found can easily be confounded by genotyping error or population structure in sample

sets. It is unlikely that these issues have confounded the results presented here, since

control allele frequencies in the MBL2 and IFIMT3 studies match those previously

published for Caucasian populations.

Despite extensive analysis of many different subgroups in mild and severe disease,

none of the SNPs in MBL2 associated with any subgroup with a low enough p-value

to be considered statistically significant. In the main sufficient/deficient analysis, no

p-value was lower than 0.05 across the 32 subgroups analysed. In contrast, the SNP

in IFITM3 shows a statistically significant recessive association with severe H1N1

influenza infection, mild viral infection and mild influenza infection.

This work highlights the problems associated with publishing genetic association

results using small sample sizes. MBL2 polymorphisms have shown differing as-
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sociation results in different studies, largely due to the small sample sizes used in

these studies. The IFITM3 H1N1 association presented here is less significant with

a greater number of samples, indicating that study of larger numbers of severe cases

would be useful.

These association studies should aid the future study of these candidate genes.

This work demonstrates that MBL2 is very unlikely to show a true association in

future sepsis and mild LRTI phenotype studies of a similar or smaller size. This

IFITM3 work should pave the way for future studies (which should have larger sample

numbers) of association between the rs12252 SNP and susceptibility to a range of viral

infections.
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Chapter 5

GRACE: Genetic susceptibility to

mild LRTI

5.1 Introduction

GRACE (Genomics to combat Resistance against Antibiotics in Community-acquired

lower respiratory tract infections (LRTI) in Europe) is a multi-centre, Europe-wide

network of excellence. GRACE studied individuals in 11 countries across Europe

that presented at primary care with their primary symptom being an acute cough,

and collected extensive clinical data to better understand their illness, and the way

they were treated. GRACE is probably the largest study of LRTI ever undertaken

in primary care, and has presented many findings from the network in peer-reviewed

literature (Brookes-Howell et al., 2012a,b; Finch et al., 2012; Francis et al., 2012b).

One of the main papers showed that individuals presenting with a cough did not have

a statistically significant difference in their chance of recovery whether they were given

antibiotics or not, and no matter which antibiotic was prescribed (Butler et al., 2009).

GRACE has contributed to a change in clinical practice and to the development of

new guidelines for the prescription of antibiotic drugs when individuals present at
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their general practitioner (GP) with a cough.

The human ’genomics’ part of the GRACE study is what will be presented here.

LRTIs are one of the leading reasons for seeking primary medical care in Europe. They

also account for far greater worldwide morbidity than a large collection of infectious

and chronic diseases including breast cancer, type 2 diabetes, hepatitis B and C,

malaria, tuberculosis and HIV/AIDS (Rowell et al., 2012). However, mild LRTI

has been largely neglected as a phenotype for human genetic association studies.

Very little work has been done previously in this area and funding for this study

was limited. Therefore, an approach was used which is more similar to a candidate

gene approach than a modern genome-wide association study or high-throughput

sequencing analysis. This can be considered a first step in discovering loci conferring

protection from or susceptibility to mild LRTI. SNPs to genotype were chosen based

on GWAS results for studies of susceptibility to more severe LRTIs and from the

literature for previous associations with more severe bacterial and viral diseases. A

selection of these SNPs were then genotyped in samples from the GRACE study;

approximately 3000 LRTI cases and 3000 healthy controls matched by age, gender,

date and location of collection.

There are a number of examples of the same SNP associating with different but

related diseases (Hindorff et al., 2012). For example, gain-of-function SNP rs2476601

in the PTPN22 gene has been associated with type I diabetes, rheumatoid arthri-

tis, systemic lupus erythematosus, Crohn’s disease, vitiligo, as well as susceptibil-

ity to invasive pneumococcal disease (IPD) and leprosy (Barrett et al., 2009, 2008;

Begovich et al., 2004; Bottini et al., 2004; Chapman et al., 2006; Gregersen et al.,

2009; Hakonarson et al., 2007; Jin et al., 2010; Kyogoku et al., 2004; Plenge et al.,

2007; Rani et al., 2009; Smyth et al., 2004; Stahl et al., 2010; The Wellcome Trust

Case Control Consortium, 2007; Todd et al., 2007). In addition, polymorphisms in

the TIRAP and CISH genes have been associated with different infectious diseases
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(including IPD, bacteraemia, malaria and tuberculosis) across multiple populations

(Khor et al., 2007, 2010).

5.2 Aim

The aim of this work was to use a two step approach to find genetic variants associated

with susceptibility to LRTIs or subgroups of LRTI. The first step was to use a range

of GWAS and candidate methods to choose SNPs to genotype. The second step was

to genotype (using Sequenom) and analyse these SNPs in LRTI cases and controls.

5.3 Choosing SNPs for genotyping in GRACE

Seven methods were used to choose SNPs to genotype in GRACE, five of which

utilised GWAS data. Two GWAS were performed: one in IPD and one for community-

acquired pneumonia (CAP) sepsis. In addition, two meta analyses of GWAS were

performed, one for these IPD and CAP sepsis GWAS, and another for these studies

and an additional Kenyan bacteraemia GWAS. An additional GWAS comparison was

performed between the top associating genes in a further IPD GWAS, and the IPD

and CAP sepsis GWAS presented here. The two other methods used were candidate

gene methods, to choose viral and bacterial candidate SNPs to genotype. These

methods are all detailed below.

5.3.1 GWAS for susceptibility to IPD

Dr. Anna Rautanen performed a GWAS to study genetic susceptibility to IPD. IPD

cases had Streptococcus pneumoniae bacteria cultured from a normally sterile site,

and were collected in hospitals in Buckinghamshire and Oxfordshire, UK. Further

information about this collection can be found in Materials and methods section 2.1.6.
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Control GWAS data were obtained from the Wellcome Trust Case Control Con-

sortium 2 (WTCCC2), and half of the individuals in these data were used as controls

for this study. There were 271 cases, 1264 controls and 544,438 SNPs analysed in

this GWAS. The Manhattan plot, QQ plot and a list of the top associating SNPs

are presented in appendix figures A.1 and A.2 and table A.1. Top associating SNPs

were prioritised based on p-value and a list of SNPs was created for Sequenom assay

design.

5.3.2 GWAS for susceptibility to CAP sepsis

A GWAS analysis was performed for susceptibility to community-acquired pneumonia

(CAP) sepsis, using GWAS data from UK individuals in the GenOSept (Genetics

of Sepsis and Septic Shock) GWAS (GAinS study individuals). GAinS (Genomic

Advances in Sepsis) is a collection of DNA from sepsis patients in the UK, and is a

part of GenOSept, which is a Europe-wide study of genetic factors affecting outcome

from sepsis and septic shock. Further information about these collections can be

found in Materials and methods section 2.1. The other half (to that used in the IPD

GWAS) of the individuals from the WTCCC2 project were used as controls for this

analysis.

Figures 5.1 and 5.2 show the QC procedures used for these data before analysis.

Figure 5.3 shows the first two multi-dimensional scaling (MDS) components for cases

and controls. Figures 5.4 and 5.5 show the QQ plot and Manhattan plot from the

analysis of this data. Table 5.1 shows the top associating SNPs from this analysis,

and figure 5.6 shows regional association plots for the five best associating regions.

Individual associating SNPs (with no associating SNPs nearby) were not considered

reliable enough for further consideration in GRACE, as they are more likely to be

spurious associations than those associations found in an association peak. Top as-

sociating SNPs were prioritised based on p-value, odds ratio and whether there are
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other associating SNPs in the region, and added to the list of SNPs for Sequenom

assay design.

5.3.3 Meta analysis of IPD and GAinS CAP sepsis GWAS

In order to identify SNPs associated with susceptibility to severe bacterial infection

regardless of the organism involved, a meta analysis was performed with the results

from the IPD and GAinS CAP sepsis GWAS. This meta analysis was performed using

PLINK (Purcell, 2012; Purcell et al., 2007) and 280,423 SNPs overlapped between

the two analyses. Top associating SNPs were prioritised based on p-value and added

to the list of SNPs for Sequenom assay design.

5.3.4 Meta analysis of IPD GWAS, GAinS CAP sepsis GWAS

and Kenyan pneumococcal bacteraemia GWAS

In addition to the meta analysis performed above, a meta analysis was also performed

with the results from the IPD GWAS, GAinS CAP sepsis GWAS and an analysis

of susceptibility to bacteraemia caused by S. pneumoniae in Kenya. The Kenyan

association analysis results were part of a GWAS analysis performed by Dr. Anna

Rautanen. This study is part of the Wellcome Trust Case Control Consortium 2,

and further information about the sample collection can be found in Materials and

methods section 2.1. Top associating SNPs were prioritised based on p-value and

added to the list of SNPs for Sequenom assay design.

5.3.5 Collaborative GWAS comparison

Thomas Benfield’s group (Department of Infectious Diseases and Clinical Research

Centre, Hvidovre University Hospital, Denmark) have also performed a GWAS for

susceptibility to IPD in Danish children with pneumococcal meningitis (unpublished
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Genotyped samples 

342 cases 1390 controls 

1390 controls 

Call rate <98% 
0 controls 

293 cases 

Call rate <98% 
49 cases 

1390 controls 

Gender problems 
0 controls 

1388 controls 

Relatedness $ 
2 controls 

1388 controls 

MDS ¥ outliers 
0 controls 

1296 controls 

Heterozygosity >0.304 
or <0.29 ¤ 

92 controls 

1296 controls 

No consent 
0 controls 

286 cases 

Gender problems 
7 cases 

286 cases 

Relatedness$ 

0 cases 

277 cases 

MDS¥ outliers 
9 cases 

270 cases 

Heterozygosity 
>0.283¤  
7 cases 

267 cases 

No consent 
3 cases 

Figure 5.1: GAinS CAP sepsis GWAS sample QC procedures for cases and controls.
$ When the proportion identical by state ≥ 0.2 between samples, one of each pair of
samples was removed for high levels of relatedness. U MDS: multi-dimensional scal-
ing. MDS components were compared (component 1 vs. component 2, component 1 vs.
component 3, component 1 vs. component 4 and component 3 vs. component 4) and
any outliers in any comparison were removed from the analysis. ¤ Samples with high
and low heterozygosity usually have low call rate. High heterozygosity implies contam-
ination of the sample, and low heterozygosity can be a sign of uneven amplification
of alleles following whole-genome amplification. Heterozygosity thresholds were chosen
based on plots of heterozygosity against missingness.
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Genotyped SNPs 

440794 in cases 900120 in controls 

896748 in controls 

Call rate <98% 
3372 in controls 

410434 in cases 

Call rate <98% 
30360 in cases 

866902 in controls 

HWE < 1x10-10 

29846 in controls 

734432 in controls 

MAF < 0.01 
132470 in controls 

734359 in controls 

734359 in controls 

No strand information 
0 in controls 

Overlapping SNPs in cases and controls 
337823 

410410 in cases 

HWE < 1x10-10 

24 in cases 

355906 in cases 

MAF < 0.01 
54504 in cases 

353361 in cases 

Call rate < 99% when 
0.01<MAF<0.05 

2545 in cases 

352958 in cases 

No strand information 
403 in cases 

Call rate < 99% when 
0.01<MAF<0.05 

73 in controls 

Figure 5.2: GAinS CAP sepsis GWAS SNP QC procedures for cases and controls. An
additional 24 SNPs among the top hits were removed after inspection of the genotyping
cluster plots. HWE=Hardy Weinberg Equilibrium. MAF=Minor Allele Frequency.
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Figure 5.3: GAinS CAP sepsis GWAS multi-dimensional scaling (MDS) plot for the
first two components, showing cases and controls. NegC1 is the inverse of the first
component, and negC2 is the inverse of the second component.
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Figure 5.4: GAinS GWAS QQ plot

Figure 5.5: GAinS GWAS Manhattan plot
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Figure 5.6: GAinS CAP sepsis GWAS regional association plots for the five best
looking peaks in loci identified from the GAinS CAP sepsis GWAS. P-values (as -
log10 values) are plotted as a function of genomic position (with NCBI Build 36). The
SNP with the most significant p-value in each region is shown as a blue diamond, and
its p-value is shown. Other SNPs are coloured based on their r2 with the top SNP, as
calculated with PLINK from GWAS data (red: r2 ≥ 0.8; orange: 0.5 ≤ r2 < 0.8; yellow:
0.2 ≤ r2 < 0.5; white: r2 < 0.2). Estimated recombination rates are plotted in pale
blue (as taken from HapMap). Genes within the region of the hit SNPs are labelled
and the direction of transcription for each gene is indicated by the corresponding green
arrow.
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data). The top 500 hits from this GWAS were compared with all hits in the meta

analysis of IPD and GAinS CAP sepsis that had p-values less than 0.05 (approxi-

mately 10,000 SNPs). The three GWAS had been performed with different chips,

and there were no overlapping SNPs between the two lists. Therefore, the genes as-

sociated with SNPs in both lists were compared, and any overlapping genes from the

two GWAS were considered further. There were 195 genes associated with Thomas

Benfield’s SNPs and 70 of these are found in both lists. All genes where at least

two SNPs (one from each screen) were found with D’ linkage disequilibrium (LD)

>0.8 and where both SNPs had p-values <0.01 were considered further. The best

associating SNPs in these regions from either screen, and non-synonymous SNPs in

high LD with these SNPs were added to the list of SNPs for Sequenom assay design.

5.3.6 Candidate gene SNPs

Candidate gene SNPs which have shown associations previously in the Hill group

(Wellcome Trust Centre for Human Genetics, University of Oxford, UK) in severe

bacterial infection sample sets were selected and prioritised based on the strength

and significance of the association previously seen. In addition, a selection of other

SNPs which had shown associations in bacterial infection or autoimmune sample sets

in the literature were also considered. This list was added to the list of SNPs for

Sequenom assay design.

5.3.7 Literature review for viral candidate SNPs

Microbiological characterisation of each GRACE sample showed that a much higher

than anticipated fraction of the individuals had a LRTI caused by a virus (45%).

Therefore, a literature review was undertaken to identify viral candidate SNPs of

interest to genotype in the GRACE samples. Genetic association studies for viral

infection were searched for using PubMed, and a list of SNPs which associate with
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viral infection was compiled. HIV infection associations were not included, as the

biology of HIV infection is very different to that of viral LRTI. These SNPs were

prioritised based on the number of samples in the study, the number of different

studies which had shown an association with the SNP in the same direction, the

significance and strength of the association seen, and whether there were other studies

which showed a lack of association with the SNP. This list was added to the list of

SNPs for Sequenom assay design.

5.4 Assay design for genotyping candidate SNPs

in GRACE

A list of SNPs to try to genotype was created for Sequenom iPLEX assay design

based on the seven procedures detailed above (section 5.3). In theory, a maximum of

40 SNPs can be multiplexed in a Sequenom iPLEX assay. A preliminary assay of 27

SNPs was designed using candidate gene SNPs (section 5.3.6), and top hits from the

IPD GWAS (section 5.3.1). Subsequently, all other SNPs on the list were considered

for the design of two further assays. Top priority SNPs (the SNPs with the lowest

p-values from each procedure described above) were used to generate two assays

containing as many SNPs as possible. Further SNPs were then added to these assays,

in order of priority (again based on p-values from each procedure above), until two

assays contained as many SNPs as possible, with as many top priority SNPs included

as possible. Table 5.2 lists all SNPs included in the assays, the assay they were

included in, the gene associated with the SNP and why the SNP was chosen to be

genotyped in GRACE. There were 93 SNPs genotyped in 67 genes, of which 12 failed

genotyping QC and could not be analysed. Sequenom genotyping was performed by

Genomics Services in the Wellcome Trust Centre for Human Genetics, Oxford.
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Table 5.2: All SNPs genotyped by Sequenom in the GRACE cohort, including associated
genes, and why each SNP was chosen for genotyping. SNPs shown in brackets are those
which could not be analysed due to bad clustering in Sequenom genotyping or failure to
pass QC. SNPs labelled as being shortlisted from ‘IPD GAinS KBpneumo meta analysis’
are those from the meta analysis of the IPD GWAS, GAinS CAP sepsis GWAS and Kenyan
pneumococcal bacteraemia GWAS. Candidate gene SNPs are listed with a reference for
the publication which has shown an association for the same SNP, or list which infectious
disease has shown a preliminary association in the Hill group. SNPs chosen based on the
viral literature review list the reference associated with the previous study showing the best
association. Where no gene is present in the region, the chromosome and base pair position
are given in the format chromosome:base pair position.

SNP Associated gene(s) Assay SNP shortlisted from

rs10991437 ABCA1 2 IPD GWAS

rs17079516 CSMD1 2 IPD GWAS

rs17390811 CSMD1 2 IPD GWAS

rs12545740 DUSP26, RNF122 1 IPD GWAS

rs2898575 EMID2 1 IPD GWAS

rs6963365 EMID2 1 IPD GWAS

rs6947185 EMID2 3 IPD GWAS

rs4693264 FAM190A 1 IPD GWAS

rs12040948 IL19 1 IPD GWAS

(rs11119602) IL19 1 IPD GWAS

rs2317280 KHDRBS3 2 IPD GWAS

(rs6578241) KHDRBS3 1 IPD GWAS

rs9508811 MPHOSPH8 1 IPD GWAS

(rs2112626) ODZ2 2 IPD GWAS

(rs4802515) RYR1 2 IPD GWAS

rs10142146 SLC24A4 3 IPD GWAS

rs9296536 TNFRSF21 1 IPD GWAS

rs485861 TRERF1 2 IPD GWAS

Continued on next page
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SNP Associated gene(s) Assay SNP shortlisted from

rs4714591 TRERF1 3 IPD GWAS

rs9966505 ZNF521 1 IPD GWAS

(rs6953653) 7:89637017 3 IPD GWAS

rs6041512 20:12630784 2 IPD GWAS

(rs9995416) GABRA4, COX7B2 3 GAinS CAP sepsis GWAS

rs2760549 MACROD2, KIF16B 3 GAinS CAP sepsis GWAS

rs12278965 NELL1 2 GAinS CAP sepsis GWAS

rs7992703 SAP18, MRP63,

SKA3

2 GAinS CAP sepsis GWAS

rs9580025 SAP18, MRP63,

SKA3

2 GAinS CAP sepsis GWAS

rs17167808 SLC35B4, LRGUK 3 GAinS CAP sepsis GWAS

rs293489 UBE3D, DOPEY1 3 GAinS CAP sepsis GWAS

rs2484714 WDR65, TMEM125,

EBNA1BP2

2 GAinS CAP sepsis GWAS

rs4607596 8:78902651 3 GAinS CAP sepsis GWAS

rs16906665 8:80186148 2 GAinS CAP sepsis GWAS

rs10124357 9:79429800 3 GAinS CAP sepsis GWAS

rs10508857 10:37304120 2 GAinS CAP sepsis GWAS

rs1395513 12:58386125 3 GAinS CAP sepsis GWAS

rs704582 CMSS1, FILIP1L 2 IPD GAinS meta analysis

rs1416079 1:83097138 3 IPD GAinS meta analysis

rs10171575 2:52844226 3 IPD GAinS meta analysis

rs2062848 3:6132954 2 IPD GAinS meta analysis

rs11762595 7:8366512 3 IPD GAinS meta analysis

Continued on next page
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SNP Associated gene(s) Assay SNP shortlisted from

rs10238794 7:31215377 3 IPD GAinS meta analysis

(rs10508347) 10:8232422 3 IPD GAinS meta analysis

rs1938859 11:101547723 2 IPD GAinS meta analysis

(rs1431310) 17:54111270 2 IPD GAinS meta analysis

rs3778348 HSF2 3 IPD GAinS KBpneumo meta analysis

rs1003845 SPOCK1 2 IPD GAinS KBpneumo meta analysis

rs1434642 SPOCK1 2 IPD GAinS KBpneumo meta analysis

rs11726723 4:26456267 3 IPD GAinS KBpneumo meta analysis

rs13107432 4:143444744 2 IPD GAinS KBpneumo meta analysis

rs554531 10:8201728 3 IPD GAinS KBpneumo meta analysis

rs9989461 17:10216686 3 IPD GAinS KBpneumo meta analysis

rs497116 CASP12 1 Candidate: preliminary evidence of

association in bacteraemia

rs414171 CISH 1 Khor et al. (2010)

rs622502 CISH 1 Khor et al. (2010)

rs2239751 CISH 1 Khor et al. (2010)

rs6768330 CISH 1 Khor et al. (2010)

rs148685070 CISH 1 Khor et al. (2010)

rs35337543 IFIH1 3 Nejentsev et al. (2009)

rs35667974 IFIH1 3 Nejentsev et al. (2009)

rs12006030 LCN2 3 Candidate: preliminary evidence of

association in IPD

rs3138053 NFKBIA 1 Chapman et al. (2007)

rs529948 NFKBIE 1 Chapman et al. (2007)

rs600718 NFKBIZ 1 Chapman et al. (2009)

Continued on next page
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SNP Associated gene(s) Assay SNP shortlisted from

rs616597 NFKBIZ 1 Chapman et al. (2009)

rs2476601 PTPN22 1 Chapman et al. (2006)

rs8177374 TIRAP 1 Khor et al. (2007)

rs5743551 TLR1 1 Candidate: preliminary evidence of

association in IPD

rs5743595 TLR1 1 Dixon et al. (2007)

rs4986791 TLR4 1 Yuan et al. (2008)

rs137992076 TLR6 1 Candidate: preliminary evidence of

association in IPD

(rs760477) TONSL 1 Chapman et al. (2010b)

rs8034191 AGPHD1 3 Pillai et al. (2009)

rs7671167 FAM13A 2 Cho et al. (2010)

rs601338 FUT2 2 Thorven et al. (2005)

rs1828591 HHIP 3 Pillai et al. (2009)

(rs10757212) IFNA5 2 Janssen et al. (2007)

(rs643070) IFNA13 2 Janssen et al. (2007)

rs2430561 IFNG 3 Gentile et al. (2003)

rs1800872 IL10 2 Janssen et al. (2007)

(rs12979860) IL28B 2 Thomas et al. (2009)

rs1800795 IL6 2 Doyle et al. (2010)

rs2071430 MX1 2 He et al. (2006)

rs2660 OAS1 3 Knapp et al. (2003)

rs731236 VDR 2 Janssen et al. (2007)

rs10735810 VDR 2 Janssen et al. (2007)

rs4263503 ADAMTS12 3 Collaborative GWAS comparison

Continued on next page
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SNP Associated gene(s) Assay SNP shortlisted from

rs4504387 ADAMTS12 2 Collaborative GWAS comparison

rs6481955 C10orf112 3 Collaborative GWAS comparison

rs6722763 DGKD 2 Collaborative GWAS comparison

rs17139769 HDAC9 3 Collaborative GWAS comparison

rs734784 KCNS1 3 Collaborative GWAS comparison

rs10964832 IFNB1 3 T. Benfield most replicating in IPD

5.5 Quality control for Sequenom SNP genotyping

data

Cluster plots were checked for every SNP and for every plate of samples genotyped.

Any badly clustering SNPs were removed from the analysis. Figure 5.7 shows some

examples of the best and worst clustering SNPs. Table 5.3 shows the number of

SNPs and samples removed from the analysis during each step of the QC procedure,

for each assay. Unlike in a GWAS analysis, with relatively few SNPs genotyped

in this study, it was impossible to analyse population stratification in the dataset.

Individuals could only be removed based on self-assessed ethnicity. All QC and data

analysis was performed using PLINK (Purcell, 2012; Purcell et al., 2007).

5.6 Subgroup analyses

Genotyping was completed on the approximately 3000 GRACE LRTI cases and 3000

matched controls. Many subgroups were analysed within the GRACE cohort. Table

5.4 lists the subgroups which were analysed, and the number of cases and controls

included in each subgroup analysis for each assay (since QC was performed separately
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Figure 5.7: Examples of very good cluster plots: one rarer SNP and one common (top
panels), and very bad cluster plots (bottom panels) which demonstrate bad genotyping
and cannot be used as reliable genotype calls
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Table 5.3: A summary of the number of samples and SNPs removed before analysis
of GRACE genotyping data, and for what reason.

Sample removal

Assay 1 Assay 2 Assay 3

Number of samples genotyped 5869 5869 5869
Ethnicity 254 254 254
Duplicate 16 16 16

Bad sample 9 9 9
Genotyping rate < 80% 56 140 179

Number of samples remaining 5534 5450 5411

SNP removal

Assay 1 Assay 2 Assay 3

Number of SNPs genotyped 27 34 32
Genotyping rate <90% 3 4 3

HWE <9x10−4 2 0 0

Number of SNPs analysed 22 30 29
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for each assay, each analysis contained slightly different individuals).

Table 5.4: The subgroups analysed in the GRACE study, with the number of cases
and controls in each subgroup for each assay shown. All analyses except the matched
analysis include country as a covariate.

Assay 1 Assay 2 Assay 3

Analysis Number
of cases

Number
of
controls

Number
of cases

Number
of
controls

Number
of cases

Number
of
controls

Basic case control
analysis

2839 2662 2801 2619 2771 2608

Matched analysis 2407 2407 2346 2346 2306 2306
Consolidation 205 2662 200 2620 197 2609
Recurrent LRTI 847 2662 833 2620 827 2609
Viral 1271 2662 1255 2620 1240 2609
Non-viral 1568 2662 1546 2620 1531 2609
Rhinovirus 533 2662 534 2620 518 2609
Influenza A B 271 2662 269 2620 266 2609
Coronavirus 199 2662 195 2620 194 2609
Rhinovirus, smoking
as covariate

533 2655 534 2613 518 2603

Rhinovirus, smokers 223 596 224 585 212 582
Rhinovirus,
non-smokers

310 2059 310 2028 306 2021

Case control, smoking
as covariate

2838 2655 2800 2612 2770 2602

Case control, smokers 799 596 788 585 770 582
Case control,
non-smokers

2039 2059 2012 2027 2000 2020

Haemophilus influenzae 176 2662 175 2620 170 2609
Streptococcus
pnuemoniae

155 2662 148 2620 145 2609

H. influenzae and
S. pneumoniae

306 2662 298 2620 291 2609

Samples positive for
bacteria in sputum or
nasopharangeal swab

393 2662 384 2620 378 2609

5.6.1 Viral analysis

Table 5.5 lists the numbers of viral positive cases and controls for all viruses identified

in individuals in the GRACE project. Those viruses with more than 200 cases were

analysed separately as a subgroup on their own. Only the viruses that were overrep-

124



CHAPTER 5. GRACE: GENETIC SUSCEPTIBILITY TO MILD LRTI

resented among cases compared to controls were combined for the viral analysis.

Table 5.5: Viruses identified in GRACE cases and controls. Viruses indicated with a
* are those included in the viral analysis.

Virus
Number of
cases virus
positive

Number of
controls virus
positive

* Rhinovirus 586 72
* Parainfluenza virus (PIV) 73 8
* Human metapneumovirus (hMPV) 126 3
* Respiratory syncytial virus (RSV) 143 11
* Influenza A and B 299 6
* Coronavirus 208 27

Adenovirus 38 24
Bocavirus 13 16
WU (Washington University) 45 39
KI (Karolinska Institute) 27 17

5.6.2 Bacterial analysis

Four bacterial subgroups were analysed in GRACE. The only individual bacterial

subgroups considered large enough for analysis on their own were H. influenzae and

S. pneumoniae. Cases with infections caused by these organisms were also combined

for an analysis of susceptibility to H. influenzae and S. pneumoniae. In addition, any

samples positive for any bacteria in a sputum sample or nasopharangeal swab were

combined for the biggest bacterial subgroup (the “all bacterial” group). The bacte-

ria found in GRACE were H. influenzae, S. pneumoniae, Mycoplasma pneumoniae,

Bordetella pertussis, Legionella pneumophila and Chlamydophila pneumoniae.
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5.6.3 Taking smokers into account

When analysing possible confounding factors for this study, a significant difference

in the proportion of smokers between cases and controls was noticed, in particular in

the rhinovirus subgroup. The main difference between cases and controls was in the

proportion of current smokers. Therefore, all non-smokers and all individuals that had

smoked in the past were grouped together as non-current smokers. Table 5.6 shows

p-values and odds ratios for the association between smoking status and infection

in the different subgroups within GRACE. Smoking associates with a number of

these groups. The rhinovirus group was large enough that it was possible to reliably

perform analysis of susceptibility to rhinovirus with just current smokers or non-

current smokers in this subgroup. This was also performed for the basic case control

analysis.

Table 5.6: P-values and odds ratios for the association between smoking status (cur-
rent vs. non-current smokers) and infection in different subgroups within GRACE

Group p-value OR

Basic case control 5 x 10−7 1.358
Matched analysis 8.5 x 10−7 1.376
Consolidation 0.005 1.537
Recurrent 6.3 x 10−7 1.543
Viral 9 x 10−8 1.50
Non-viral 0.002 1.248
Rhinovirus 2 x 10−19 2.485
Influenza A and B 0.355 1.068
Coronavirus 0.078 1.287
All bacterial 2 x 10−4 1.547
H. influenzae 0.02 1.453
S. pneumoniae 0.001 1.749
H. influenzae and S. pneumoniae 0.001 1.560
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5.7 Results

As 81 SNPs were analysed in 65 different genes, a Bonferroni corrected p-value of

7.7x10−4 (0.05/65) was considered to be statistically significant. All such results are

presented in table 5.7 and below.

5.7.1 MPHOSPH8 gene region association

The SNP which associates across the most GRACE subgroups is rs9508811 in the

gene MPHOSPH8 (table 5.8). This SNP was one of the top hits from the IPD GWAS

(p=4.3x10−5). In GRACE, this SNP associates with viral and rhinovirus infections,

and has the lowest p-value (2.3x10−4) in the rhinovirus analysis with smoking as a

covariate. Although the association is seen in all individuals with rhinovirus infection,

it is clear that this SNP is more important in non-current smokers, as the highest

odds ratio was seen in this subgroup, while the association was not significant in the

current smokers group.

Figure 5.8 shows the linkage disequilibrium (LD) between rs9508811 and the sur-

rounding SNPs, as calculated from the 1000 Genomes project. This figure implicates

three possible causal genes for this association, since the high LD around the top

SNP is so extensive. Fine-mapping was performed with the aim of narrowing down

the association region (see section 5.8).

5.7.2 IL6 gene association

Table 5.9 shows the association of the IL6 -174 promoter polymorphism SNP

(rs1800795) with different subgroups in GRACE, the most significant of which is

in the analysis of smokers with LRTI. This IL6 SNP was chosen for genotyping

based on two studies showing an association between genotype and illness severity in

respiratory syncytial virus (RSV) (Gentile et al., 2003) and rhinovirus (Doyle et al.,
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Figure 5.8: A linkage disequilibrium (LD) plot for SNPs with GRACE top SNP
rs9508811 using data from the 1000 Genomes project. Each orange diamond represents
a SNP, with the SNP of interest as the largest orange diamond. The y-axis represents
the r-squared measure of LD with the top SNP. Each diamond’s horizontal location is
defined by its position on chromosome 13 (x-axis). Pale blue lines on the graph denote
the recombination rate as shown by the right hand y-axis. Genes are shown with green
arrows to denote the direction of transcription. All data are from the 1000 Genomes
CEU (individuals from Utah, USA of European descent) data pilot 1, and the plot was
made using SNAP (Johnson et al., 2008)
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Table 5.8: rs9508811 SNP associations for various subgroups in the GRACE samples.
Odds ratios (OR) are for the minor allele A.

Subgroup p-value OR
Case control analysis 0.00464 1.142
Matched analysis 0.00700 1.143
Viral analysis 0.000681 1.220
Non-viral analysis 0.1606 1.082
Rhinovirus analysis 0.000292 1.332
Rhinovirus, smoking as covariate 0.000228 1.346
Rhinovirus, smokers only 0.0879 1.270
Rhinovirus, non-smokers only 0.000546 1.411
Case control, smoking as covariate 0.00335 1.149
Case control, smokers only 0.631 1.047
Case control, non-smokers only 0.00165 1.187

2010) infection. The original studies showed an association in the recessive test for

this SNP. In GRACE, the effect size was greater in the recessive test than the allelic

test (OR=1.74 in the rhinovirus smokers subgroup), although the association was less

significant (p=0.0056 in the rhinovirus smokers subgroup).

Table 5.9: SNP associations for rs1800795 in IL6 with different subgroups within
GRACE. OR is the odds ratio for the minor allele C.

All Smokers All non-smokers Rhinovirus smokers Rhinovirus non-smokers

p-value 0.000273 0.7882 0.000932 0.02956
OR 1.344 0.9877 1.468 0.8193

5.7.3 SAP18 gene region association

Two SNPs in the SAP18 gene region were genotyped in the GRACE samples because

these SNPs had two of the lowest p-values seen in the GAinS CAP sepsis suscepti-

bility GWAS (regional association plot shown in figure 5.9). The causal gene for this

association is unclear, as there are three genes in the region, any of which could be

responsible for the signal given the high LD in the region, as shown in figure 5.10.
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Figure 5.9: A regional association plot for the association seen in the GAinS CAP
sepsis susceptibility GWAS for SNPs in the SAP18 gene region. P-values (as -log10
values) are plotted as a function of genomic position (with NCBI Build 36). The SNP
with the most significant p-value is shown as a blue diamond, and its p-value is shown.
Other SNPs are coloured based on their r2 with the top SNP, as calculated with PLINK
from GWAS data (yellow: 0.2 ≤ r2 < 0.5; white: r2 < 0.2). Estimated recombination
rates are plotted in pale blue (as taken from HapMap). Genes within the region of the
hit SNP are labelled and the direction of transcription for each gene is indicated by
the corresponding green arrow. The three genes in the region are SAP18, C13orf3 and
MRP63.
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Figure 5.10: A linkage disequilibrium (LD) plot for SNPs with GRACE top SNP
rs7992703 using data from the 1000 Genomes project. Each orange diamond represents
a SNP, with the SNP of interest as the largest orange diamond. The y-axis represents
the r-squared measure of LD with the top SNP. Each diamond’s horizontal location is
defined by its position on chromosome 13 (x-axis). Pale blue lines on the graph denote
the recombination rate as shown by the right hand y-axis. Genes are shown with green
arrows to denote the direction of transcription. All data are from the 1000 Genomes
CEU (individuals from Utah, USA of European descent) data pilot 1, and the plot was
made using SNAP (Johnson et al., 2008)
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Table 5.10 shows p-values and odds ratios for different subgroups for the two SNPs

in this gene region that were genotyped in GRACE samples. The top SNP shows a

significant association with susceptibility to LRTI but, like the IL6 SNP, only among

smokers. Like in IL6, this association is more significant in the analysis of all infection

in smokers, but the odds ratio is stronger in the samples with rhinovirus infection

that smoke.

Table 5.10: SNP associations for two SNPs in the SAP18 gene region with different
subgroups within GRACE. OR is the odds ratio for the minor allele.

SNP All smokers All non-
smokers

Rhinovirus
smokers

Rhinovirus
non-
smokers

rs7992703 p-value 0.000717 0.8901 0.003007 0.1097
OR 1.579 1.01 1.779 0.7745

rs9580025 p-value 0.04404 0.3403 0.04819 0.1914
OR 1.22 0.9487 1.32 0.8658

Since this association pattern is so similar to that seen in IL6, a pairwise epis-

tasis analysis was performed using PLINK (Purcell, 2012; Purcell et al., 2007) to

investigate whether the effects of the SNP in IL6 and those in the SAP18 gene re-

gion complement each other. There was no significant epistatic association when just

smokers were included in the analysis. When all individuals were included there was

a statistically significant epistatic association result (p=3.2x10−5) for the IL6 SNP

and the rs9580025 SNP in the SAP18 gene region, but not with rs7992703.

The genes in this region are SAP18 (sin3A associated protein, 18kDa), MRP63

(mitochondrial ribosomal protein 63) and C13orf3 (also known as SKA3 ; spindle and

kinetochore associated complex subunit 3).
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5.7.4 EMID2 gene region association

Three SNPs in the EMID2 gene region were genotyped in GRACE as they were top

hits in the IPD GWAS. These SNPs did not reach the Bonferroni corrected p-value

threshold of 7.7x10−4 (considered significant after correction for 65 genes in GRACE)

in any subgroup. However, two of the SNPs (rs2898575 and rs6963365) did associate

with p-values at the 10−3 level in bacterial subgroups (see table 5.11). Therefore,

a meta analysis was performed for the two bacterial subgroups most similar to the

phenotype in the IPD GWAS. The results of this analysis are also shown in table

5.11.

Table 5.11: Association analysis and meta analysis results for IPD GWAS and
GRACE bacterial subgroups for three SNPs genotyped in the EMID2 gene region.
OR is the odds ratio for the reference allele.

Analysis SNP Reference
allele

p-value OR

IPD
rs2898575 G 1.9x10−5 1.506
rs6963365 A 6.08x10−6 1.543
rs6947185 C 3.37x10−6 1.571

GRACE S. pneumoniae
rs2898575 G 0.08433 1.226
rs6963365 A 0.05386 1.255
rs6947185 C 0.3811 1.116

GRACE H. influenzae
and S. pneumoniae

rs2898575 G 0.009094 1.253
rs6963365 A 0.007946 1.258
rs6947185 C 0.3202 1.095

Meta analysis of IPD and
GRACE S. pneumoniae

rs2898575 G 1.16x10−5 1.388
rs6963365 A 2.46x10−6 1.421
rs6947185 C 2.93x10−5 1.381

Meta analysis of IPD and
GRACE H. influenzae
and S. pneumoniae

rs2898575 G 1.76x10−6 1.361
rs6963365 A 6.15x10−7 1.378
rs6947185 C 0.000106 1.295
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5.7.5 Association between associating SNPs and smoking

Since the main findings of this study have been shown to associate with infection in

only smokers or ony non-smokers, it is important to assess whether these SNPs are

in fact associated with smoking itself. Therefore, I analysed these SNPs for current

smokers compared to non-current smokers. The results of this analysis are shown in

table 5.12. These analyses were non-significant for all three SNPs.

Table 5.12: Analysis was performed for the associating SNPs and susceptibility to
smoking, with current smokers labelled as cases and non-current smokers labelled as
controls. Country was used as a covariate for this analysis.

SNP Gene/s in
SNP region

P value OR

rs9508811 MPHOSPH8 0.2863 0.9422
rs1800795 IL6 0.34 1.045
rs7992703 SAP18, MRP63,

C13orf3
0.1511 1.112

5.8 MPHOSPH8 fine-mapping

5.8.1 Choosing SNPs for fine-mapping

Fine-mapping was performed with the aim of narrowing down the MPHOSPH8 as-

sociation region. In order to economically fine-map such a large region, SNPs to

genotype were chosen very carefully. To be sure of including every possible SNP in

the region which could be the cause of the association, a list was made of all SNPs

in the region from 18380-19440kb on chromosome 13 (3812 SNPs in 1000 Genomes).

SNPs were chosen for genotyping which were in medium LD (r2>0.2 when D’>0.8

or r2>0.5) with the top SNP rs9508811 and SNP rs9508887 (which was almost as

significant in the IPD GWAS). The r2 LD between these SNPs is 0.95. This list was

then filtered by the following criteria:
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1. Keep all SNPs in r2>0.2 when D’>0.8 or r2>0.5 with rs9508811 and rs9508887

2. Remove SNPs genotyped in the IPD GWAS which were less significant than

the two hit SNPs

3. Remove SNPs which are in higher LD with non-associating IPD GWAS SNPs

than with rs9508811 or rs9508887

4. Remove SNPs which are in complete (r2=1) LD with each other

5. Remove rare SNPs from the list (MAF<0.05)

This list of 121 SNPs was then prioritised by their LD with the hit SNP. Then

two assays were designed to include as many of these SNPs as possible. When a SNP

could not fit into the iPLEX, one of the SNPs in complete LD with it was tried,

until all possibilities were used up. Finally, all remaining SNPs left after the first

removal criteria in the list above were tried, to have as many SNPs as possible in the

designed iPLEXes. The final design included 44 SNPs which fit into two iPLEXes for

genotyping.

5.8.2 Sequenom fine-mapping genotyping analysis

Rhinovirus cases (540) and a similar number (576) of controls (most were matched

to the cases) were genotyped for the chosen SNPs using Sequenom. Following cluster

plot, sample and SNP QC for the genotyping data (see section 2.3.5.5), analysis was

performed using PLINK (Purcell, 2012; Purcell et al., 2007). Analysis was also per-

formed again for the genotypes of rs9508811 using only the samples used in this fine-

mapping study. As fewer controls were genotyped in fine-mapping than in the original

study, the p-value for rs9508811 is less significant than originally seen (p=0.011 rather

than p=0.000292). The effect size for this SNP (OR=1.298) is, however, very sim-
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ilar to what was seen with the full control set (OR=1.332). Figure 5.11 shows the

association results for this and the other genotyped SNPs in the fine-mapping.

 

Figure 5.11: Regional association plot for fine-mapping of SNPs around rs9508811 in
the MPHOSPH8 gene. Association results are for susceptibility to rhinovirus infection
in mild LRTI in Europe. SNP rs9508811 is indicated by a large red diamond.

There are four SNPs in this fine-mapping analysis with a lower p-value than

rs9508811. All these SNPs also had stronger odds ratios than rs9508811, and not

all of them were found in the MPHOSPH8 gene. The highest OR was seen with

rs117170334 (OR=1.88), which is located in the TPTE2 (transmembrane phospho-

inositide 3-phosphatase and tensin homolog 2) gene, therefore implicating another

possible functional gene association. In order to attempt to pinpoint the functional

variant for this association, imputation was performed.
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5.8.3 Imputation of more SNPs

Imputation was performed for a 1Mb region around the fine-mapped SNPs, using

IMPUTE v2.2 (Howie et al., 2009). Further details about this method can be found

in Materials and methods section 2.3.5.5. Association analysis was then performed

for 13183 SNPs using SNPTEST. SNPs were filtered for minor allele frequency (8984

were removed for MAF<0.01), the control Hardy Weinberg equilibrium p-value (none

were removed for p<1x10−10) and for the proper info value (3718 SNPs were removed

for info<0.8). Figure 5.12 shows the association results from imputation using this

cleaned set of SNPs. None of the imputed SNPs are more significant that any of the

genotyped SNPs.

 

Figure 5.12: Association plot for genotyped (black) and imputed (red) SNPs in the
MPHOSPH8 region. Genetic position (NCBI build 37) on chromosome 13 is shown on
the x axis, and -log10 p-value (NEGP) on the y-axis. The SNP rs9508811 is indicated
by a pale blue dot.
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5.9 Discussion

The aim of this study was to identify SNPs which associate with lower respiratory

tract infections (LRTIs) in Europe. The results of a large Europe-wide study analysing

associations between 81 SNPs and LRTI are presented here. Statistically significant

(after correction for the 65 genes studied) associations were found in three different

gene regions, and one additional association can be considered as replication of the

results of a GWAS for susceptibility to IPD.

The lowest observed p-value (2.3x10−4) in this study was for the SNP rs9508811 in

the MPHOSPH8 gene region (table 5.8), in an analysis of susceptibility to rhinovirus

infection with smoking as a covariate. This SNP showed the highest odds ratio (1.411)

in the rhinovirus subgroup with only non-smokers included. In order to narrow down

the region of association, and determine the causal gene, fine-mapping followed by

imputation was performed. However, this was unsuccessful in determining a causal

gene, and if anything, the associating region was shown to be even larger than initially

suspected (figure 5.11).

There are four genes in the MPHOSPH8 region; MPHOSPH8 itself (M-phase

phosphoprotein 8), TPTE2 (transmembrane phosphoinositide 3-phosphatase and tensin

homolog 2), PSPC1 (paraspeckle component 1) and ZMYM5 (zinc finger, MYM-type

5). At first glance, none of these genes seem to be of particular interest in terms of sus-

ceptibility to rhinovirus infection in mild LRTI. However, MPHOSPH8 is expressed

more highly in CD4+ and CD8+ T-cells than in any other cell type, which implicates

its importance in the immune response. In addition, MPHOSPH8 has been shown to

mediate E-cadherin gene silencing (Kokura et al., 2010).

E-cadherins are important adhesion molecules that contribute to the structural

and immunological function of the airway epithelium (Nawijn et al., 2011). The air-

way epithelium is an important defence against invading microbial pathogens. Rhi-

novirus infection has been shown to significantly reduce the mRNA levels, protein
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levels and expression levels of E-cadherin in primary cultured nasal epithelial cells

(Yeo and Jang, 2010), which would certainly affect the immunological function of the

airway epithelium. Interestingly, cigarette smoke has also been shown to decrease

E-cadherin expression (Liu et al., 2010). With this potential joint alteration in the

function of E-cadherins by rhinovirus and by the MPHOSPH8 gene (and an effect

of cigarette smoke), it seems likely that the MPHOSPH8 gene is most likely the

causal gene for this association result. A recent GWAS for susceptibility to malaria

identified an associating SNP close to the gene for another adhesion molecule; the

tight-junction protein MARVELD3 (Timmann et al., 2012). It is therefore possible

that adhesion molecules in general may be involved in susceptibility to a range of

infectious diseases.

The strongest odds ratio observed for any SNP associating to a statistically

significant level after correction for the 65 genes studied was 1.579 for a SNP in

the SAP18 gene region (table 5.10), for the case control analysis just including

smokers (p=7.2x10−4). A SNP in IL6 also associated strongly with this subgroup

(p=2.7x10−4, OR=1.344) (table 5.9). Interestingly, both these SNPs showed associ-

ations with stronger odds ratios (though the association in the SAP18 SNP was not

significant after correction) in the rhinovirus subgroup which only included smokers.

In addition, an epistasis analysis of the two SNPs showed no association when just

smokers were included, nor when all samples were included. However, an epistasis

analysis of all samples for the IL6 SNP and another SNP in the SAP18 gene region

did show a highly significant association (p=3.2x10−5). Although it is difficult to

dissect this result, it certainly shows that there is something of interest in these two

genes in relation to susceptibility to lower respiratory tract infections.

The genes in the SAP18 region are SAP18 (sin3A associated protein, 18kDa),

MRP63 (mitochondrial ribosomal protein 63) and SKA3 (spindle and kinetochore

associated complex subunit 3). The LD in this gene region is very high (figure 5.10),
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and so in anticipation of the same result as that from the MPHOSPH8 fine-mapping,

fine-mapping was not performed for this association result. SAP18 seems to be the

most likely candidate gene in this gene region. Whole genome expression profiling

analyses in Drosophila melanogaster embryos showed differentially expressed genes

in dsap18 mutants compared to embryos with a dsap18 transgene in the mutant

background. Many of these downregulated genes are involved in the immune response.

It was also shown that dsap18 mutant flies were more susceptible to fungal infection

by Aspergillus fumigatus but not to Escherichia coli or Micrococcus luteus bacteria

(Costa et al., 2011). In addition, another study showed that SAP18 directly binds to

INI1 in yeast, in vitro and in vivo. INI1 is a component of the SWI/SNF complex,

which interacts with HIV-1 IN, a virally encoded protein required for integration of

viral cDNA into host chromosomes. SAP18 also binds to IN itself in vitro and in

vivo. SAP18 is a component of the Sin3a-HDAC1 complex, and incorporation of an

inactive mutant of HDAC1 was shown to decrease infectivity of HIV-1 (Sorin et al.,

2009). Although these results are not directly applicable to the findings presented

here, they do show that it is plausible that SAP18 is involved in susceptibility to

mild LRTI. It is not clear why the original associations observed with SAP18 SNPs

should only occur in smokers within GRACE, however.

Since the IL6 SNP was a viral candidate chosen based on previous studies for

infectious disease, there is no need to hypothesise its role in infection. IL6 is a proin-

flammatory cytokine involved in innate and adaptive immunity (Abbas and Lichtman,

2005; Foster et al., 2000). The genotyped SNP is found in the promoter region of the

IL6 gene, and has been linked to the plasma levels of IL6 (Bennermo et al., 2011;

Fishman et al., 1998; Gentile et al., 2003). Smoking has also been shown to determine

plasma levels of IL6 (Bennermo et al., 2011). Since smoking is a proinflammatory

process which will affect levels of many cytokines (not just IL6), and increases sus-

ceptibility to rhinovirus, it is certainly likely that further modulation of IL6 levels
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is likely to interfere with the balance of cytokines in the body, leading to increased

susceptibility to rhinovirus.

Considering that the IL6 SNP was chosen for genotyping based on studies for

severity of illness, it would be very interesting to be able to study this phenotype in

GRACE. Clinicians in GRACE recorded the presence or absence of 14 symptoms,

and patients filled in a symptom diary (Francis et al., 2012b). However, empirical

data was not routinely collected, so severity of illness could not be accurately analysed

in this dataset.

Two SNPs (rs2898575 and rs6963365) in the EMID2 (EMI domain containing 2)

gene region associated with susceptibility to bacterial LRTI in two subgroups (see

table 5.11). This association was not considered significant after correction for the

65 genes analysed in this study. However, using bacterial subgroups with similar

phenotypes to the discovery sample set for these SNPs (the IPD samples), meta

analysis was performed. The GRACE sample set can therefore act as a replication set

for the IPD study, although the association does not reach genome-wide significance

(p<5x10−8). In this meta analysis, the lowest observed p-value was 6.2x10−7 for

rs6963365 with the GRACE H. influenzae and S. pneumoniae subgroup and the IPD

GWAS data.

It is difficult to say which gene in the region is responsible for this signal, because

of the extensive LD in the region, and since very little is known about the two genes

(EMID2 and RABL5 ). Two different SNPs in the EMID2 gene region (rs4729705

and rs4729707, which associate at the 10−5 level following imputation in the IPD

GWAS) are associated with the expression of CNPY4 (canopy 4 homolog) in B-

cells (Fairfax et al., 2012). CNPY4 regulates the cell surface expression of toll-like

receptor (TLR)4 (Konno et al., 2006) and TLR1 (Hart and Tapping, 2012). Toll-

like receptors are a family of proteins which act as pattern recognition receptors for

microbe-derived molecules and stimulate innate immune responses to these microbes
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(Abbas and Lichtman, 2005). TLR4 recognises ligands from mainly gram-negative

bacteria (Abbas and Lichtman, 2005), and TLR1 recognises cell wall components from

gram-positive bacteria (Hart and Tapping, 2012). H. influenzae is a gram-negative

bacteria and S. pneumoniae is gram-positive. Interestingly, a non-synonymous SNP

in the TLR1 gene (I602S) is a protective allele for tuberculosis and leprosy (Johnson

et al., 2007; Ma et al., 2007; Wong et al., 2010a), and this SNP prevents the cell

surface expression of TLR1. However, TLR1 cell surface expression can be rescued

by knock-down of CNPY4 (Hart and Tapping, 2012). Therefore, CNPY4 plays an

integral role in the innate immune response and could explain the association observed

in the EMID2 gene region.

This is the only genetic study for susceptibility to mild LRTI that I know of.

It is therefore difficult to say whether these findings are likely to be applicable to

individuals outside of Europe. Since I have been unable to fully correct for popula-

tion stratification in the sample set, it is possible that unknown outlying ethnicities

within the dataset are skewing the results, although this is less likely due to the close

matching of controls to cases in this cohort. It is also impossible to say that these are

the only gene regions which associate with susceptibility to LRTI, since I have only

studied a very small number of SNPs. Many of these concerns could be addressed

with further study using this important sample set, studying more SNPs using for

instance a GWAS approach. Unfortunately some of the subgroups within GRACE

(for instance for particular viral infections) are too small to reliably analyse and it

would be very difficult to collect more cases for these subgroups.

This study has identified three novel genetic regions which associate with sub-

groups of LRTI. I have identified two genes/regions (IL6 and the SAP18 gene region)

with SNPs that associate with susceptibility to infection in smokers only, and a gene

region (MPHOSPH8 ) with an unknown causal gene which associates with suscep-

tibility to rhinovirus infection in LRTI overall and in non-smokers, but not current
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smokers. I have performed analysis for the three SNPs in these regions and shown

that these SNPs do not associate with smoking.

I have also replicated a finding from a GWAS for susceptibility to IPD, in a

much milder, related sample set (LRTI caused by S. pneumoniae). It is interesting

to note that each of the associations found was genotyped in GRACE for a different

reason, which shows that choosing many sources of SNPs to genotype in the study

design was effective. It is curious that the MPHOSPH8 association was found with

rhinovirus despite being based on a SNP discovered from a bacterial infection GWAS.

It is possible that this reflects that these mild viral infections predispose to severe

bacterial infection, although this hypothesis is only speculation at this point.

Cold and flu remedies are the second largest over-the-counter category after pain

relief, and reached sales of £428 million in the year 2010-2011 in the UK alone. Cough

remedies account for the largest sales for a single symptom in this category, and have

shown the largest growth of any symptom within the category (nearly twice as high as

the next symptom) (Nielsen, 2011). This, combined with the observation that LRTIs

account for far greater worldwide morbidity than a large collection of infectious and

chronic diseases including breast cancer, type 2 diabetes, hepatitis B and C, malaria,

TB and HIV/AIDS (Rowell et al., 2012), suggest that LRTI is an important disease

to study.

Unfortunately it has not been possible to identify causal genes for some of the as-

sociations found, but functional work could elucidate the causal mechanisms affecting

susceptibility to mild LRTI. In addition, the knowledge that different mechanisms

could make smokers susceptible to mild LRTI could lead to further study to find

the best remedies for smokers and non-smokers separately, thereby improving the

morbidity associated with mild LRTI.

Functional work certainly needs to be undertaken to identify the causal genes

for some of the associations presented here. Further genotyping using the GRACE
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cohort, even including a GWAS scale study would be important for identifying further

genes of interest for susceptibility to mild LRTI, which could then be targeted for

therapy. A GWAS for susceptibility to rhinovirus could be performed first, as this

is the largest homogenous subgroup. This study has acted as proof of principle that

genetic associations with mild disease do exist, and could pave the way for future

work with genetics and mild disease.
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Chapter 6

CAP sepsis susceptibility GWAS

6.1 Introduction

It is likely that genes affecting susceptibility are different to genes affecting outcome

from infectious disease (Petersen et al., 2010), and therefore it is important to study

both survival from and susceptibility to the same diseases. A GWAS has not yet

been performed for susceptibility to sepsis that I know of. Therefore, a project was

undertaken to utilise the genome-wide genotypes from the GenOSept sepsis survival

study, to analyse susceptibility to CAP sepsis.

The process to analyse data in this study of susceptibility to CAP sepsis was

similar to that of a recent study of the genetics of multiple sclerosis (MS). This MS

study utilised GWAS data from MS cases from around the world, and collected GWAS

data for healthy controls from matching countries from different studies. These data

were then combined to analyse susceptibility to MS in 9,772 MS cases and 17,376

controls, at 465,434 SNPs across the genome which were genotyped in all the analysed

cohorts (International Multiple Sclerosis Genetics Consortium et al., 2011).

All community-acquired pneumonia (CAP) cases in the GenOSept study were

used as cases in this study. The GenOSept samples were collected from patients all
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over Europe, and therefore control data were required from the same countries to

study susceptibility. Six healthy control datasets from the control arms of studies

across Europe were used as controls.

6.2 Aim

The aim of this work was to develop a reliable pipeline to combine GWAS datasets

and analyse these for susceptibility to community-acquired pneumonia sepsis.

6.3 Methods

6.3.1 Cohorts for analysis

Table 6.1 lists the cohorts used in this analysis, the chips used to genotype them, and

the number of samples and SNPs in the sample set before and after QC. Details of

QC procedures are given in Materials and methods section 2.4.7. Details of how the

data were processed are given in section 6.3.2 below. Further details for all cohorts are

presented in Materials and methods sections 2.1 and 2.2. Cases were genotyped on

two separate chips. The GenOSept study used the Affymetrix 5.0 chip. This included

individuals from the GAinS study which were separately analysed for susceptibility

to CAP sepsis in the UK in the GRACE study in chapter 5. Additional GAinS study

individuals (the GAinS 2011 study set) were genotyped in 2011 using the Illumina

Omni Express chip, and these are also used as cases in this study.

6.3.2 Pipeline for QC and analysis

All eight cohorts in this study underwent the same QC procedures, to ensure that

all genotyped data were of a high quality. Since the datasets were genotyped on a

range of different GWAS chips, imputation was performed to increase the number of
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SNPs which overlapped between datasets and could be analysed. Figure 6.1 shows

the pipeline used for QC and processing of all cohorts before final QC and analysis.

Further details of procedures for formatting and QC are given in Materials and

methods section 2.4.7. SHAPEIT was used to phase genotyped data, and IMPUTE2.2

was used to impute genotypes for millions of SNPs. Further details about these

processes are also in Materials and methods section 2.4.7.

Insertion/deletions (INDELs) and triallelic SNPs were removed from the sample

sets before analysis. All the data in this study were imputed using a release of the

1000 Genomes data which was discovered to have data quality issues for INDELs and

structural variants. In addition, when using SNPTEST to analyse data with multiple

sample sets such as this, an option must be applied which does not allow the analysis

of variants with the same chromosomal position. In impute output, triallelic SNPs are

presented as two separate SNPs with the same chromosomal location, and INDELs

often have the same chromosomal location as other SNPs.

Details of MDS cleaning and plots are found in section 6.3.3 below.

6.3.3 Multi-dimensional scaling

Due to the way these data have been gathered, it was particularly important to make

sure that there would be no bias between cases and controls, especially in terms of

population stratification. Using the 28,452 SNPs which overlap between all datasets

and are not in LD with each other, multi-dimensional scaling (MDS) was performed

to look for stratification within all eight cohorts. MDS was chosen to assess this

stratification as this can be easily performed using PLINK, and gives similar results

to principal component analysis (PCA) (Nelis et al., 2009).

Plots for the first and second MDS components are shown in figures 6.2, 6.3

and 6.4 below. There was very little population specific stratification for the third

and fourth components. Figure 6.2 shows the samples labelled according to whether
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Sample and SNP QC   

Run IMPUTE2.2 
for 5Mb chunks on 
each chromosome 

Remove MDS outliers 

Put files for each 
chromosome 

together 
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and triallelic SNPs 

from data 

Format dataset 

Flip all SNPs to 
positive strand 

Split data up by 
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Perform SHAPEIT for 
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Merge all 8 cohorts and run MDS for overlapping 
genotyped SNPs 

Merge all 8 cohorts with 1000 Genomes data and run 
MDS for overlapping genotyped SNPs 

Analyse each chromosome with 8 cohorts using SNPTEST 

Figure 6.1: Pipeline to describe how each cohort was processed before final analysis.
Further details for each step are given in Materials and methods section 2.4.7 and section
6.3.3 below. MDS: multi-dimensional scaling. INDELs: insertion/deletions. PLINK
(Purcell, 2012; Purcell et al., 2007), SHAPEIT (Delaneau et al., 2012), IMPUTE2.2
(Howie et al., 2011, 2009), SPSS v18 (PASW Statistics 18) and SNPTEST were used
in these processes.
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they are cases or controls. Samples found towards the edges of these clusters were

removed from further analysis, as there was not good overlap of cases and controls.

These are shown in the plot. Figure 6.3 shows the results of an analysis of all eight

cohorts combined with all 1000 Genomes data (using data from 24,277 SNPs not in

LD). African, Asian and European populations segregate clearly in this plot, and

samples from this study are most similar to the 1000 Genomes samples of European

descent. Figure 6.4 shows an MDS plot for just the samples in this study, with

samples labelled by the country in which they were collected. Samples in this plot

cluster well by country, which suggests that this analysis is successfully stratifying

samples by population. The number of cases and controls from each country that are

included in the final analysis after all QC are shown in table 6.2.
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Figure 6.2: Multi-dimensional scaling (MDS) plot of the first two MDS components
for all samples passing initial QC from all eight cohorts. Samples are labelled by case
control status, and whether they were removed following this whole set MDS QC step.
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Figure 6.3: Multi-dimensional scaling (MDS) plot of the first two MDS components
for different populations from 1000 Genomes and all samples in this study passing
final QC. ASW: HapMap African Ancestry individuals from SW USA, CEU: Utah
residents (CEPH) with Northern and Western European ancestry; CHB: Han Chinese
in Beijing; CHS: Han Chinese South; CLM: Colombians in Medellin, Colombia; FIN:
HapMap Finnish individuals from Finland; GBR: British individuals from England
and Scotland; IBS: Iberian populations in Spain; JPT: Japanese individuals; LWK:
Luhya individuals in Webuye, Kenya; MXL: Mexican ancestry in Los Angeles, USA;
PUR: Puerto Ricans in Puerto Rico; TSI: Toscan individuals in Italy; YRI: Yoruban
individuals in Ibadan, Nigeria.
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Figure 6.4: Multi-dimensional scaling (MDS) plot of the first two MDS components
for all samples passing initial QC from all eight cohorts. Samples are labelled by the
country which they were collected in.
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Table 6.2: All samples included in GWAS after QC, as separated by case control
status, and by the country they were collected in

Country Number of
CAP sepsis cases
after QC

Number of
healthy controls
after QC

UK 530 1290
Spain 163 488
Belgium 119
France 61 351
Italy 38 1198
Czech Republic 28
Poland 21
Germany 20 810
Ireland 16 209
Greece 4
Croatia 2
Serbia and Montenegro 2
Israel 1

Total 1005 4346
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6.4 Results

There were 37,005 overlapping SNPs which were genotyped in all eight cohorts. These

SNPs were analysed using logistic regression in PLINK (Purcell, 2012; Purcell et al.,

2007), with the first four MDS components as covariates, in order to assess the qual-

ity and inflation of the genotyped data. The QQ-plot and Manhattan plot for this

analysis is shown in figure 6.5. There are no associating peaks in the Manhattan plot.

Following imputation, genotypes were available for 36,707,462 SNPs in all cohorts.

These were analysed using SNPTEST, and the data were filtered as below, to only

keep association data for reliable SNPs. Many of the imputed SNPs in the data are

very rare, and therefore not reliable. Furthermore, reliability scores for imputed data

can be used to remove additional SNPs which have not imputed well. This score is

called an info score, and can be output from SNPTEST as an average score for all

datasets.

Table 6.3 details the different thresholds used to clean the data, the number of

SNPs left using each criteria, and the lambda value for the remaining SNP associations

in each way of cleaning. In addition to cleaning for overall MAF and overall info score,

data were also cleaned for the MAF in separate cohorts. In some cases, a SNP was

very rare in some cohorts but slightly less rare in others, meaning that these SNPs

would not be removed using an overall MAF threshold. However, the data would still

be unreliable for the cohorts in which the SNP is rare, so these needed to be removed.

In all cleaning methods, SNPs were also cleaned for control HWE, using a p-value

threshold of 1x10−10.

QQ-plots and Manhattan plots were made for each way of cleaning the data. Some

of these are shown here. The thresholds used in the “cleaned 1” dataset are quite

stringent, and are what has been used for the final analysis of other imputed datasets

in the Hill group. However, as can be seen by the inflated lambda value shown in

table 6.3, and by the QQ and Manhattan plots shown in figure 6.6, these thresholds
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A 

B 

Figure 6.5: QQ-plot (A) and Manhattan plot (B) for SNPs genotyped in all eight
cohorts (37,005 SNPs). SNPs were analysed using logistic regression in PLINK, using
the first 4 MDS components as covariates. Lambda for these data is 1.067. Plots were
made using an R script available from Getting Genetics Done (Turner, 2012).
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are not stringent enough for these data.

Following further and more stringent cleaning, the lambda value for the data is

much improved. Figure 6.7 shows the association results for the “cleaned 7” data.

Even after this very stringent level of cleaning, which left nearly 3 million SNPs in

the analysis, there are still many spurious significant associations on this plot. All

SNPs with p-values < 1x10−4 in this “cleaned 7” analysis were inspected to assess

the allele frequency in all cohorts. During this inspection, SNPs were removed if the

allele frequency across case or control cohorts was not consistent.

Table 6.4 details some of the SNPs removed from the “cleaned 7” data, after

individual assessment. With the exception of the two SNPs at the bottom of the

table, all SNPs in this table were removed from the “cleaned 7” data. The allele

frequencies across cohorts for these SNPs show that the genotyping or imputation of

these SNPs has performed poorly, generating an association due to unreliable data.

The two SNPs at the bottom of the table are the top hits for the chromosome 1 and

chromosome 16 hit regions in the data. The chromosome 1 hit SNP in particular has

very consistent allele frequencies between case cohorts, and across control cohorts.

Following the removal of 218 SNPs after assessment of allele frequency as in table

6.4, QQ-plots and Manhattan plots for the “cleaned 8” data were generated, as in

figure 6.8. Regional association plots for the two best peaks in the plot are shown in

figures 6.9 and 6.10.

The top SNP in the chromosome 1 hit region is rs2936011 (p=2.02x10−7). This

SNP was genotyped in the GenOSept, UK controls and Spanish controls datasets, but

imputed in all others. The p-value of this SNP in the GAinS UK CAP susceptibility

GWAS presented in chapter 5 was 0.0025. The MAF of this SNP ranges from 10% in

Africa to 40% in Asia and is 26% in Europe, according to 1000 Genomes data (1000

Genomes Project Consortium, 2012b). Therefore, the MAF of the control data in

this study is very similar to that seen in the 1000 Genomes European data, which
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A 

B 

Figure 6.6: QQ-plot (A) and Manhattan plot (B) for all SNPs (genotyped and
imputed in all eight cohorts) which passed the cleaning thresholds for “cleaned 1”,
as specified in table 6.3. Thresholds used were an overall info score > 0.8, overall
MAF > 0.01 and HWE p-value in controls > 1x10−10. 7,170,630 SNPs passed these
thresholds. SNPs were analysed using the score test in SNPTEST, using the first four
MDS components as covariates. Lambda for these data is 1.6247. Plots were made
using an R script available from Getting Genetics Done (Turner, 2012).
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A 

B 

Figure 6.7: QQ-plot (A) and Manhattan plot (B) for all SNPs (genotyped and
imputed in all eight cohorts) which passed the cleaning thresholds for “cleaned 7”, as
specified in table 6.3. Thresholds used were an overall info score > 0.99, overall MAF
> 0.02, MAF in individual cohorts > 0.02 and HWE p-value in controls > 1x10−10.
2,745,963 SNPs passed these thresholds. SNPs were analysed using the score test in
SNPTEST, using the first four MDS components as covariates. Lambda for these data
is 1.0743. Plots were made using an R script available from Getting Genetics Done
(Turner, 2012).
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A 

B 

Figure 6.8: QQ-plot (A) and Manhattan plot (B) for all SNPs (genotyped and
imputed in all eight cohorts) which passed the cleaning thresholds for “cleaned 8”, as
specified in table 6.3. Thresholds used were an overall info score > 0.99, overall MAF
> 0.02, MAF in individual cohorts > 0.02 and HWE p-value in controls > 1x10−10. In
addition, 218 SNPs were removed after inspection of the allele frequencies in all cohorts.
2,745,745 SNPs passed these thresholds. SNPs were analysed using the score test in
SNPTEST, using the first four MDS components as covariates. Lambda for these data
is 1.0618. Plots were made using an R script available from Getting Genetics Done
(Turner, 2012).
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Figure 6.9: Regional association plot for the hit region on chromosome 1. Position on
chromosome 1 is indicated by the x-axis. Genes in the region are shown at the bottom
of the plot, with exons indicated by vertical bars, and the direction of transcription
shown by an arrow. The -log10(p-value) for all SNPs is indicated by the y-axis, as is
the recombination rate, represented by the blue line on the plot. SNPs are coloured
according to their LD with the top SNP (rs2936011). LD measures are from 1000
Genomes data from Europeans released in November 2010. The top SNP is indicated
by a purple diamond. Regional association plots were made using LocusZoom (Pruim
et al., 2010).
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Figure 6.10: Regional association plot for the hit region on chromosome 16. Position
on chromosome 16 is indicated by the x-axis. Genes in the region are shown at the bot-
tom of the plot, with exons indicated by vertical bars, and the direction of transcription
shown by an arrow. The -log10(p-value) for all SNPs is indicated by the y-axis, as is
the recombination rate, represented by the blue line on the plot. SNPs are coloured
according to their LD with the top SNP (rs10852234). LD measures are from 1000
Genomes data from Europeans released in November 2010. The top SNP is indicated
by a purple diamond. Regional association plots were made using LocusZoom (Pruim
et al., 2010).
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means that it is likely to be reliable.

The top SNP in the chromosome 1 region which was genotyped in all eight sample

sets is rs3124668 (p=2.92x10−7). The p-value of this SNP in the GAinS UK CAP

sepsis susceptibility GWAS presented in chapter 5 was 0.0034. Cluster plots for this

SNP were assessed in the GenOSept, GAinS 2011 and Spanish control data (as I do

not have access to the other cluster plots), and all cluster plots look very clear. The

cluster plot for half of the Spanish data is shown in figure 6.11. There are three genes

in this region; VASH2 (vasohibin 2: vascular endothelial growth factor (VEGF)-

inducible endothelium-derived angiogenesis inhibitor 2), ANGEL2 (angel homolog 2

(drosophila)) and RPS6KC1 (ribosomal protein S6 kinase, 52kDa, polypeptide 1).

The top SNP in the chromosome 16 hit region is rs10852234 (p=1.09x10−7). This

SNP was imputed in all eight cohorts. The MAF of this SNP in the 1000 Genomes

data from Europe is 42%, which is very similar to that seen in the GenOSept, GAinS

2011 and Irish control datasets (1000 Genomes Project Consortium, 2012b). There

are no associating SNPs in this region that have been genotyped in all cohorts. The

closest gene to this hit region is GRIN2A (glutamate receptor, ionotropic, N-methyl

D-aspartate 2A).

Using the “cleaned 8” data, the regions of the top associations from the GAinS UK

CAP sepsis susceptibility analysis presented in chapter 5 were assessed. None of the

top SNPs from the GAinS UK CAP sepsis susceptibility study were more significant

in this analysis (see table 6.5). Furthermore, in the 50kb window around each GAinS

UK CAP sepsis susceptibility association top SNP, there are no SNPs which are more

significant than the top SNPs in the GAinS UK CAP sepsis susceptibility GWAS.
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Figure 6.11: Cluster plot for half of the Spanish data for the top genotyped SNP
in the chromosome 1 hit. In contrast to the data in table 6.4, in this plot allele A is
the rare allele. The data for this SNP will have been flipped to the positive strand,
therefore changing which allele is defined as allele A in the final analysis. This plot
was created using the Affymetrix genotyping console, which can only handle a small
number of samples at once in processing, which is why this plot only shows data for
half of the Spanish samples.
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6.5 Discussion

This chapter presents preliminary analysis for a large GWAS for susceptibility to CAP

sepsis in Europe, and two novel genetic regions have shown statistically significant

associations in this analysis.

Due to the nature of this analysis, quality control and sample set processing must

be performed with great care. When combining the data of so many cohorts that have

been genotyped on different platforms and imputed separately, the chance of false

positive associations is greatly increased. Although the current cleaning process has

been extremely stringent and promising results have been found, further cleaning of

the data should still be performed to ensure the reliability of results, as detailed below.

In addition, by cleaning the data in a different way, it may be possible to include

more reliable SNPs in the final analysis and thereby identify further associating loci

in this dataset. There is no defined way to handle data such as this, and so further

exploratory analyses need to be performed to make sure that the data is analysed in

a way which provides reliable results, as detailed below. In addition, replication must

be performed once reliable data cleaning and analysis methods have been established.

This is also discussed below.

6.5.1 Cleaning genotyped data

It was very important that the original genotyped data for every cohort was cleaned

with strict QC, since the inclusion of unreliable genotypes in any one cohort could

lead to a false positive association. Stringent QC thresholds were used in all datasets,

but further, more stringent cleaning could be performed for the data in order to clean

the data even further. For instance, a HWE p-value threshold in cases could also be

included, and the threshold in controls could be increased. A further criteria for QC

which can be included is to compare the call rate between cases and controls, and to
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discard SNPs where the call rate is quite different. This will reduce the likelihood of

observing false positive associations. However, as relatively very few SNPs overlap

between all sample sets in this study, this could limit the effectiveness of this QC

step. The lambda value for the analysis of the SNPs which had been genotyped in all

cohorts was inflated quite considerably (λ=1.067, see table 6.3). Lambda values of less

than 1.05 are generally considered acceptable. Although four MDS components were

included as covariates in this analysis, components 3 and 4 did not have a significant

effect on the data. Therefore, it is unlikely that including further components as

covariates would correct this inflation, although this could be tested.

Furthermore, although all of the MDS outliers were removed from the analysis

based on the MDS plot of these data, there were some additional outliers when

MDS was performed together with the 1000 Genomes data. Roughly ten additional

samples should perhaps be removed based on this plot, although it is strange that

these samples are not outliers in the plot for just cases and controls. This is not

what would be expected, so further exploratory analysis for these samples should be

performed, and the analysis should be repeated without these additional outliers, to

test whether this can reduce the inflation in the data.

6.5.2 Cleaning imputed data

Imputed data should also be analysed with care. As shown in table 6.3, different

methods for cleaning these data result in very different levels of inflation as represented

by lambda. The criteria chosen for the final preliminary analysis results in a lambda

value slightly lower than that seen in the genotyped SNPs analysis (λ=1.0618). This

could mean that with improved cleaning of the imputed data, the lambda value could

be reduced still further, meaning that the data is a lot more reliable.

In the current analysis, imputed data have been cleaned based on the overall info

value for reliability of imputed data. This value is from SNPTEST and is a value
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to represent all the datasets. However, this does mean that if one sample set has

performed rather badly, but the rest have behaved very well, this SNP could still be

included in the analysis after cleaning, and could produce a false positive association

result. Therefore, it would be important to also clean the data based on the info value

for each cohort individually. Info values of this kind are output from imputation for

each chunk of data imputed.

It is important when cleaning the data that it is not cleaned too much, as otherwise

true positive associations can be removed from the data. For instance, in the “cleaned

4” criteria, an info threshold of > 0.999 was used. This meant that there were only

642,491 SNPs left in the analysis; fewer than most modern GWAS. This meant that

most significant association results were removed from the data, which may be due

to over cleaning. Further exploratory analyses for the processing of these data must

be performed before the final results can be determined.

6.5.3 Performing analysis

The SNPTEST analysis presented in this thesis was performed using the score test.

The score test makes a number of assumptions about the data, and increased genotype

uncertainty from imputation can lead to spuriously low p-values when performing

the analysis with this test. Therefore, the analysis should also be performed using

different tests, to assess the effect this has on the association results. The threshold

test would be the first test to perform. This test will only analyse genotypes which

pass a certain threshold of certainty, and will therefore only analyse SNPs which

are reliably imputed, if the correct threshold is chosen. This means that defined

genotypes, rather than probabilities are used in the association analysis (Marchini

et al., 2010).

During the course of this analysis, improved reference datasets have become avail-

able, and methods used for data processing have been improved. For instance, the
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latest 1000 Genomes release has been updated to include accurate data for INDELs,

which could potentially be analysed for this dataset if I used this updated reference

panel for imputation. Additionally, SHAPEIT2 has been developed, which vastly im-

proves on SHAPEIT1 and could be used to more reliably phase and therefore impute

genotypes in my datasets.

6.5.4 Preliminary association results

Two genomic regions have been shown to associate with susceptibility in this prelim-

inary analysis, in chromosomes 1 and 16.

There are three possible candidate genes in the region of the chromosome 1

hit. These are VASH2 (vasohibin 2: vascular endothelial growth factor (VEGF)-

inducible endothelium-derived angiogenesis inhibitor 2), ANGEL2 (angel homolog 2

(drosophila)) and RPS6KC1 (ribosomal protein S6 kinase, 52kDa, polypeptide 1).

There is very little known about any of these genes. VASH2 has been shown to

be involved in angiogenesis (the development of new blood-vessels from pre-existing

ones), and homozygous null mice for VASH2 are deficient for this process (Kimura

et al., 2009; Lawrence, 2000). The related gene VASH1 has been shown to also protect

endothelial cells from premature senescence and cell death by strengthening resistance

against oxidative stress (Miyashita et al., 2012). Lung tissue is the most susceptible

tissue to oxidative injury and oxidative stress is thought to enhance the inflammatory

response in sepsis and lead to greater cell death (Miyashita et al., 2012; Taylor and

Piantadosi, 1995). If VASH2 is also involved in resistance against oxidative stress,

this could explain the observed association. ANGEL2 is a protein coding gene with

unknown function. It seems to be expressed most strongly in B cells, T cells and NK

cells, however. Protein domain information suggests that the resulting protein is part

of an endonuclease/exonuclease/phosphatase family (University of California, Santa

Cruz, 2012b). RPS6KC1 is involved in nucleotide, ATP and protein binding, and cell
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communication. It is weakly expressed in the lung (University of California, Santa

Cruz, 2012b). None of these genes have been shown to associate in genetics studies

of disease before (Hindorff et al., 2012).

The difference in p-value for these top SNPs between the GAinS UK CAP sepsis

susceptibility GWAS and this GWAS demonstrates the added power of this study.

Whereas these SNPs associated at the 10−3 level in the previous GWAS, they now

show p-values at the 10−7 level. With additional cases and controls, it is possible to

identify this association which was hidden amongst thousands of other associations

of the same strength in the previous study.

Two SNPs (rs1045868; p=1.2x10−5 and rs10864033; p=1.6x10−5) in the hit region

were shown to be cis eQTL SNPs for ANGEL2 in monocytes in a study of German

individuals (Zeller et al., 2010). Since there is so little information about the function

of any of these genes, it is impossible to hypothesise which may be affecting suscep-

tibility to CAP sepsis. Functional work would need to be performed to assess this

further.

There are a number of factors which make it more likely that this chromosome 1

association is not a false positive. There is an associating SNP in this region which

was directly genotyped in all eight cohorts, which associates with a p-value almost as

low as the top SNP in the region. The MAF of this SNP is consistent across cases

and separately across controls, and is consistent with 1000 Genomes European data

in controls. The cluster plots for this SNP in both case cohorts and one control cohort

look very clear, meaning that genotyping error is less likely to be the cause of this

association. The data will need further cleaning as described above, however, which

may affect the observed association in this region.

The top SNP in the chromosome 16 hit region is rs10852234 (p=1.09x10−7). The

MAF of this SNP in 1000 Genomes is 42%, which is very similar to that seen in

the GenOSept, GAinS 2011 and Irish datasets (1000 Genomes Project Consortium,
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2012b). There are no associating SNPs in this region that have been directly geno-

typed in all cohorts. The closest gene to this hit region is GRIN2A (glutamate

receptor, ionotropic, N-methyl D-aspartate subunit 2A).

GRIN2A encodes a receptor which is an ionotropic glutamate-gated ion channel

(University of California, Santa Cruz, 2012b). The gene is frequently mutated in

tumour DNA from melanoma patients, as described by a recent exome sequencing

study (Wei et al., 2011). In addition, GRIN2A has been shown to be disrupted

by chromosome translocation breakpoints in an individual with leprosy, and point

mutations have been discovered in the gene in individuals with seizures (Endele et al.,

2010).

This hit region is difficult to explain. It seems strange that one set of the controls

would show the same allele frequency as the two sets of cases, and the function of the

gene does not easily fit with a role in sepsis. It will be interesting to see whether this

association still exists following further processing of these data.

The GenOSept survival analysis results were examined for associations in the

region of these association peaks. There are no SNPs with p-values less than 1x10−4

in the regions of these hits (or in fact anywhere on chromosomes 1 or 16) in the CAP

survival analysis using the GenOSept and GAinS 2011 datasets. In addition, there

were no significant associations in these regions in an extended survival analysis of

lung infection survival using two additional datasets.

6.5.5 Comparison with GAinS UK CAP sepsis susceptibility

GWAS results

None of the hit regions from the GAinS UK CAP sepsis susceptibility GWAS showed

reduced p-values in this study. Since this study includes the same samples as the

GAinS UK CAP sepsis susceptibility GWAS, with many additional samples, this is

surprising. It is possible that the data has been over cleaned in the final preliminary
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analysis presented here, and therefore these hit regions do not seem to associate.

However, since most of the top SNPs from the GAinS UK study are still included in

this analysis after cleaning, this is unlikely. Since these regions do not significantly

associate in a very similar but larger analysis, it is likely that the initial findings were

false positives.

6.5.6 Further genotyping and replication

Usually, when imputation is performed in a study, it is good practice to go back to the

analysed samples and genotype the top imputed SNP, to ensure that the association

is not due to poor imputation. This will be impossible to do in all the datasets in

this study. However, top SNPs can be genotyped in both case cohorts, and in the

UK cohort, to confirm some of the results from this analysis. In the case of the

chromosome 1 hit region, this process is less important, since one of the top SNPs

was genotyped in all eight cohorts.

Replication is extremely important in any GWAS, but perhaps more so in this

study, since there are so many factors which can lead to false positive results. There

are more than 700 UK CAP sepsis samples available for replication from the GAinS

sepsis study which is still collecting in the UK. It is very important that replication

is performed in as similar way as possible to the original GWAS (Kraft et al., 2009),

so it is particularly useful that the cases that will be used for replication are from an

extension of the same study as cases in the GWAS presented here are. These cases

are from around the UK and are collected in the same centres and in the same way

as the UK sepsis cases in this cohort. In addition, the UK controls for replication are

from the same cohort that the UK controls in this analysis are from. Replication will

be performed using the Sequenom genotyping system, once reliable associations from

this study have been established.
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6.5.7 Conclusion

When complete, this study will be larger than any European infectious disease GWAS

published to date. Currently, the largest European GWAS published is the meningo-

coccal GWAS. This CAP sepsis study has twice as many cases but almost as many

controls as the meningococcal GWAS, and will have almost as many samples in repli-

cation (Davila et al., 2010; Hindorff et al., 2012).

This work presents an important and ambitious analysis of susceptibility to sepsis,

with large sample sizes and large numbers of SNPs to analyse. I have presented

two novel regions of association from this analysis, but further work needs to be

performed to reliably clean and analyse this large quantity of data, and reliably filter

the association results.
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Discussion

This thesis aimed to study human genetic susceptibility to common infectious diseases

in Europe, and undertook this study with LRTI; one of the most common infectious

diseases in Europe. Mild and severe LRTI cohorts were studied to look at both ends

of the spectrum for disease. Genetics studies for susceptibility to LRTI have so far

been limited, and have largely used candidate gene techniques.

The rapid advancement of genetics techniques in recent years has provided more

exhaustive and sophisticated methods with which to study genetic susceptibility to

disease. Instead of choosing genes and loci to study in candidate gene studies,

hypothesis-free studies can be conducted by studying loci genome-wide. Genome-wide

association studies have been a major landmark in this respect, and have provided

enormous amounts of information about genetic loci which associate with a whole

range of traits and diseases.

The importance of DNA extraction is often overlooked in the success of these

genome-wide studies, despite the universal acknowledgement that GWAS require large

sample sizes to have the power to detect associations. Without high-throughput

techniques for high quality DNA extraction in large sample cohorts, recent progress

could have been rather slower.
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I have tested modern methods to extract DNA from blood, saliva and serum.

These tests demonstrated the importance of testing DNA extraction techniques for

every cohort, and suggest that the handling of blood samples prior to DNA extraction

affects the quantity of DNA that can be extracted from blood.

Once DNA has been reliably extracted from a large cohort, an association study

can be conducted. I have utilised genome-wide and candidate gene techniques to

study genetic susceptibility to mild and severe LRTI.

The main findings of this thesis are the following: MBL2 genotypes are not as-

sociated with mild or severe LRTI with the high effect sizes previously observed for

MBL2 associations; a SNP in the IFITM3 gene is associated with mild and severe

viral infection in the recessive model; the MPHOSPH8 gene region associates with

susceptibility to mild rhinovirus infection; a functional SNP in the IL6 gene and the

SAP18 gene region associate with susceptibility to mild LRTI but only in smokers,

and there may be an epistatic relationship between these genes with regards to sus-

ceptibility to LRTI; and preliminary findings from a large GWAS suggest that a gene

region on chromosome 1 is associated with susceptibility to CAP sepsis.

The main findings in this thesis are all novel. Previous studies have shown positive

and negative associations with SNPs in the MBL2 gene, but this is the largest and

thereby most reliable study to show a lack of association with severe LRTI, and

the only study that I know of which analyses susceptibility to mild LRTI. To my

knowledge, genetic studies have not been performed before for susceptibility to mild

LRTI. Therefore, the mild LRTI study presented here is the first of its kind and the

only account of genetic variants which associate with LRTI in primary care. As far

as I know, there are no published GWAS of susceptibility to sepsis. The CAP sepsis

susceptibility GWAS presented here is also the largest (in terms of sample numbers

and populations included) study for susceptibility to sepsis that I know. The most

promising finding from this study so far is a region of chromosome 1 which has not
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been implicated for susceptibility to disease before.

There was some overlap between genetic susceptibility loci for mild and severe

LRTI. Polymorphisms in the candidate genes MBL2 and IFITM3 were studied for

mild and severe LRTI, and demonstrated very similar results for both. One of the

associations from the UK CAP sepsis susceptibility GWAS was replicated in the mild

LRTI cohort in the GRACE study. However, the hit SNPs from the UK CAP sepsis

susceptibility GWAS show higher p-values in the larger, better-powered European

CAP sepsis susceptibility GWAS. It is possible that the hit SNPs in the original

study were false positives, but this doesn’t explain why an association exists with

mild LRTI. It will be very interesting to genotype any SNPs which replicate from the

European CAP sepsis GWAS in the GRACE mild LRTI cohort.

It is intriguing that the three top associating SNPs from the GRACE study all

show a different association between smokers and non-smokers. Genetic studies such

as those for COPD and lung cancer have analysed data from smokers or individuals

that have never smoked, or with respect to smoking (Cho et al., 2012; Dong et al.,

2012; Lan et al., 2012). The mild LRTI study presented in this thesis shows the im-

portance of also taking smoking into account when analysing genetic susceptibility to

LRTI. Unfortunately, although smoking status was collected in the sepsis cases used

in this thesis, smoking status is not available for the GWAS controls, and therefore

it is not possible to take smoking into account in the large CAP sepsis susceptibility

GWAS presented in chapter 6.

The inclusion of covariates in genetic association studies is important to avoid

confounding. However, the inclusion of non-confounding covariates can reduce the

power of a genetic association study, and therefore the choice of covariates to include

is important (Pirinen et al., 2012). Age is included as a covariate in the sepsis

survival analyses in the MBL2 study presented in chapter 4. Age is known to be

significantly associated with survival in sepsis. Country was used as a covariate in
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the GRACE mild LRTI analyses, as well as smoking in the rhinovirus subgroup

where smoking associated significantly with susceptibility. In the European CAP

sepsis susceptibility GWAS, the first four MDS components were used as covariates.

Besides sex and further MDS components it is impossible to use additional covariates

in this analysis at this stage, as no further information is known about the controls in

the study. However, other covariates could be used in the GRACE study. Although

smoking appears to be the main confounding factor within subgroups in this study,

other factors such as the presence of asthma, COPD and other underlying conditions

may also confound results to a lesser extent. The difference in prevalence of these

conditions between cases and controls is smaller than the difference in frequency of

smokers, but these factors could still be important confounders. Further analysis

should be performed to assess which of these covariates should be included for more

in-depth analysis of this mild LRTI cohort.

The importance of directly genotyped rather than imputed genotypes has been

highlighted in this thesis. The study of a SNP in the IFITM3 gene presented in

chapter 4 demonstrated the importance of directly genotyped controls in defining the

model of a genetic association. Additionally, in the European CAP sepsis suscepti-

bility GWAS presented in chapter 6, the difficulties associated with false associations

due to low imputation quality are highlighted. Imputation is an extremely important

tool for the discovery of genetic variants associated with disease, but will never be as

reliable as direct genotyping.

The main findings from the mild LRTI study and the CAP sepsis GWAS are in

regions of high LD, such that the causal gene for the association probably cannot

be determined by genetics alone. This highlights the importance of further study

for these genetic associations. Functional work could be performed for the genes of

interest to determine which of the genes is responsible for the observed association

and affects susceptibility to the disease of interest. In addition, new sequencing
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technologies such as next-generation and exome sequencing could be utilised to aid

fine-mapping efforts. These technologies would also be helpful to define new regions

of association for susceptibility to disease.

Next-generation and exome sequencing have become increasingly popular in re-

cent years, partly due to dropping costs associated with these technologies. These

new strategies involve distinct challenges to those associated with GWAS strategies,

particularly in the processing and analysis of data. Exome sequencing has been used

to look for rare causal variants for as yet uncharacterised Mendelian disorders. The

same experimental and analytical principles are now being applied to study com-

plex diseases to find rare variants (as opposed to the common variants studied with

GWAS) which contribute to susceptibility (Bamshad et al., 2011).

Despite the success of GWAS for a whole range of complex diseases, much of the

heritability associated with disease is yet to be explained with these findings. For

example, the 18 loci first associated with type 2 diabetes from GWAS only explained

6% of the heritability associated with the disease. For many traits and diseases,

attention has thereby turned towards rare variants that are undetectable using GWAS

(Gibson, 2012; Manolio et al., 2009).

The sepsis GWAS presented here should be finalised first, but it is very likely that

it will not explain all of the heritability associated with CAP sepsis susceptibility.

Therefore, sequencing technologies could be utilised to further investigate rare genetic

variants that are associated with this disease. In fact, exome sequencing analysis is

already underway to study the most severe sepsis cases in this cohort.

Since studies of the genetics of mild LRTI are in their infancy, it could be argued

that it would be more cost-efficient to use GWAS as the next step in identifying genetic

associations associated with mild disease, instead of sequencing. Next-generation

sequencing can be more informative than GWAS, however. Should the cost of se-

quencing continue to fall dramatically, this would be a more useful method to study
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susceptibility to mild LRTI. The current study of the genetics of susceptibility to

LRTI is far from exhaustive, and further work is certainly required in this area.

The genetics of infectious disease susceptibility is rather more complicated than

the genetics of many other complex diseases. Studies are complicated by the fact that

not all controls may have been exposed to the infectious organism of interest, and

thereby the genetic differences between cases and controls may be diluted. However,

a similar problem exists in studies which utilise birth cohorts as controls for a study.

In these studies, some of the control individuals will go on to develop the disease

of interest later in life, and the power of the study is therefore reduced. Logistical

problems involved with the collection of the perfect controls prevent this from being

a viable option for most studies.

Infectious disease genetics studies have an added level of complexity due to genetic

variation of the infectious organism. Susceptibility to infectious disease can be altered

by the genetics of the infectious organism and the genetics of the host. Future studies

should be developed to utilise information about the genetics of the host and infectious

organism in parallel, to better understand the relationship between host and invading

organism.

These added complications in genetics studies of infectious disease can reduce the

power of these studies to detect real genetic effects, especially those with smaller effect

sizes and those associated with rarer variants. Without taking these complications

into account, the sepsis susceptibility GWAS has 80% power to detect an association

with effect size greater than 1.39 at a p-value threshold of 5x10−8 when the variant

is common (minor allele frequency of 0.3). When the variant is rare (minor allele

frequency of 0.05), there is 80% power to detect an association with an odds ratio of

1.79 or higher at a p-value threshold of 5x10−8. The main case control analysis in the

GRACE study both has 80% power to detect an association with effect size greater

than 1.19 at a p-value threshold of 7.7x10−4 when the variant is common (minor allele
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frequency of 0.3). When the variant is rare (minor allele frequency of 0.05), there

is 80% power to detect an association with an odds ratio of 1.41 or higher at a p-

value threshold of 7.7x10−4. Therefore, these studies do not have the power to detect

associations with very low effect sizes, or with moderate effect sizes for rarer alleles.

Increased sample numbers would increase the power of these studies. In the subgroups

within the GRACE analysis, power is therefore even lower. In the rhinovirus analysis

in the GRACE study there is 80% power to detect an odds ratio of 1.71 or higher with

a rare variant at a p-value threshold of 7.7x10−4. The lowest minor allele frequency

of the observed associating SNPs is 0.21. There is 80% power to detect an association

with an odds ratio of 1.39 or higher with SNPs at this frequency in this study.

However, these power calculations are not accurate for those instances where the

causal variant is in less than perfect LD with the variant being analysed, when power

is reduced. In addition, the power of these studies is reduced by the fact that the

healthy controls may go on to develop the disease under study. This is a problem

especially in the study of mild LRTI, since the prevalence of mild LRTI in the general

population is so high. Hence it was important to use carefully matched controls that

are slightly more likely to have been exposed to the same pathogen as cases, although

this is far from guaranteed.

This issue of reduced power in the GRACE study is particularly problematic in the

overall analysis since it might be expected that genetic associations for mild, com-

mon, heterogeneous disease which is difficult to define would have low effect sizes.

Therefore, the power to detect true associations in the GRACE study overall is likely

a lot lower than the estimations above. However, when analysing LRTI caused by a

specific pathogen (for instance in the case of mild LRTI caused by rhinovirus), the

phenotype is more homogeneous than with many other complex diseases, and there-

fore higher odd ratios could be expected. The GRACE study associations identified

and discussed in this thesis all have moderately high odds ratios (1.22-1.58), which is
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unsurprising since there is only power to detect associations with large effects.

The p-value threshold chosen for the GRACE study only takes into account the

different loci analysed in the GRACE study. It does not correct for the multiple

subgroups that were analysed, nor the multiple genetic models analysed for these

subgroups. The subgroups and genetic models analysed in this study are related to

each other and are therefore not independent tests. Since these tests should not be

corrected for as such, it is difficult to determine the correct p-value threshold to use in

this study, Therefore, it is possible that some of these associations could have arisen

by chance, but this could only be determined by further replication studies.

I cannot rule out possible undetected associations for the variants and phenotypes

studied in this thesis, as there is not 100% power to detect an association with a

small effect size. It is safe to conclude that the studied SNPs in the MBL2 gene do

not associate with the phenotypes studied at the effect size previously identified in a

similar large study (2.34) (Garcia-Laorden et al., 2008). However, it is possible that

some/all of the positive associations that I have found and discussed are not in fact

real, and these could be shown to be false positives following study with larger sample

sizes, with further population stratification analysis, or with a more stringent p-value

threshold to correct for the additional multiple testing performed in the GRACE

study.

As the mild LRTI study was based on a candidate gene approach and followed up

hits from GWAS of more severe bacterial phenotypes rather than a GWAS of mild

LRTI itself, there are still potentially many more associations to be identified. Once

the susceptibility to sepsis study has been completed, any replicating associations

found will probably be the associations with common variants with the largest effect

sizes but this study will likely miss associations with rare variants.

At this stage, these results are still suggestive, and more confident conclusions

can only be made following further study. However, the associations I have found
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are novel and interesting, and result from (to my knowledge) the most well-powered

studies performed for these phenotypes at this time.

This thesis presents novel findings for human genetic susceptibility to common in-

fectious disease in Europe. These findings cannot be directly translated into improved

treatment for infectious disease, but it is hoped that they can generate further re-

search which will eventually lead to improved outcome from severe LRTI and perhaps

better therapy for mild LRTI.
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IPD GWAS

Figure A.1: Manhattan plot for susceptibility to IPD GWAS. Analysis was performed
and this plot was made by Dr. Anna Rautanen.

Table A.1: IPD GWAS top 50 SNPs and their association genes. Analysis was performed
by Dr. Anna Rautanen. Chr: Chromosome. bp position: base pair co-ordinate as genome
build 36. OR is the odds ratio for the minor allele.

Chr SNP bp position p-value OR Gene

1 rs1928447 57219033 5.57x10−7 0.4886

20 rs6041512 12578784 9.94x10−7 0.5914

7 rs6947185 100828478 3.37x10−6 1.571 EMID2

9 rs10991437 106775741 3.57x10−6 1.841

14 rs10483438 32905671 4.26x10−6 0.5993 NPAS3

14 rs8014138 23405979 5.17x10−6 1.708

Continued on next page
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Chr SNP bp position p-value OR Gene

6 rs9296536 47238947 5.20x10−6 1.66

4 rs17018021 92213444 5.87x10−6 1.926

7 rs6963365 100796435 6.08x10−6 1.543 EMID2

14 rs10142146 91958094 7.33x10−6 1.529 SLC24A4

5 rs2112626 166898288 8.89x10−6 3.356

19 rs4802515 43685916 1.28x10−5 0.5913 RYR1

8 rs6578241 136511031 1.44x10−5 0.5863

18 rs9966505 21240053 1.54x10−5 1.747

14 rs10142321 91958260 1.55x10−5 1.508 SLC24A4

7 rs6465799 100794277 1.71x10−5 1.51 EMID2

14 rs2284230 77085650 1.93x10−5 1.578 SPTLC2

7 rs2898575 100804090 1.94x10−5 1.506 EMID2

8 rs2317280 136639684 2.15x10−5 0.5975 KHDRBS3

8 rs17390811 2975473 2.17x10−5 3.156 CSMD1

8 rs4398958 136689673 2.26x10−5 0.5942 KHDRBS3

4 rs6832151 39998408 2.26x10−5 0.618

10 rs17691239 76938749 2.36x10−5 0.5948

7 rs1468596 77857412 2.37x10−5 0.5147 MAGI2

8 rs6986340 136564507 2.41x10−5 0.5956 KHDRBS3

12 rs838332 113479638 2.45x10−5 1.817

6 rs485861 42389225 2.45x10−5 0.6347 TRERF1

8 rs13261331 136615955 2.61x10−5 0.5955 KHDRBS3

5 rs6889293 166842883 2.94x10−5 3.19

8 rs6996533 136558961 3.27x10−5 0.6019 KHDRBS3

4 rs4078470 40000520 3.74x10−5 0.6349

Continued on next page
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Chr SNP bp position p-value OR Gene

1 rs10798415 173990701 4.00x10−5 1.71

5 rs403186 16580431 4.09x10−5 0.5064 FAM134B

4 rs4693264 92252540 4.20x10−5 1.877

13 rs9508811 19137913 4.31x10−5 1.549 MPHOSPH8

7 rs7799285 100755083 4.32x10−5 1.477 EMID2

4 rs6855691 42140836 4.53x10−5 0.6516 ATP8A1

8 rs17079516 3011547 4.63x10−5 1.931 CSMD1

13 rs9591390 32350358 4.66x10−5 3.086

8 rs12545740 33574842 4.73x10−5 1.472 DUSP26

18 rs17663145 46572280 4.88x10−5 1.58 MRO

7 rs6953653 89474953 4.97x10−5 1.472

1 rs12042283 205041402 4.98x10−5 1.476 IL19

14 rs4904481 88485810 5.14x10−5 0.6284

7 rs2461123 45701021 5.21x10−5 1.466 ADCY1

7 rs2520345 18786880 5.25x10−5 0.5351 HDAC9

8 rs872137 8157397 5.90x10−5 1.516

9 rs560843 18734367 5.91x10−5 1.574

3 rs9834227 55340333 6.49x10−5 1.492

7 rs10263109 89483440 6.92x10−5 1.466
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Figure A.2: QQ plot for susceptibility to IPD GWAS. Analysis performed and plot
made by Dr. Anna Rautanen.
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GenOSept study sepsis inclusion

criteria

The following inclusion criteria were used for the GenOSept sepsis study collection.

Only those individuals with community-acquired pneumonia or faecal peritonitis were

used in this thesis. This criteria is adapted from that specified by Bone et al. (1992),

and was compiled by the GenOSept consortium.

1. Clinical evidence of infection within the previous 72 hours (a, b or c):

(a) Presence of polymorphonuclear cells in a normally sterile body fluid

(b) Culture or Gram stain of blood, sputum, urine or normally sterile body

fluid positive for pathogenic micro-organism

(c) Focus of infection identified by visual inspection (e.g. ruptured bowel with

the presence of free air or bowel contents in the abdomen found at the time

of surgery, wound with purulent drainage)

2. Evidence of a systemic response to infection as defined by the presence of three

or more of the following signs within the previous 24 hours:

(a) A body temperature greater than 38 ◦C or less than 36 ◦C
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(b) A heart rate greater than 90 beats per minute

(c) A respiratory rate greater than 20 breaths per minute or a PaCO2 of less

than 32mm Hg

(d) A white blood cell count greater than 12,000/mm3, less than 4,000/mm3

or the presence of more than 10 percent immature neutrophils

3. Evidence of severe sepsis with hypotension, hypoperfusion or organ dysfunction

which are not the results of underlying diseases but are attributable to sepsis

within the previous 24 hours, including one of the following:

(a) Arterial hypoxemia (PaO2 <75 mm Hg or PaO2/FIO2 <250 in the absence

of pneumonia)

(b) Hypotension (systolic blood pressure of <90 mm Hg or reduction of >40

mm Hg from the baseline

(c) Metabolic acidosis (pH of ≤ 7.3, or a base deficit of ≥ 5.0 mmol/L, or an

increased lactic acid concentration)

(d) Sustained oliguria (urine output ≤ 0.5 ml/kg/hr for a minimum of 1 hour

in the presence of adequate fluid resuscitation)

(e) Platelet count ≤ 100,000/mm3

(f) Coagulation abnormality ≥ 20% increase in prothrombin time or a > 20%

increase in partial thromboplastin time

(g) Altered mental status (Glasgow Coma Scale < 14) in the absence of seda-

tion or acute change from baseline in behaviour or cognitive function

4. Diagnosis of one of the following diseases:

(a) Community-acquired pneumonia

(b) Faecal peritonitis
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(c) Pancreatitis

(d) Meningococcal disease
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