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Abstract

Ezxamining the relationship between genetic variation at G6PD and severe malaria
Shivang S. Shah
Wolfson College
Submitted for the degree of Doctor of Philosophy
Trinity 2011

Glucose-6-phosphate dehydrogenase (G6PD) deficiency, a common heritable trait whose preva-
lence mirrors geographic patterns of historic malaria endemicity, is thought to confer a se-
lective advantage owing to partial protection conferred against malaria. Direct evidence
supporting this malaria protection hypothesis in the form of clinical association studies re-
mains controversial, however, as conflicting results have been reported with respect to the
strength and specificity of a protective effect, if any, conferred to carriers of G6PD deficiency-

associated alleles.

This thesis examines genetic diversity at the G6PD locus, and then considers how such
variation impacts both immediate molecular phenotypes and multifactorial clinical pheno-
types. First, Chapter 3 presents a survey of variation at G6PD in several malaria-endemic
areas, while Chapter 4 describes a novel technique for polymorphism discovery using pooled
massively parallel sequencing. Next, in Chapters 5 and 6, I evaluate the link between genetic
variation at the locus and G6PD enzyme activity, identifying major and minor determinants
of G6PD deficiency state in an association study conducted in Kenya, and demonstrating a
new technique for assaying G6PD deficiency at the level of an individual erythrocyte in a
pilot project in Mali. Finally, Chapter 7 addresses the malaria protection hypothesis directly
by conducting a fine-mapping case-control association study of severe malaria in the Gam-
bia, where I found that G6PD deficiency alleles exhibited differential direction of association
with respect to two important clinical syndromes— trending towards risk conferred to severe
malarial anemia, and protection with respect to cerebral malaria. Overall, these findings
suggest that future clinical association studies should consider heterogeneity at the genetic
level, as well as at the level of molecular and clinical phenotypes in order to achieve a better

mechanistic understanding of the relationship between G6PD deficiency and severe malaria.
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Chapter 1

Introduction

1.1 Malaria

Malaria is a tropical infectious disease caused by parasites of the genus Plasmodium. More than half
of the world’s population is at risk, and each year hundreds of millions will develop a symptomatic
infection, of which approximately 1 million will die of severe disease, most of whom are African children
[1]. In endemic areas, the toll is felt not only in terms of morbidity and mortality, but also economically,
creating a vicious cycle where the poorest are those most susceptible to disease, and those individuals

and countries disproportionately infected are less economically productive [2].

1.1.1 Plasmodium infection and life cycle

The protozoan responsible for malaria was first identified in human blood by Laveran in the 1880s in
Algeria and Italy [3]. Its mode of transmission via mosquito was demonstrated more than a decade later
in India in birds by Ross [4], and in Italy in humans by Grassi, Bignami, and Bastianelli [5]. Later
work showed that the mosquitoes that transmit human malaria are those of the Anopheles genus, and
that the host range for Plasmodium, apart from humans, includes birds, reptiles, and mammals such as
rodents and primates [6]. Species of Plasmodium known to infect humans include P. vivaz, P. ovale, P.
malariae, P. knowlesi, and P. falciparum, the virulent parasite most associated with mortality, which is

thought to have originated from a related gorilla strain, though the time of emergence is still unknown [7].

The life cycle of Plasmodium traverses a diverse range of environments in both host and vector (Figure
1.1). Following gametocyte fertilization and ookinete development in the mosquito midgut, the sporo-
zoites produced migrate to the salivary gland. During the blood meal of a female mosquito, tens to
hundreds of infective sporozoites are injected into host subcutaneous tissue, after which the sporozoites

migrate to the liver where they invade and develop inside hepatocytes.

Parasite surface receptors that mediate hepatocyte binding and invasion include the circumsporozoite
protein (CS) and thrombospondin-related adhesive protein (TRAP). The CS protein has also been found

to exert an immunosuppressive role in downregulating the appropriate cellular immune response elicited



in hepatocytes, doing so indirectly via competitive inhibition of nuclear import of canonical transcription
factor NF-xB, thus leading to reduced class I major histocompatibility complex (class I MHC) expres-
sion on the cell surface [8]. Sporozoites in hepatocytes multiply and differentiate during a symptomless
pre-erythrocytic stage which lasts 1-2 weeks, forming thousands of merozoites which then burst into
the hepatic sinuses and are competent to invade red blood cells (RBC). With P. vivaz and P. owvale,
a dormant, hypnozoite form can persist in the liver and produce recrudescences many months after an

initial infection [9].

The erythrocytic stage is characterized by regular cycles of invasion and exponential growth, which

produce the paroxysmal fevers associated with malaria.

Invasion of RBC by the parasite is mediated by several parasite surface receptors found in specialized or-
ganelles called rhoptries and micronemes at the apical surface of the merozoite. These receptors possess
Duffy-binding like (DBL) and reticulocyte-binding like (RBL) domains that mediate their interaction
with host RBC receptors such as sialic acid and members of the glycophorin family [10]. The diversity
of the repertoire of such invasion receptors appears to determine the invasion efficiency and specificity,
and by extension, the virulence of certain parasite strains by virtue of the constraint on parasitemia. For
example, P. vivaz is strongly dependent on host RBC being at the reticulocyte stage and also expressing
Duffy antigen [11], and as a consequence rarely leads to high parasitemias and generally causes far milder
disease as a result. By contrast, one particularly virulent strain of rodent parasite P. yoelli is able to not
only invade reticulocytes, but other RBC as well, thus allowing it to generate high parasitemia and cause
more severe disease. Similarly, P. falciparum has a wide array of DBL- and RBL-containing receptors
such that it is competent to invade a variety of RBC types and thus achieve higher parasitemias and

cause more severe disease [10].

Invasion is followed by maturation from an immature ring form to a trophozoite. During this pro-
cess, nutrient intake is crucial, and parasites utilize a plasmodial surface anion channel (PSAC) to assist
in the delivery of sugars, amino acids, purines, and vitamins to the maturing trophozoite [12]. Amino
acids are also obtained via uptake and catabolism of host hemoglobin, performed in a specialized acidic
compartment called the digestive vacuole (food vacuole). In the process of digesting hemoglobin, the
liberated heme must be polymerized into hemozoin (malaria pigment) in order to limit the production of
reactive oxygen species [13], and several drugs, most notably chloroquine, act to inhibit this process of
heme polymerization as a major aspect of their mechanism of action [14]. Lastly, a putative endosymbiont
plastid organelle called the apicoplast is critical in fatty acid and heme biosynthesis, and also represents

a novel target for drug development [15].



After several rounds of mitotic division during a schizont stage, six to twenty new merozoites are pro-
duced which then burst the host RBC and find new RBC to invade. In the course of natural infection
(untreated), an individual will harbor both asexual (merozoites, ring-form and mature trophozoites) and
sexual forms (gametocytes) of the parasite in the blood, the latter of which can complete the life cycle
when taken up during a mosquito blood meal [10]. The commitment to gametocytogenesis is multifac-
torial and an area of active research, but an inhospitable host milieu (i.e. decreased new host RBC for
invasion or insufficient nutrients) is certainly one precipitating factor, as P. wvivaz, which is limited in
the total number of RBC it can infect owing to its reticulocyte selectivity, produces gametocytes very
soon after emergence from the liver [10], while with P. falciparum gametocytogenesis may not occur for

several days or weeks.
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Figure 1.1: Schematic of life cycle of P. falciparum. Reproduced from Miller et al. [10].

1.1.2 Morbidity and mortality

While the etiology of malaria can be traced to Plasmodium, the pathophysiology is more complex, and

much remains to be understood about the determinants of particular disease manifestations.
1.1.2.1 Infection

The first step in the development of malaria is infection. In a given population, a certain proportion
of individuals will harbor parasites, and this parasite prevalence rate (Figure 1.2) is a function of expo-
sure to infectious bites, which in turn depends on mosquito ecology, and thus is strongly influenced by
temperature and humidity, and epidemiological control measures, such as bednet usage. Regions can be

classified based on parasite prevalence rate [16] as follows: hypoendemic - less than 10%, mesoendemic -



between 10% and 50%, hyper-/holoendemic - 50% or higher. For example, in southern Mali, transmission
is seasonal but high (hyperendemic), whereas in the Gambia [17], transmission is seasonal but slightly

lower (mesoendemic).
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Figure 1.2: Global distribution of P. falciparum in 2007. Color-graded according to parasite rate in
children between 2 and 10 years of age, with low risk zones colored in grayscale. Diagram generated by Malaria
Atlas Project [1].

1.1.2.2 Mild disease

In most individuals, the presence of parasitemia at any given time is not associated with symptoms. As
parasites begin to multiply in number, symptoms may appear, though the correlation between parasite
density and morbidity is poor [18, 19], and while lower parasite densities can be useful in excluding
malaria as a diagnosis in high transmission areas [1], very high parasite densities do not necessarily
result in severe or even overt disease. When mild malaria symptoms do develop, they include fever (by
definition), chills, headache, and malaise, and occasionally gastrointestinal symptoms such as vomiting
or diarrhea [20]. The development of splenomegaly and anemia may follow, but the disease generally

resolves with or without medication in the majority of individuals.
1.1.2.3 Severe illness

In a minority of symptomatic cases (< 1%), mild malaria can progress to more severe disease. Life-
threatening forms of malaria are associated with certain key clinical signs and biomarkers [21]. In
children, who contribute overwhelmingly to the global burden of malaria mortality, severe malaria may
be understood as three overlapping clinical entities (Figure 1.3). It is important to note that two or even
all three of these syndromes may be present in a given individual, and this presentation correlates with

poorer prognosis, as does the presence of hypoglycemia, jaundice, or acute renal failure [20, 21].
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Figure 1.3: Schematic of severe malaria syndromes. While other useful clinical conditions indicative of
severe malaria have been identified (black box), three especially common (and overlapping) syndromes include
severe anemia, cerebral malaria, and respiratory distress.

Severe malarial anemia Severe malarial anemia (SMA) is defined by the World Health Organization
(WHO) as the presence of hemoglobin level of less than 5 g/dL [22], and is independently associated with
mortality of less than 5% [21], though this may be complicated by secondary jaundice or renal failure.
SMA is thought to be multifactorial in nature, with infected RBC lysis being an obvious, but minor

contributor, as parasitemia is rarely high enough to explain the drop in hemoglobin levels.

One major factor contributing to SMA is the destruction of uninfected RBC, which appears to occur
principally via increased extravascular clearance by splenic macrophages, whose activity can be enhanced
by increased production of gamma interferon (IFN-vy) by CD4+ T cells [23]. Indeed, the hallmarks of
oxidatively-stressed, senescent RBC are found in individuals with SMA, including exposed phospho-
tidylserine groups and increased complement and autologous IgG deposition at the RBC membrane [24].
Additionally, in untreated experimental infections in human neurosyphilis patients, the time course of

SMA development was found to be closely linked to splenic enlargement [25].

Apart from intravascular hemolysis and extravascular splenic clearance, the impaired production of new
RBC acts to exacerbate and prolong SMA. Impaired erythropoesis is evident in the decreased reticulocyte
count found in human SMA patients [26], and also in the impaired development of erythroid precursors
in mice [27]. It is thought that the suppression of hematopoesis may be mediated by IFN-y and/or tumor

necrosis factor alpha (TNF-a), both of which are upregulated during the course of a malaria infection [24].

Finally, apart from malaria, other superimposed conditions may serve to increase risk to severe ane-

mia, including the presence of hookworm infection or iron deficiency [28]. And while case mortality is



low for SMA, this mortality represents that observed at a hospital or health center, where, in contrast
to CM and RD, a safe, effective, and affordable treatment option exists— transfusion. In reality, then,

the case fatality rate for SMA in the absence of treatment is probably much higher.

Cerebral malaria Cerebral malaria (CM) is defined qualitatively by the presence of impaired con-
sciousness as measured by a coma score, and is associated with mortality approaching 10% [21]. In Africa,
generally the Blantyre coma score is used, which assesses ocular, motor, and verbal responsiveness on a

scale of 0 (unconscious) to 5 (normal).

Pathology studies strongly implicate infected RBC (iRBC) sequestration in the cerebral microvasculature
in the pathogenesis of CM (Figure 1.4). The first such observation was made in 1894 by Marchiafava
and Bignami, who observed iRBC sequestration in brain capillaries of Italians who died of malaria with
cerebral complications [29]. A later pathology study in Thai adults has demonstrated signs of cerebral
endothelial activation including upregulation of ICAM-1 and E-selectin, with iRBC binding co-localized
to expression patterns of those endothelial receptors [30]. Even more recently, pathology studies of
Malawian children found that iRBC sequestration, along with thrombosis and ring hemorrhages, was
associated with blood brain barrier disruption, as well as axon and myelin damage [31], and that the
presence of extraerythrocytic malaria pigment was strongly associated with microvascular pathology [32].
Additionally, unique to CM as compared to nonmalarial causes of coma is retinal vascular pathology,

including hemorrhages and white spots [32].

Less well understood is how iRBC mediate the pathogenesis of CM, and the evidence is still best charac-
terized as associative and not causal. For example, sites of iRBC sequestration often contain numerous
other blood cells including monocytes/macrophages, neutrophils, and platelets. Experiments in rodent
malaria suggest that CM is an immunopathological disorder, mediated by certain subsets of T cells active
in innate immunity and especially by IFN-v, as mice deficient in either IFN-vy or its cognate receptor
fail to develop CM [33]. It is thus thought that CM involves some combination of local impairment
of vascular reactivity leading to ischemia as well as systemic processes such as endothelial activation,
coagulation pathway activation, and generalized immune activation mediated by cytokines such as IFN-
~v and TNF-« [34]. The role of nitric oxide is especially interesting as a readily diffusible compound
with diverse biological activities including some that would seem to counteract the development of CM,
e.g. vasodilation, downregulation of endothelial activation, inhibition of platelet aggregation, but also
those that might exacerbate it, e.g. neuronal excitotoxicity and oxidative damage produced as part of
the effector immune response by macrophages and neutrophils via inducible nitric oxide synthase [35].
Finally, it is important to note that non-immune factors such as hypoglycemia may also play a role in

exacerbating the symptoms and pathology of CM.



Respiratory distress Respiratory distress (RD) is characterized by labored breathing and/or hyper-
ventilation, and is associated with mortality of greater than 20% [21]. It is thought to be a respiratory
compensation for metabolic acidosis caused by lactate generated by anaerobic glycolysis, but may also
be exacerbated by pulmonary vascular congestion caused by heart failure secondary to SMA. While no
clear molecular mechanism associated with RD has yet been identified, it seems logical that factors that
impair oxygen delivery (e.g. severe anemia) or blood flow (e.g. systemic microvascular pathology caused
by iRBC sequestration) would serve to increase blood lactate levels, and thus act to increase the risk for
RD. More recently, evidence implicating a hyperinflammatory state has been observed in RD patients
in Ghana, characterized by increased levels of IFN-y, TNF-«, and neopterin, a marker of macrophage

activation [36].
1.1.2.4 Modifiers of clinical burden

Several factors in mosquito, host, and parasite can influence the development of mild disease and the

progression to severe disease.

Transmission intensity With respect to the mosquito, absolute numbers, population sex ratio, and
sporozoite prevalence rate all influence the population dynamics of malaria risk in areas of different
endemicity [37]. In high transmission areas, the incidence of clinical disease will approach 100% during
the first five years of life, but drop off after that, whereas in moderate transmission areas, the incidence
will be lower, but more constant over time. Work done in the Gambia and Kenya has also shown an inverse
relationship between transmission intensity and severe malaria risk, where the highest transmission areas
experienced proportionally fewer severe malaria clinical episodes as compared to low and moderate
transmission zones [38]. Interestingly, this trend held for all forms of severe malaria, including SMA and
CM, though the effect was less pronounced for SMA, which might explain the different proportions of
the two syndromes seen in these two areas of Africa. Whereas CM predominates by a 2:1 ratio in the

Gambia, a 1:1 ratio of CM:SMA is seen in Kenya [39].

Host immune response The most important and well-established aspect of the host response to
infection is the development of adaptive immunity [34]. This acquired immunity is both humoral and
cellular, age- and exposure-dependent, and is non-sterile (i.e. it controls, but does not prevent future
infection). In hyperendemic regions, this immunity is generally negligible before the age of five, but
well-developed by the age of ten. It is also thought that immunity to severe disease may be acquired
relatively rapidly, possibly even after a single infection [40]. Immune mechanisms serve to prevent and
control the course of infection at various stages in the life cycle, can be modulated by the parasite, and

may even serve to exacerbate the course of disease pathogenesis.
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Pre-erythrocytic stage immunity FEven before sporozoite migration to the liver, circulating
antibodies can serve to neutralize and opsonize the sporozoite inoculum delivered by the mosquito. Im-
portantly, however, antibodies directed against sporozoite invasion receptors such as CS protein confer

neither sterile immunity nor clinical protection [41].

Should the sporozoite succeed in invading the hepatocyte, several mechanisms exist to control the devel-
opment of infection, notably the cellular adaptive immune response characterized by IFN-y production
and effector CD8+ T cells. In infected hepatocytes, IFN-y serves to enhance antigen presentation by
class I MHC and expression of co-stimulatory molecules, both of which then prime antigen-specific CD8+

effector T cells for cytolysis via secretion of perforins and granzymes.

The pre- and intra-hepatic stages of infection represent attractive targets for vaccines as the parasite
load during this time period is limited and thus tractable. However, while irradiated intrahepatic sporo-
zoites have been shown to confer sterile immunity to infectious challenge in both rodents and humans
[42], vaccines such as RTS,S which utilize the immunodominant epitope of CS protein have only been
able to confer limited, nonsterile protection in recent clinical trials [43]. Approaches to enhance the
immunogenicity of the vaccine include coupling its administration with stronger adjuvants as well as
expressing the antigen using viral vectors such as modified vaccinia Ankara (MVA) which are known to

elicit strong cellular immune responses [44].

Erythrocytic stage immunity During the erythrocytic stage, both humoral and cellular immu-
nity act to control and eliminate infection. The importance of the humoral response is highlighted by
the fact that B cell depleted mice are unable to fully clear parasitemia when infected with P. chabaudi
chabaudi [45]. Likewise, the critical role of cellular immunity is strengthened by the observation that
CD4+ T cells and elaboration of IFN-y are required elements for clearance of parasitemia in mouse
models, with CD4+ T cell depleted and IFN-v deficient mice both exhibiting persistent parasitemia, the

latter also associated with increased mortality [46, 45].

Blood stage immunity acts to both limit parasite density and virulence. Antibodies directed against
certain merozoite surface receptors can serve to limit invasion efficiency and compromise parasite fitness.
Additionally, CD4+ T cells play an important role, through direct and indirect means. Through direct
interaction with antigen-specific B cells, they induce activation of antibody class switching for production
of IgG which opsonize iRBC and free merozoites for immune clearance by macrophages, which can also
be directly activated by CD4+ T cells. Macrophage activation is also mediated indirectly via IFN-y
produced by CD4+ T cells.

Erythrocytic stage immunity also serves to limit parasite virulence. Examples include antibodies directed



against parasite-derived immunogenic molecules such as GPI, or ones that impede parasite adhesive phe-
notypes mediated by variant surface antigens such as PIEMP1 [34]. The role of this important parasite

surface antigen in immunity and pathogenesis is further explored below.

Finally, antibodies that opsonize the gametocyte stage parasite serve to limit transmission back to the
mosquito vector. As such, a transmission blocking vaccine that targets this stage might be an effective
intervention in limiting parasite prevalence rate in Anopheles and thus serve to reduce the number of

infectious bites experienced by those living in malaria-endemic areas [10].

Innate immunity Innate immune cells such as dendritic cells (DCs) and natural killer (NK)
cells are also important in controlling infection [34]. DCs function primarily as ‘professional’ antigen-
presenting cells to CD4+ T cells which then directly and indirectly (via production of IFN-y) act to
stimulate macrophages, and also promote antibody class-switching from IgM to IgG. NK cells serve as
cytotoxic effector cells that directly eliminate infected RBC, a function which can help to control higher

levels of parasitemia, but which alone is inadequate for fully eliminating an infection [47].

Immunomodulatory role of the parasite The parasite is also capable of modulating the immune
response. The glycosylphosphotidylinositol (GPI) anchors of certain Plasmodium membrane antigens are
strongly immunogenic pathogen-associated molecular patterns (PAMPs) and can induce the production
of large amounts of interleukin-4 from NK T cells (a variant of T cell with nonspecifically avid T cell
receptors) and TNF-a from macrophages via binding to certain Toll-like receptors [48, 49]. This elab-
oration of cytokines can precipitate a systemic inflammatory reaction that can serve to exacerbate the

fever, headaches and nausea that accompany malarial illness [34].

Another way in which parasites can alter the host immune response is via inhibition of DC matura-
tion, thus impairing antigen presentation, CD4+ T cell activation and IFN-y production. This effect,
mediated by the binding of PFEMP1 on the infected RBC surface to CD36 on the DC membrane [50],

thus acts to prevent effective elaboration of the erythrocytic stage adaptive immune response.

Parasite virulence factors Finally, the parasite itself impacts disease presentation in species- and
strain-specific ways. The most important distinction lies between P. falciparum and all other species,
where the former is considerably more virulent and accounts for the vast majority of global malaria mor-
tality. Apart from the immunopathogenic effects of the GPI anchor mentioned earlier, specific strains
of P. falciparum are also associated with increased virulence by virtue of their effects on the adhesion
properties of infected RBC [51]. Such properties include rosetting, or the ability of infected RBC to bind
uninfected RBC, and endothelial cytoadherence, which refers to the ability of infected RBC to bind to
endothelial cells. These phenomena are mediated by parasite-encoded variant surface antigens of the P.

falciparum erythrocyte membrane protein 1 (PfEMP1) family.
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The presence of parasite-derived surface antigens on the RBC surface was first suggested by early exper-
iments performed in primate systems. In these studies, it was found that schizont-infected RBC could
be agglutinated using sera from the infected animal, but not from an uninfected animal [52]. If an in-
fection was allowed to proceed for long enough, antigenically-distinct recrudescences could be produced
where sera from earlier waves of parasitemia could not agglutinate infected RBC from later waves [53].
The antigen mediating this phenomenon was parasite-encoded, stage specific (ring stage iRBC could not
agglutinate), and clone-specific, as sera generated from an infection with one clone could not agglutinate
infected RBC from another clone. Immune recognition of this antigen seemed to be important with
respect to clinical protection, too, as adults generally had sera that was more broadly cross-reactive to

different parasite isolates than did children [54].

Later work would demonstrate that while the parasite exports several proteins to the RBC, the key
mediator in the agglutination phenotype, as well as in cytoadherence and rosetting was PIEMP1 [55].
This high molecular weight protein is encoded by any one of nearly sixty var genes [56] in a mutually
exclusive fashion, where only one variant is expressed at a time, with variant switching thought to oc-
cur at a variable but low rate [51]. The tremendous genetic diversity at the var loci, coupled with the
agglutination experiments strongly suggests that PFEMP1 is a major parasite variant antigen, and that

the phenomenon of var switching represents a critical avenue for immune evasion.

Cytoadherence is another mechanism for immune evasion as PfEMP1 is thought to mediate the iRBC
sequestration seen in CM. Infected RBC attached to endothelial receptors such as CD36 or ICAM-1
are no longer in the peripheral circulation and can thus no longer be cleared by splenic macrophages.
Importantly, cytoadherence is not restricted to endothelial cells; iRBC can also bind platelets [57] and
white blood cells [58]. Binding of iRBC to these various cell types in the cerebral microvasculature may
mediate a pro-inflammatory and pro-coagulant state thought to characterize the immunopathogenesis of

CM (see earlier discussion of CM).

Apart from the pathology data implicating sequestration and cytoadherence in cerebral vascular and
neuronal damage, in vitro work examining the cytoadherence of field isolates from patients with severe
malaria demonstrate stronger cytoadherence to ICAM-1 in CM patients [59, 60], which comports with
the increased ICAM-1 expression seen in pathological specimens [30]. Rosette formation, mediated by
PfEMP1 binding to complement receptor 1, is similarly associated with disease severity in similar stud-
ies, including one in the Gambia looking at CM [61] and another in Kenya examining severe malaria
[62]. Additionally, there is one PfEMP1 variant which binds chondroitin sulfate A and is strongly asso-
ciated with placental malaria, a severe complication of pregnancy in primigravid women associated with

intrauterine growth retardation and increased maternal and fetal mortality [63].
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1.1.3 Therapeutic and control measures

1.1.3.1 Antimalarial drugs

Malaria is curable with chemotherapeutic agents, including those that interfere with the metabolism
of folate (e.g. sulfadoxine, pyrimethamine) or hemoglobin (e.g. chloroquine), and several others whose
mechanism remain a mystery. The latter includes two mainstays of severe malaria therapy, quinine
and artemisinin, both of which are derived from natural products (cinchona bark and sweet wormwood,
respectively) and have been used as traditional therapies for hundreds of years [20]. Despite the existence
of curative therapies, drug resistance has been a longstanding problem that began with resistance to
chloroquine in the 1960s in southeast Asia, and threatens each new generation of antimalarials, most
recently the first-line drug artemisinin [64]. An additional problem that specifically affects treatment
and public health management of P. vivaz and P. ovale is that primaquine, the only drug available to
provide radical cure of hypnozoite-stage parasites, is contraindicated in patients with glucose-6-phosphate
dehydrogenase deficiency [20], a relatively common trait in malaria-endemic areas (discussed below).
Finally, apart from antimalarial medications, supportive therapies may include acetaminophen to treat
fever, phenobarbital to treat seizures, and transfusion therapy to treat severe anemia and concomitant

hyperparasitemia [20].
1.1.3.2 Population-level control of malaria

At a population level, control of malaria can, in theory, be achieved in a variety of ways, with the ultimate
aim being the attainment of transmission rates of zero in a particular region (elimination) or from the

world as a whole (eradication) [65].

The most important, evidence-based method to date remains vector control, which includes the use
of insecticide-treated nets (ITN) and indoor residual spraying of homes with insecticide, along with elim-
ination of mosquito breeding sites (e.g. dredging of standing water in a swamp). For example, ITN
usage is associated with a roughly 50% reduced incidence of mild malaria, and widespread spraying of

the insecticide DDT in the 1950s allowed many Mediterranean countries to eliminate malaria entirely [66].

Another critical aspect to malaria control involves the parasite itself. Continuous transmission occurs
when many hosts are infected, each serving as a reservoir for mosquito-transmissible gametocytes. Cur-
rent approaches to rational vaccine and drug design take all aspects of the transmission cycle into account
in efforts to reduce transmission rate, akin to generating 'herd immunity’. Vaccines currently in devel-
opment or in clinical trials seek to curb the initial development of infection (pre-erythocytic stage), the
exponential growth of parasite density (erythrocytic stage), or the transmission of parasite to mosquito
(gametocyte stage)[67]. Similar efforts are being undertaken in drug discovery, where the ideal drug

candidate is one that targets not only the asexual trophozoite, but also the sexual-stage gametocyte [68].
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Finally, there are the more general issues relating to nutrition and health care infrastructure, both
of which have significant impacts on the morbidity and mortality associated with malaria. For example,
malnutrition-related growth stunting is strongly associated with both increased prevalence of mild and
severe disease [69]. Likewise, it has been shown that ease of access to medical treatment improves disease
outcomes [70]. But while addressing these structural inequalities is difficult, it has considerable bearing
on the efficacy of any vector- or parasite-focused approaches, as was demonstrated after the last malaria
eradication campaign in the 1950s, when many countries were able to transiently eliminate transmission,
only to have it resurface years later owing to poor surveillance and lack of rapid removal of reservoirs of

infection [71].

1.2 GG6PD and the host susceptibility genetics of malaria

1.2.1 Glucose-6-phosphate dehydrogenase
1.2.1.1 Physiological role

Glucose-6-phosphate dehydrogenase (G6PD) catalyses the rate-limiting first step in the pentose phos-
phate pathway (PPP), generating NADPH during the oxidation of glucose-6-phosphate (G6P) to 6-
phosphogluconolactone (Figure 1.6). Nicotinamide adenine dinucleotide phosphate (NADPH) is a cofac-

tor critical to a variety of fundamental metabolic processes, including:
a. fatty acid and nucleic acid synthesis
b. antioxidant defense — regeneration of reduced glutathione (via glutathione reductase)
c. respiratory burst in immune effector cells (NADPH oxidase)
d. endothelial function — generation of nitric oxide (NO synthase)
e. hemoglobin catabolism - conversion of heme to biliverdin (heme oxygenase)

G6PD is a housekeeping enzyme constitutively expressed in the cytosol of all cell types, and is found in
all living species, including prokaryotes. This includes the Plasmodia species, which express a unique
variant of G6PD that is conjugated to gluconolactolase (the second enzyme in the PPP), and thus acts
as a dual-function enzyme [72]. Human G6PD in its active form is a homodimer or homotetramer of a

56 kDa (515 amino acid [a.a.]) monomer composed of three principal domains [73, 74]:
a. N-terminal domain (a.a. 27-197) — contains the catalytic NADP binding site
b. alpha-helical linker (a.a. 198-206) — location of the conserved substrate (G6P) binding site

c. C-terminal domain (a.a. 207-515) — contains the quaternary interaction domain and the structural

NADP binding site (both of which maintain thermodynamic stability)
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1.2.1.2 Regulation of G6PD activity

Direct regulation Key allosteric inhibitors of G6PD activity include sex steroid precursor dihy-
droepiandrosterone (DHEA) [75], and cell cycle master regulator p53, which inhibits G6PD activity
by preventing dimerization [76]. Indirect regulation of G6PD activity is provided in the form of pro-
cesses that alter substrate, product, and/or co-factor concentration. For example, if cellular energy stores
are depleted, G6P will be shunted into glycolysis, decreasing G6PD activity, and if NADPH consumption
is high, G6PD activity will increase owing to reduced product and NADPH concentration. This latter
scenario is especially relevant in the red blood cell (RBC), where basal G6PD activity is at 1-2% of
its theoretical maximum [77], but must increase rapidly in response to oxidant stressors, as NADPH is

required to regenerate antioxidant glutathione, and G6PD is the only source of NADPH in RBC.

Genetic regulation Regulatory sequence at G6PD is best characterized for the promoter region (Fig-
ure 1.5). A 1243 bp CpG island, located at chrX:153774894-153776136 on hg19/GRCh37, contains 138
CpG motifs and is a bidirectional site of transcriptional repression via DNA methylation for both G6PD
and IKBKG. Additionally, the promoter contains binding sites for several transcription factors, notably
the specificity factors 1 and 3 (SP1 and SP3), as well as cyclic AMP response binding and modulatory
proteins (CREB and CREM).

SP1 and SP3 serve to enhance and repress transcription, respectively, with their binding to GC-box
motifs (5-KGGGCGGRRY-3’ and its complement) demonstrated via gel-shift assay using core G6PD
promoter sequence, and their functional role demonstrated by examining chloramphenicol acetyltrans-
ferase (CAT) expression driven by the G6PD promoter in HeLa cells co-transfected with either SP1- or
SP3-expressing plasmids [78, 79].

CREB and CREM compete for binding to the same sequence (5'-CAGAAACAGTATGACGATAGGCAGAT-
3’), which is located at chrX:153776348-153776373 on hgl9/GRCh37, telomeric to the aforementioned
CpG island. Experiments done in vitro and in vivo using a mouse model suggest that CREM acts as a
transcriptional repressor, and may contribute to impaired vascular reactivity via a mechanism that in-
volves aldosterone-mediated upregulation of CREM, which leads to impaired nitric oxide bioavailability

[80].

Finally, it is important to note that that bioinformatic predictions and preliminary data from EN-
CODE (available at UCSC Genome Browser) suggest that G6PD may harbor additional binding sites
for a variety of important transcription factors including heat shock factor and steroid hormone response

binding protein.

With respect to epigenetics, the most important feature is that, as an X chromosome gene, one copy
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is subject to transcriptional repression in females via random X chromosome inactivation (XCI). While
many genes on chromosome X are able to escape XCI, G6PD is not [81], and in each terminally dif-
ferentiated somatic cell in the female body, only one copy is expressed, leading to a mosaic expression
of any G6PD functional phenotypes (discussed further below and in Chapters 5 and 6). While XCI
itself is thought to be random, there is some evidence of a skewing of XCI with increasing age [82], and
furthermore there exists the possibility of in situ natural selection of cells expressing a particular G6PD

functional variant.

G6PD in the erythrocyte As the erythrocyte is uniquely dependent on G6PD for NADPH pro-
duction, the absence of G6PD leads to the inability to regenerate reduced glutathione. Glutathione,
a tripeptide which acts as an electron donor in its reduced form, is important in the neutralization of
reactive oxygen species, and serves to maintain an appropriately reductive cellular environment. In doing
so, peroxidative damage to proteins and lipids is prevented. Impaired protein structure and function can
lead to enzyme inactivation or loss of proper cytoskeletal architecture. Lipid peroxidation can lead to
alterations in membrane fluidity dynamics and pore formation which can ultimately result in suscepti-
bility to osmotic lysis. Glutathione also plays in important role in maintaining the structural integrity
of hemoglobin by maintaining reduced sulfhydryls which when oxidized can lead to the production of
hemoglobin precipitates known as Heinz bodies. Thus, it indirectly plays a critical role in the principal

RBC function of oxygen delivery.

G6PD outside the erythrocyte G6PD also plays an important role in cells that are not solely
dependent on it for NADPH, and this may be because of dose-dependent effects that cannot wholly be

overcome by compensatory mechanisms or redundant pathways for generating NADPH.

Vascular reactivity For example, in endothelial cells, NADPH is a necessary cofactor for nitric
oxide synthase (NOS), which generates nitric oxide (NO), a membrane-permeable free radical which exerts
key local vascular effects important in small vessel homeostasis. It functions in preventing ischemia,
as NO induces vascular smooth muscle relaxation ensuring adequate local blood flow. For example,
in experiments done in vivo in mice, aldosterone, a natural inhibitor of G6PD was found to inhibit
vascular reactivity in a dose-dependent fashion [80]. NO also serves in an immunomodulatory capacity,
by controlling the expression of receptors such as ICAM-1 that are associated with leukocyte adhesion.
Finally, it acts as a local check on coagulation, by inhibiting platelet aggregation. In vitro experiments
using bovine endothelial cells show that G6PD-derived NADPH may be important in vessel remodeling
as well, as deficient G6PD activity in this system limited the ability of endothelial cells to initiate

angiogenesis in response to vascular endothelial growth factor [83].
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Immune function during infection GG6PD also functions in the respiratory burst generated
by NADPH oxidase in immune cells such as macrophages and neutrophils. NADPH oxidase produces
superoxide, which by itself and in concert with NO produced by inducible NOS found in these cells
(the reaction of superoxide with NO produces the peroxynitrite radical), generates oxidant species that
generate peroxidative damage of proteins, lipids and nucleic acids of pathogen species both intra- and
extracellular. In fact, deficiency of G6PD can lead to an X-linked form of chronic granulomatous disease
[84], a disorder characterized by impaired macrophage function leading to increased susceptibility to
recurrent infection. However, it is also possible that there may be beneficial consequences to an impaired
respiratory burst, as G6PD deficiency has been associated with fewer atherosclerotic lesions in a mouse

model of dyslipoproteinemia [85].

There is also limited evidence that G6PD deficiency is associated with decreased production of IL-
10 and IFN-y [86]. While the latter represents a hindrance to launching an effective cellular adaptive
immune reponse, the decreased production of anti-inflammatory IL-10 might serve to enhance T cell
priming by infected nucelated cells and more generally suppress the induction of a pathogenic systemic
inflammatory response. As IL-10 levels are elevated in severe malaria, this may be one aspect of how

G6PD deficiency might exert a protective effect.

Breakdown of hemoglobin Finally, G6PD also plays a role in hemoglobin catabolism by providing
NAPDH to heme oxygenase (HO), which converts heme to biliverdin, liberating iron and carbon monoxide
in the process. Evidence from rodent models of malaria suggest that upregulation of HO is important in
reducing the amount of pro-oxidant free heme present in the plasma, which can act as a cytotoxic agent,
and thus increased HO activity might therefore be protective against experimental cerebral malaria.
[87]. As G6PD deficient individuals are at risk for oxidant-induced hemolysis generally, the impairment
of HO activity might serve to exacerbate the effects of an acute hemolytic episode or chronic subclinical

episodes.
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Figure 1.6: The physiologic role of G6PD. Glucose-6-phosphate dehydrogenase catalyses the first step of
the pentose phosphate pathway, generating NADPH, a cofactor important to a variety of metabolic processes.

1.2.1.3 Deficiency of G6PD

History Deficiency of G6PD is the most common enzymopathy in man, affecting hundreds of millions
worldwide, and is found in regions as diverse as southern Europe, the Middle East, south and southeast
Asia, and Africa[88]. Its clinical features have been recognized since antiquity, but it was not until the
middle of the twentieth century that it was recognized as a heritable trait. The observation of acute
hemolysis in African-American soldiers upon taking the antimalarial drug primaquine catalyzed research
on the phenomenon that ultimately led to the identification of GE6PD deficiency as the underlying cause
[89, 90]. That primaquine-sensitivity was heritable and intrinsic to the RBC itself was demonstrated
by transfusion of radiolabeled RBC from primaquine-sensitive individuals into normal individuals, with
hemolysis observed only in radiolabeled cells upon primaquine administration [91]. The defect was then
localized to G6PD when it was noted that primaquine-sensitive individuals were unable to efficiently

reduce oxidized glutathione as a consequence of decreased NADPH production by G6PD [92].

Functional genetics Pedigree studies would reveal that G6PD deficiency was an X-linked disorder,
and interestingly, kinetic studies of G6PD activity in the RBC of female heterozygotes would provide
the first functional evidence of X chromosome inactivation in humans [93]. Over decades of research,
hundreds of mutations in the G6PD gene have been described throughout the world, and several of these
have been found to be relatively common with population frequencies of greater than 1% (Figure 1.7).
Although initial protein electrophoresis and kinetic studies revealed many spurious variants owing to
inter-laboratory variation in methodology, more recent work using DNA sequencing has confirmed that
there are well over one hundred distinct genetic variants [94]. Allelic heterogeneity at G6PD is charac-

terized by highly variable biochemical and clinical penetrance, graded according to severity by WHO on
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a scale from 1 to 5, with severe variants (class I) that cause chronic nonspherocytic hemolytic anemia
(CNSHA) being quite rare. The majority of functional polymorphisms described to date are nonsyn-

onymous variants identified by cDNA sequencing that localize to different regions of the peptide sequence.

While many severe (class I) variants localize to peptide sequence corresponding to the dimer interface
(a.a. 380-430), for most common variants there is no precise understanding of the molecular cause of
the deficiency state, though none appear to be related to catalytic function, and several lines of evidence
suggest there may be decreased thermal stability leading to enzyme breakdown, especially in older RBC
[95, 96]. Ome African variant in particular that has been well studied is the 202/A- (rs1050828; C>T;
Val68Met) mutant (202’ refers to the cDNA coordinate).

One key early observation was that the G6PD activity of nucleated cells was higher than that of RBC
in G6PD deficient individuals, with nucleated cell activity approaching near-normal levels in 202/A-
individuals [97], suggesting that there was no primary defect in production or catalytic function of the
enzyme. Following on from this, G6PD activity was examined in young versus old RBC, using density
gradient fractionation to separate RBC based on in vivo age [98, 95]. Here it was found that 202/A-
individuals exhibited near normal G6PD activity in their youngest RBC (reticulocytes), but exhibited
rates of RBC age-dependent decreases in activity that were much greater than that for wild-type G6PD,
suggesting a dramatic degradation or inactivation of enzyme over the course of the RBC lifespan. As the
ability of anti-G6PD sera to inhibit the specific activity of G6PD did not differ between wild type and
202/A- enzyme, it was suggested that degradation was the more likely explanation [98]. Further bio-
chemical work has suggested that an increased sensitivity to sulthydryl oxidation in the 202/A- enzyme
might lead to enzyme inactivation by both decreasing affinity for glucose-6-phosphate, but also rendering

it more sensitive to thermal inactivation [96].

Interestingly, there is not always a clear relationship between in vitro G6PD activity and clinical episodes
of acute hemolysis. Some low activity variants like 1360/Union (G>A; Argd54Cys) cause little hemolysis
(class 2), while some moderate activity variants like 1180/Alhambra (C>G; Val394Leu) lead to a chronic
hemolytic anemia (class 1). One possible explanation for the discrepancy lies in the reaction conditions
used in the in vitro G6PD activity assay itself, where non-physiological NADPH concentrations are gen-
erally employed. As NADPH competes with NADP+ for access to the same binding site, it can thus
act to inhibit dimerization and optimal enzyme function. Indeed, this was found to be the case in the
aforementioned example, where NADPH was able to preferentially bind 1180/Alhambra over 1360/ Union
at physiological NADPH concentration, thus inhibiting formation of the active dimer [99].

Apart from the 202/A- variant, there are three other deficiency variants found in Africa and relevant

to this thesis, though biochemical studies of these are few. These include the 542/Santamaria (T>A;
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Aspl81Val; class 2), 680/Mexico City (C>A; Arg227Leu; class 3), and 968/Betica (A>G; Leu323Pro;
class 3) variants. Though limited, there is some evidence suggesting that thermal instability may play a
role in enzymatic deficiency for the 542 /Santamaria and 680/Mexico City mutants [100]. Thermodynamic
and kinetic data could not be found for 968/Betica.
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Figure 1.7: Mutations associated with G6PD deficiency. Schematic illustrating the location of nonsyn-
onymous substitutions associated with G6PD deficiency along the coding sequence of G6PD, with milder variants
(class II, III, and IV) shown atop the exon blocks (white), and the most severe variants (class I) shown below
(red). Especially common mutations are indicated by name. Reproduced from Cappellini and Piomelli [73]

Clinical implications While the prevalence of G6PD deficiency trait is high, the clinical penetrance is
generally mild, and the vast majority of affected individuals are unaware of their condition [90]. Nonethe-
less, serious complications can occur, usually as a result of oxidant stress generated by certain foods,
medications, or infections. For example, ingestion of the fava bean can rapidly (24 h) lead to hemoly-
sis (favism), as can taking a variety of drugs, including primaquine, as well as certain quinolones and
sulfonamides, though drug-induced hemolysis generally develops less rapidly (8-10 days). G6PD defi-
ciency is also associated with blackwater fever, a poorly understood, infrequent complication of malaria
treated with quinine (itself not an oxidant) characterized by massive hemolysis and hemoglobinuria cul-
minating in acute renal failure and death [101]. The most common precipitant of hemolysis in G6PD
deficiency is infection or febrile illness [73], with common causes being hepatitis, pneumonia, and cy-
tomegalovirus infection. Acute or subacute hemolysis triggered by these environmental insults can result
in a profound anemia characterized Heinz bodies (denatured hemoglobin precipitates in the RBC), un-
conjugated bilirubinemia, and hemoglobinuria, with the resultant ischemia and acute tubular necrosis
(caused by hemoglobin casts) leading to acute renal failure [73]. Treatment includes eliminating the
offending insult and occasionally transfusion, but the hemolysis is usually self-limiting and only rarely

life-threatening.

Neonatal jaundice, characterized by unconjugated bilirubinemia in the absence of anemia or reticulo-

cytosis (i.e. jaundice not secondary to hemolysis), is thought to result from impaired bilirubin conju-

20



gation in the liver, with risk augmented by prematurity, exposure to oxidant stressors, and Gilbert’s
syndrome, a common conjugation defect in glucuronosyltransferase activity caused by promoter muta-
tions in UGT1A1 [102]. In contrast to hemolytic anemia, neonatal jaundice is a life-threatening condition
that can lead to permanent global neurologic deficits (kernicterus), and must be treated promptly with

phototherapy and exchange transfusion [73].

In certain individuals with chronic nonspherocytic hemolytic anemia (CNSHA), neonatal jaundice may
be especially severe and the threat of hemolytic anemia constant. In these patients, who have sporadic
mutations of the class I variety, hemolysis is extravascular and chronic, leading to splenomegaly and

gallstones, with transfusion often required as maintenance therapy throughout life [103].

G6PD deficiency has also been found to be associated with immune-associated chronic diseases, includ-
ing diabetes [104, 105, 106] and cardiovascular disease [85, 107, 108]. It has additionally been linked to
X-linked chronic granulomatous disease [84] and necrotizing enterocolitis [109]. In animal models, GGPD
has been found to play an important role in endothelial function (via NO synthase) with deficiency

resulting in impairment of both vascular reactivity [80] and angiogenesis [83].

1.2.2 Malaria protection hypothesis
1.2.2.1 Geographical correlation between malaria endemicity and erythrocyte polymor-
phisms

In 1948, Haldane first postulated that the high frequency of thalassemia in some populations was due
to an increased fitness among heterozygotes conferred by resistance to malaria [110]. This so-called
‘malaria protection hypothesis’ posited that the global frequency distribution of erythrocyte genetic
variants such as those associated with thalassemia, hemoglobin S, and G6PD deficiency was reflective of
their geographical coincidence with the historical distribution of malaria (compare Figures 1.2 and 1.8).
Given that susceptibility to infectious disease in general is highly heritable [111], and that malaria exerts
outsize influence on early childhood mortality in endemic areas, it was thought to be a powerful agent

of natural selection in humans [112].

21



Figure 1.8: Global distribution of G6PD deficiency. As estimated in the meta-analysis by Nkhoma et al.
[88], with percent prevalence color-graded according to the scale shown.

Much of the work seeking to prove this hypothesis has focused on geographic evidence in the form of
microepidemiological surveys. For a-thalassemia, the evidence has been quite strong, with independent
observations in Nepal [113] and Melanesia [114] of strong population differentiation for a-thalassemia
allele frequency that follow patterns of historical endemicity for malaria. Furthermore, in one Nepalese
ethnic group with allele frequency approaching 80%, seven-fold reduced malaria incidence compared to

other groups was observed [115].

By contrast, geographical evidence for G6PD deficiency has been mixed. In East Africa, Allison [116]
found relatively low frequencies of G6PD deficiency (< 3%) among highland ethnic groups (Kikuyu and
Masai), as compared to seven lowland groups (range: 15% to 27%), as did Flatz and Sringam [117] in
Thailand (highland: 0-3%, lowland: 11-18%). However, in Papua New Guinea, Kidson and Gorman
[118] found a more complicated pattern— while there seemed to be a general inverse correlation between
altitude and frequency, at a finer scale, they found individual ethnic group frequencies that belied this
trend, with some groups in holoendemic areas exhibiting frequencies less than 1%, and one highland
group with a frequency of 5%. In a similar vein, low frequencies have been reported in malaria-endemic
areas of Indonesia (1-3%, [119]), and conversely relatively high frequencies (6-9%) have been reported on

the non-malarious islands of Yap and Palau in Micronesia [120].
1.2.2.2 Natural selection at G6PD

Population genetics More recent work has focused on using information on the genetic architecture
surrounding known G6PD functional alleles to infer population genetic history, i.e. the age of functional
variants or the magnitude of associated selection coefficients. For example, Tishkoff et al. found that
microsatellite haplotype diversity was reduced on chromosomes bearing Mediterranean and African func-

tional alleles [121], the latter result also corroborated by sequencing results that demonstrated reduced
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nucleotide variability on the functional allelic background [122]. Other work has extended these observa-
tions, literally, by noting the extreme uniformity of functional allele haplotypes, even when considering
polymorphisms hundreds of kilobases away from the variant [123, 124]. This phenomenon can be formal-
ized using long-range haplotype tests which look for high-frequency alleles with unusually high extended
haplotype homozygosity (EHH), the idea being that under neutrality, EHH surrounding an allele drifting
to high-frequency would fall off with distance due to the effects of recombination and mutation. These
tests have yielded convincing results for specific consideration of one African [123] and one Asian [125]

variant, but have yet to be detected in unbiased, genome-wide surveys [126, 127].

Balancing selection As discussed earlier, the adverse clinical implications of G6PD deficiency may

serve to counterbalance any malaria-protective effects.

Chief among these is neonatal jaundice in the newborn, which recent studies suggest has a case fa-
tality rate between 20 and 40% [128, 129]. Additionally, those infants who manage to survive suffer
long-term neurologic consequences; a small study in Kenya found that greater than 40% of such infants
were unable to stand or sit up independently [130]. Taken together, the profound morbidity and mor-
tality associated with neonatal jaundice suggests that in early infancy, a net negative selective pressure
may operate on G6PD deficiency alleles, as the incidence of malaria in newborns is negligible due to

protection conferred by maternal antibodies during the first six months of life.

In early childhood (6 months to 5 years of age), however, when the risk for severe malaria is great-
est, a strong protective effect conferred against such life-threatening illness would likely result in a net

positive selective pressure on G6PD deficiency alleles.

Finally, in late childhood (10 years of age and higher), when adaptive immunity has fully developed
and thus the likelihood of developing severe malaria decreases precipitously, it is likely that no strong
selective forces operate, though it is possible that the rates of upper respiratory illness or viral hepatitis in
an area, or exposure to other factors known to precipitate hemolytic crises in G6PD deficient individuals,

may play a modest role.

What the differential selection in infancy versus childhood suggests is that G6PD deficiency alleles may
be subject to a balancing selection process, where the same alleles are first depleted and then enriched
in a population, resulting in no strong net directional selection on allele frequency over a short genera-
tional timescale. Age-stratified allele frequency data for GEGPD deficiency might help clarify the different
selective forces at work, as it has for sickle cell trait (HbAS), where an early study in the Congo found
that the frequency of HbAS was 0.103 in children under 3 y, while it rose to 0.226 in children between 3
and 10 y [131].
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1.2.2.3 Association studies

Association studies offer direct, empirical evidence with which to evaluate the malaria protection hy-

pothesis.

Mild clinical phenotypes Clinical phenotypes associated with asymptomatic infection or uncom-
plicated malaria include parasite prevalence rate, parasite density, and clinical episode frequency. For
example, the earliest work establishing the canonical protective effect for sickle trait (HbAS) found both
decreased parasite rate in natural settings and decreased parasite density in experimental infection [132].
Later work has generally corroborated this result, including two large recent studies conducted in Kenya
[133] and Ghana [134], each finding lower parasite densities in HbAS individuals, and the former addi-

tionally observing a decreased frequency of symptomatic clinical episodes. [132, 133, 134]

Studies examining the association of mild malaria clinical phenotypes with G6PD deficiency, however,
have provided little consensus. While Allison and Clyde found slight differences in both P. falciparum
rate and density in Tanzania [135], most later work has not replicated this finding, including studies
in the Congo [131], Nigeria [136], Mali [19], and Thailand [137, 125]. More vexingly, the studies from
Thailand also examined association with P. vivax density and found diametrically opposite results, with
one observing an increased parasite rate [137] and the other decreased parasite density [125] in G6PD

deficient individuals.

Severe malaria phenotypes Mild malaria phenotypes are poorly correlated with disease burden, and
are thus of questionable clinical relevance and also less pertinent to discussions of evolutionary fitness
and the malaria protection hypothesis. More important to consider are those phenotypes associated with
severe malaria, whether binary (e.g. case-control status) or continuous (e.g. serum lactate levels), and
more specifically, those features associated with particular clinical subphenotypes. As severe malaria
itself is quite rare (less than 1% of all cases), conducting an adequately-powered study is quite costly
both in terms of time and resources, but such work offers the potential to reveal effects that might be

subtle or even unobservable in studies of mild malaria.

Large case-control studies examining variant hemoglobins S and C have revealed protective effects of
even greater magnitude than those found in studies of uncomplicated malaria phenotypes, and evidence
of protection has been consistent across independent investigations conducted in several different regions,
including Nigeria [138], Ghana [134], the Gambia [139], Mali [18], Burkina Faso [140], and Kenya [141].
The relationship between G6PD deficiency and severe malaria is less clear, however, for reasons both
methodological and biological. Past studies have differed with respect to clinical definitions used and also
in how they define and type the G6PD deficiency trait, with the latter also being of biological relevance

in that G6PD is an X-linked gene (unlike the globins), which complicates interpretation of effect size
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and statistical significance in gender-stratified analyses.

The earliest association study of severe malaria was performed in Nigeria by Gilles et al. [138], who
specifically investigated cerebral malaria (200 controls, 100 cases), and found a strong protective effect
in both males and females, estimating that G6PD deficient individuals overall had about 70% reduced

risk of developing CM.

Two later studies also considered specific clinical subphenotypes (SMA and CM), including one con-
ducted by Ruwende et al. [39] in the Gambia (421 controls, 556 cases [174 SMA, 382 CM]) and Kenya
(292 controls, 250 cases [115 SMA, 135 CM]), and another by Guindo et al. [19] in Mali (2765 controls,
271 cases [223 CM, 48 SMA]). Both studies assessed trait carriage via genetic typing of a major African
variant, G6PD202 (“A-”), and a pooled meta-analysis of both studies [19] presented strong evidence for
protection against CM (OR = 0.44, P = 0.002), but not SMA (OR = 0.70, P = 0.48). Consistent with
this finding, association with severe malaria as a whole met statistical significance (P < 0.05) only in

those countries where CM comprised a majority of cases (The Gambia = 69% and Mali = 82%).

However, both studies should be viewed cautiously in light of particular methodological issues relat-
ing to genotyping. In the study done by Ruwende et al., the frequency estimate in the Gambia for the
202T allele (DAF = 0.059) may be inflated relative to two recent published reports suggesting the fre-
quency is much lower in the Gambia and Senegal (between 1-3%), which may explain why their enzyme
activity data showed only a modest reduction in G6PD activity for 202T hemizygotes of 50%, as opposed
to 80-90% that has been observed by other investigators. And in the work presented by Guindo et al.,
where it is claimed that protection is conferred only to males, the observed female genotype distribution
for controls at G6PD202 (TT: 40, CT: 148, CC: 1011) is grossly inconsistent with frequencies expected
under an assumption of Hardy-Weinberg equilibrium (P = 6.6 x 10722, x? test), which might suggest
cryptic population structure or systematic genotyping error. As the typical significance threshold in
genome-wide association studies is P < 1077, their claims with respect to gender-specificity may not be

accurate.

Guindo et al. are not the only investigators to claim a sex-specific protective effect. Indeed, while
they espouse a male-specific protective effect, others have claimed the exact opposite. Following on from
the suggestions of Haldane and Allison regarding heterozygote advantage for thalassemia and sickle cell
trait, Luzzatto [142] and Bienzle [136] sought to explain balancing selection for an X-linked trait by
positing that the heterozygote state, present only in females, was associated with decreased parasite rate
and density. In addition to using response variables poorly correlated with disease burden, the specific
conclusions drawn in the Bienzle et al. study are incongruous— in males, the nondeficient A allele is

found to be protective, and in females, only one type of heterozygote (A-/B but not A-/A) is protected.
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Given that several other studies have found no significant difference in the protective effect in both males
and females [138, 39, 143], it is possible that sex-specific differences in association at G6PD have been

overstated, as has been the case for many other genes [144].

1.2.2.4 Laboratory studies

Experimental work can offer not only further indirect corroboration of the malaria protection hypothesis,
but also insights into the cellular and molecular mechanisms underlying protection, such as those affecting

parasite fitness and virulence or those concerning host adaptation to infection.

Parasite fitness and virulence An obvious starting point from which to investigate mechanisms
of protection conferred by the hemoglobinopathies and G6PD deficiency is to look at how the variant
RBC itself impacts parasite biology. Perhaps the simplest metrics to consider in this regard are invasion
efficiency and growth rate. Experiments using sickle trait RBC have been informative in this regard,
as investigators have found impaired invasion and growth of parasites in AS erythrocytes [145, 146],
and also increased propensity for infected AS cells to sickle [147], which would serve to enhance splenic
clearance. Similar experiments have been conducted using G6PD deficient RBC, but have yielded mixed
results, with some researchers finding evidence of invasion preferences [142] or aberrant in vitro growth
phenotypes [148], and still others not [149, 150]. Some have even suggested that the parasite upregulates
its own G6PD in response to deficiency in the host RBC [151], but this was later observed to be a
methodological artifact by the same group [152]. In general, the ambiguity in the invasion/growth rate
data mirrors that found in the mild malaria clinical data where neither in vivo parasite density nor the
risk of asymptomatic malaria significantly differ between G6PD deficient and normal individuals. Over-
all, this suggests that unlike with sickle trait, protection may not be associated with parasite survival

inside the variant RBC.

More important to consider are those virulence phenotypes that impact the syndromes of severe malaria,
including adherence phenotypes associated with the PIEMP1 parasite variant antigen family [51]. Two
such phenotypes include rosetting, or the ability of infected RBC to bind uninfected RBC, and endothe-
lial cytoadherence, which refers to the ability of infected RBC to bind to endothelial cells. Both rosetting
and cytoadherence are associated with clinical severity, and, more specifically, the pathogenesis of cere-
bral malaria via mechanisms thought to involve changes in local blood flow, hemostasis, and endothelial
activation [62, 30]. Impaired rosette formation has been observed for infected blood group O RBC in
vitro [153], as has impaired cytoadherence in HbAS and HbAC RBC [154, 155]. Similar experiments
have not yet been reported for G6PD deficiency, but would be of great interest given their demonstrated

utility in elucidating key mechanistic aspects of protection for these other erythrocyte polymorphisms.
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Host adaptation The age-dependent acquisition of adaptive immunity significantly reduces the risk of
severe malaria, and there is some evidence that suggests that variant RBC may modulate this process. In
sickle trait, for example, it has been observed that protection from symptomatic infection increases with
age until 10 y, which likely indicates that HbAS accelerates the development of acquired immunity [156].
This is quite plausible given that infected HbAS RBC sickle more easily and are thus more susceptible
to splenic clearance and presentation to antigen presenting cells. As ring-infected G6PD deficient RBC
are more susceptible to phagocytosis in vitro [150], it is possible that G6PD may also modulate host
immunity in a similar fashion, though this has yet to be demonstrated in vivo. Additionally, non-immune
mechanisms of host adaptation, such as tolerance to infection, as demonstrated recently for sickle trait

with respect to heme catabolism [87], may prove to be important as well.

1.2.2.5 Refining the hypothesis

The picture that emerges from decades of research on G6PD and the malaria protection hypothesis is
one rife with incongruity. A closer look at the underlying assumptions and evidentiary support reveals

that biases and hyperbole have shaped the narrative over a half-century.

The malaria protection hypothesis overall suffers from experimental bias in its focus on the erythrocyte.
When Haldane first presented his hypothesis in the middle part of the twentieth century, hematology
research was at its zenith (Figure 1.9), as blood was an easily obtainable source of tissue for protein
biochemistry, and screening for hemoglobin and G6PD variants was facile with the advent of new gel
electrophoresis techniques [90]. Of course, it intuitively makes sense that the red cell would be a strong
target for natural selection by malaria, and the near complete absence of Duffy antigen on RBC in
sub-Saharan Africa [112] is almost certainly due to strong protection conferred against P. vivaz (Duffy
antigen is an important invasion receptor [11]), but our modern understanding of the pathogenesis of
malaria suggests that the development of mild and severe disease involves more than simply parasite-
specific effects in the RBC. And the fallacy of focusing on traits that are highly differentiated between
malarious and nonmalarious regions is demonstrated by consideration of the ABO blood group. The pro-
tective effect of blood type O is fairly well-established both epidemiologically [157] and mechanistically

[153], and yet it is not highly differentiated between populations based on malaria endemicity.

27



0.25
|

o
(\!4

o O

C

kel

=

@S

kel

5

3

a

(6]

[va T}

14 — -

5 ©

c

kel

£

I}

Q.

o

<t

o
o
-
o

[ T T T T T T T 1
1920 1930 1940 1950 1960 1970 1980 1990 2000

Decade

Figure 1.9: Experimental bias towards the erythrocyte. The ratio between citation records found in
Google Scholar for RBC specific articles (search terms: ‘RBC’, ‘erythrocyte,” ‘red cell,” and ‘red blood cell”)
versus all cell biology articles as a whole (search term: ‘cell’), is shown for each decade beginning between 1920
and 2000.

Additionally, while the hypothesis arose out of a desire to explain the high frequency of certain
RBC polymorphisms in historically malaria-endemic regions, it is worth considering explanations other
than selection. It is first important to distinguish between the high prevalence of G6PD deficiency as a
biochemical trait and the high frequency of a particular allele associated with G6PD deficiency. In an
area of relative allelic homogeneity, these two are the same, but in many places, such as West Africa,
southeast Asia, and Oceania, there may be multiple alleles that contribute to prevalence of deficiency
trait, each individually of modest or low frequency [103]. It is easy to overstate or misinterpret the
prevalence of G6PD deficiency, when the locus produces a phenotype that is easily scorable, and may
simply have an elevated rate of mutation, and/or an ability to tolerate new mutation well (i.e. produce a
molecular phenotype of limited clinical penetrance). Additionally, the impact of demographic change is
often overlooked, especially recent change occurring within the last 10000 years. For example, if a high
frequency allele is present in one ethnic group, and that group rapidly expands in size and geographic
range through displacement of other groups, the effects of genetic drift are enhanced, and an allele can
rapidly rise to high frequency over a large area by chance [158]. This possibility should be considered
when considering that some of the highest frequencies of the 202/A- G6PD deficiency allele are found
near the anthropological epicenters of the Bantu expansion in Africa, near Nigeria and the Congo [122].

An additional point that has bearing on discussion of G6PD allele frequency concerns balancing selection.
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If the protective effect is indeed as strong as has been suggested (nearly a 50% reduced risk of severe
malaria, see above), then a similarly strong deleterious effect should also exist to produce a condition
of balancing selection, which does not comport with the relatively mild adverse clinical penetrance of
G6PD deficiency trait, where most G6PD deficient individuals are unaware of their status (in contrast

to sickle cell anemia).

Finally, it is worth examining whether the strength of evidence for protection is consistent with a process
of natural selection. As mentioned earlier, the most useful studies to consider are case-control studies
of a clinical phenotype with significant morbidity and mortality, i.e. a phenotype that might have some
bearing on fitness. To date, the only evidence demonstrating protection in an association study of se-
vere malaria comes from studies in only one part of the world— West Africa (see above). More evidence
from diverse populations with multiple independent functional alleles is needed to confirm the hypothesis
and definitively demonstrate a causal role for G6PD enzyme deficiency itself, as opposed to a merely

associative role.

1.3 Disease and diversity — a genetics revolution

1.3.1 A map of human genetic diversity

1.3.1.1 Sequencing the genome

The Human Genome Project (HGP) began in 1987, and published a draft version of the H. sapiens
genome in 2001 [159], providing researchers with an atlas for the blueprint of life and setting the stage
for a decade of remarkable advances in genomic science and biomedicine. As monumental an achievement
as it was, the HGP draft contained sequence data from only four individuals, and is more appropriately
viewed as the necessary scaffold upon which a more plastic and complex picture of the human genome
could be revealed. Indeed, the human genome is not a single genome- it is six billion genomes, found
in individuals with unique and shared characteristics, some observable and some not, many of which

contribute significantly to disease susceptibility.
1.3.1.2 Cataloguing genetic variation across the genome

The International HapMap Consortium began in 2002 as an effort to complement the HGP and build a
map of worldwide human genetic diversity that could then be marshaled to identify the genetic compo-
nents of common diseases, like cardiovascular disease and diabetes [160]. The ‘common variant - common
disease’” hypothesis holds that susceptibility to common disease has a strong genetic component consisting
of the additive effects of many common variants, and as such, susceptibility to common disease can be
treated as a quantitative character following an approximately normal probability distribution as given
by the central limit theorem. The HapMap project surveyed global genetic variation by random and

targeted resequencing of 269 individuals from four populations of relative genetic homogeneity, revealing
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more than 6 million novel single nucleotide polymorphisms (SNPs) in its first release [161]. This con-
tribution represented a significant increase in both the depth and breadth of genetic diversity known,
as the public database for SNP data (dbSNP) contained only 2 million SNPs at the time, half obtained
from HGP, and the other half via partial genome sequencing of only 24 individuals performed by The
SNP Consortium [162].

1.3.1.3 Next generation sequencing

With the development of high-throughput sequencing modalities, our knowledge of genome-wide sequence
and structural variation has continued to grow at an ever increasing pace [163]. While sequencing of the
3 billion base pairs of the HGP genome took well over a decade and cost billions of dollars to complete,
obtaining a full human genome sequence today is commonplace, fast (2-3 weeks), and cheap (less than
$10000 USD) [164]. New consortia such as 1000 Genomes Project [165] have now generated sequence
data from the genomes of thousands of individuals, using massively-parallel sequencing methods such as
454 /Roche pyrosequencing, ABI SOLiD ligation-based sequencing, and Solexa/Illumina sequencing-by-
synthesis. Today, it is estimated that there are nearly 40 million SNPs that have been identified in the
human genome (roughly 99% of all predicted variants), and full sequence data and/or dense genome-wide

genotype data for thousands of individuals is now publicly available [166].

1.3.2 Linking genetic variation to biological function

1.3.2.1 Genome wide association studies

Efforts by these consortia have also revealed how alleles on a chromsome are associated with one an-
other in allelic groups called haplotypes, with the strength of association between SNPs quantifiable as
linkage disequilibrium (LD). The observation that the genome comprised blocks of high LD separated
by defined recombination hotspots [167], suggested that at most genomic loci, a few common haplotypes
could explain most of the genetic variation. Genome-wide, then, a group of hundreds of thousands of
SNPs that tagged these haplotypes (Figure 1.10) could efficiently describe most human genetic variation
[168]. The development of SNP chips that could type these hundreds of thousands (and now, millions) of
variants, along with the appropriate analytical tools, allowed for the promise of HGP and HapMap to be
realized in the form of genome-wide association studies (GWAS) on common diseases such as coronary
artery disease and bipolar disorder [169], and traits such as body mass index [170] and height [171].
Like the genomic projects, these GWAS studies have generally been developed by consortia involving
multiple centers working together to combine large data sets, generating increased statistical power in
the process. To date, well over 1000 loci associated with a variety of common diseases and traits have
been described (in addition to nearly 3000 Mendelian disorder-related genes), and have illuminated new

biological pathways involved in disease, which may provide new leads for drug development [166].

The implication of the massive influx of next-generation sequencing data for GWAS and association
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studies in general is that the level of resolution to which an association signal can be resolved is in-
creased, as is the power to detect the effects of rare variants. At present, this increased power is achieved
through a statistical procedure called imputation [172], where dense sequence or genotype data from a
subset of individuals genetically-related to a particular case-control study population allows researchers
to guess at, or impute, genotypes at SNPs that weren’t typed in the case-control group, using haplotype
relationships between typed and untyped SNPs (as inferred from the imputation panel, in which all SNPs
are typed). In the future, when it becomes cost-effective, imputation-based methods will most likely be
supplanted by whole-genome sequencing of all individuals in an association study, as the full picture of
both sequence variation and structural variation (insertions, deletions, inversions, etc.) is superior to

data only from SNPs.

SNP SNP SNP
a SNPs i Il {
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_"‘~—-_,-_~__‘_4 '-\l e
b Haplotypes $¢ v
Haplotype1 CTCAAAGTACGGTTCAGGCA
Haplotype2 TTGATTGCGCAACAGTAATA
Haplotype3 CCCGATCTGTGATACTGGTG
Haplotype 4
v v N
A i c
¢ Tag SNPs -~ -~ -~
G c G

Figure 1.10: Principle of GWAS. If four haplotypes (b) represent the genetic variability space along the
length of a chromosome (a), the information content present across the haplotypes can be efficiently represented
by only three tag SNPs (c). Reproduced from the International HapMap Consortium [160].

1.3.2.2 Identifying functional genetic variants associated with disease

Fine-mapping association studies One challenge in the current GWAS era concerns how to follow-
up on putative hits in an initial association scan. The process of precisely resolving an association signal
at a locus is called fine-mapping, and involves surveying genetic variation at a locus via resequencing,
and then association testing of as many variants discovered as possible in an attempt to confirm and
resolve the signal. The underlying assumption is that if a single causal variant exists, there should be
one or more SNPs typed that are in comparatively stronger LD with it (relative to other SNPs at the

locus) and thus exhibit stronger signals of association.

31



The first step in fine-mapping, resequencing of the candidate locus, can be prohibitively expensive de-
pending on the length of the region to be interrogated and the sensitivity to detect rare variants desired.
Next generation sequencing technologies have the potential to decrease this cost, but offer sequence out-
put designed for unbiased sequencing of entire genomes on the order of megabases and gigabases. A
candidate locus is more often on the scale of kilobases, however, which makes next-generation sequencing
inefficient in terms of both cost and information content (e.g. sequencing one individual’s GEPD gene [15
kb] via Illumina would yield data with sequencing depth on the order of millions of reads and cost the
same as sequencing the entire P. falciparum genome [23 Mb] at 10x depth). Until the cost of sequencing
is reduced significantly, the development of target enrichment or sample pooling strategies will be critical

to making fine-mapping experiments feasible.

In the actual fine-mapping association scan itself, there are also a number of challenging issues that
have bearing on the ability to resolve signal from noise. One is the presence of allelic heterogeneity,
where multiple alleles at a single gene may confer independent or even additive risks for disease suscep-
tibility, any one of which may have only a small effect, but in concert, may exert quite a large effect.
Another problem concerns the patterns of LD around a locus of interest in different populations. For
example, in African populations, where LD between markers falls off rapidly with physical distance, the
power to detect any single causal variant in a GWAS is low if marker density across the genome is low,
but this lack of long-range LD may prove useful in precisely identifying a causal variant when marker
density is sufficiently high (e.g. in fine-mapping), as has been demonstrated for the SNP associated with
HbAS in West Africa [173, 174].

Choosing relevant phenotypes Another challenge in an association study, especially an expensive
and time-consuming GWAS, is deciding on the appropriate clinical and molecular phenotypes to test.
With respect to clinical phenotypes, this involves choosing precise and useful definitions for case and
control groups that allow for maximal power to detect a genetic association. A control group may be a
representative sample of the population at large, matched for possible confounding variables (e.g. age,
sex, town) to the cases. Alternately, one can gain slightly more power by choosing a control group that
is directly opposite to the case group, i.e. a group in whom disease prevalence is less than in the general
population. Case definitions must be similarly precise, and should avoid subjective criteria that might
vary between clinicians and study sites. When feasible and appropriate, clinical subphenotypes should
also be examined, as different manifestations of the same ostensible disease may involve varying patho-

physiological processes with unique genetic determinants.
A further adjunct to an association scan based on case-control status, involves consideration of molecular

or cellular phenotypes, both quantitative and qualitative. Such phenotypes might include fasting lipid

levels in a study of coronary artery disease, or fetal hemoglobin levels in a study of thalassemia. These
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studies of disease-associated molecular phenotypes offer the potential to more precisely elucidate the
mechanism of protection (e.g. if a single SNP affects both susceptibility to myocardial infarction and
levels of LDL), but also can reveal genetic modifiers of important molecular phenotypes that might go

undetected in an association scan of case-control status, but still have biological relevance.

1.4 Using new tools to address outstanding questions about
G6PD and malaria

This dissertation is broadly concerned with understanding genetic diversity at the G6PD locus and how
that diversity is translated into variation at the level of molecular and clinical phenotypes, especially
those relevant to severe malaria. I bring to bear modern genetic tools in investigating age-old questions
surrounding the malaria protection hypothesis. Gaining a better understanding of host protective poly-
morphisms and malaria pathophysiology generally are prerequisites to the creation of rational drugs and

vaccines, each critical to adequate management of malaria in the future.

1.4.1 Defining global genetic variation at G6PD

I begin in the first two results chapters with a description of how I assessed global variation at G6PD

and developed a new methodological approach to polymorphism discovery.

e Chapter 3 — I begin by describing the process of variant discovery and validation in twelve pop-
ulations in Africa and southeast Asia, and the merging of that data with information from the

literature and public resources to construct a database of known and novel G6PD variants.

e Chapter 4 — Next, I discuss the development of a new tool for population-wide SNP discovery,

harnessing the throughput of next-generation sequencing via sample pooling.

1.4.2 Understanding variation in G6PD molecular phenotypes

In the next two chapters, I consider how genetic variation at G6PD translates into biology at a molecular

level.

e Chapter 5 — Here, I consider many of the variants discovered and validated earlier, and test each in
turn for association with G6PD enzyme activity in Kenya, looking specifically for genetic modifiers

of quantitative G6PD enzyme activity and qualitative G6PD deficiency risk.

e Chapter 6 — This chapter is largely methodological and concerns the development of a novel
technique which enables high-throughput typing of enzyme deficiency in individual RBC using

fluorescence.
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1.4.3 Fine-mapping association study of severe malaria in the Gambia

Finally, I consider whether genetic variants at G6PD are associated with severe malaria.

e Chapter 7 — In the final results chapter, I present a fine-mapping association study of severe
malaria and its constituent clinical subphenotypes in the Gambia, in populations exhibiting known

allelic heterogeneity at the locus.
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Chapter 2

Materials and Methods

2.1 Overview of Key Methodology
2.1.1 Massively parallel sequencing

The massively parallel sequencing (MPS) work was performed on the Illumina/Solexa platform [164]
(Supplemental Methods B). Several MPS technologies exist [175], and each has notable advantages
including the pyrosequencing-based 454/Roche platform, which can generate read lengths of several hun-
dred base pairs (bp) in length, and the ligase-based ABI/SOLiD platform, which exhibits enhanced
accuracy (less noise because two bases are interrogated per ligation reaction) and the ability to sequence
homopolymer tracts. I chose Illumina principally for its high throughput (hundreds of megabases of
sequence generated per run) and ease of sample preparation (the other two platforms involve a difficult

technique called emulsion PCR).

In brief, input DNA was sheared, size-selected via electrophoresis, and ligated to adapter sequences,
which then acted as primer templates for subsequent amplification reactions and as mate-partners for
binding to adapter sequences on the flow cell surface. Further isothermal amplification performed in situ
generated millions of isogenic clusters, each of which produced a single sequencing read. As illustrated in
Figure 2.1, each sequencing cycle involved a single base pair elongation step, followed by image acquisition
via CCD camera, and finally, dye and terminator cleavage to allow the next cycle to occur. This process
can repeat itself for anywhere between 35 to 150 times, generating millions of sequence reads of 35-150
bp (at the time of our experiment, reliable single-end cycle/read length was 36 bp, due to nascent strand
asynchrony and/or misincorporation errors). Sequencing library preparation was performed according

to a modified Illumina protocol [176] by M. Quail and co-workers at Wellcome Trust Sanger Institute.
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Figure 2.1: Schematic of MPS on the Illumina/Solexa platform.

Technical issues that arise with the Illumina platform are numerous, but for the present purpose,
important considerations relate to the library preparation and the sequencing chemistry. The former is
important in that adaptor ligation and gel extraction during size selection can both be biased towards
enriching high GC content sequence, as adaptor ligation and gel extraction columns both favor dsDNA
which is thermodynamically more favored with higher GC content [176, 177]. Sequencing chemistry
limitations affect quality of base calls after several sequencing cycles, and thus, read length. Three steps
must happen in parallel for all oligonucleotides on a cluster: (1) removal of the reversible terminator,
(2) removal of the fluorophore, and (3) incorporation of a new nucleotide. As this sequence of processes
becomes more and more asynchronous, signal to noise at a cluster decreases with increasing cycle number,
and limits the quality of longer reads. The short read length, in turn, also limits the ability to do de

novo sequencing of a genome, and map reads to low complexity reference sequences.

2.1.2 Multiplexed genotyping

The mass spectrometry-based Sequenom iPLEX platform [178, 179] was used for multiplexed genotyping
reactions (Supplemental Methods: Chapters 3, 5, and 7). Manufacturer’s instructions (http://www.sequenom.com)
were followed except that the template DNA was first prepared by whole-genome amplification via primer
extension preamplification [PEP] reaction [180] on a thermal cycler (MJ Research) using 96-well plates

(Greiner) as shown in Table 2.1.
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Table 2.1: Primer extension pre-amplification reaction. Reactions were performed using Tag polymerase
(Bioline) and N15 random hexanucleotide primers (Operon) in a reaction volume containing: 2.5 ul of 10x reaction
buffer (Bioline), 0.25 pl Tag polymerase (5 U/ul), 0.6 ul ANTPs (8 mM), 1.25 ul Mg®t (50 mM), 1.1 ul N15
primers (200 gM), 5 ul template DNA (1 ng/pl), and 14.3 ul HyO.

Denaturation

94°C 03:00
Main Cycling (50 cycles)

94°C 01:00
37°C 02:00
+0.1°C/sec until 55 °C

55°C 04:00
End

72°C 06:00

The PEP product served as the template for multiplexed PCR reactions in Thermofast 384-well plates
(ABgene), conducted using HotStarTaq polymerase (Qiagen) and standard PCR conditions (Table 2.2).
Unincorporated dNTPs were subsequently hydrolysed by shrimp alkaline phosphatase (SAP) treatment
(Table 2.3).

Table 2.2: iPLEX PCR conditions.

iPLEX PCR Reaction Components iPLEX PCR Thermal Cvcling Protocol

ul per well T(°C) Time
multiplex primer cocktail (100pM) 0.68 Activation 94 15:00
MgCl, (25mM) 0.65 enaturation 94 0:20
dNTPs (25mM) 0.2 45x [/Ennealing 56 0:30
buffer (10x) 1.25 xtension 72 1:00
H,0 2.82 Final Extension 72 3:00
Taq (5 U/ul) 0.4 End 15 15:00
Master Mix Volume (pl) 6
DNA (1 ng/ul) 4
Total Volume 10

Table 2.3: iPLEX SAP conditions.

iPLEX SAP Reaction Components iPLEX SAP Thermal Cycling Protocol
per well (ul) T (°C) Time

H,0 1.53 Digestion 37 40:00

buffer (10x) 0.17 Inactivation 85 05:00

SAP (1.7 U/ul) 0.30 End 15 15:00

Master Mix Volume 2.00

PCR Product Volume 5.00

Total Volume 7.00

These PCR products then served as templates for the single-base extension reaction that interrogated
the variant alleles, a reaction that employed modified dideoxy-NTPs (ddNTPs) that prevent elongation
at the 3’ end of an oligonucleotide, and a unique thermal cycling protocol with a nested internal loop

designed to maximize extension efficiency (Table 2.4).
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Table 2.4: iPLEX extension reaction conditions.

iPLEX Extension Reaction Components iPLEX Extension Reaction Thermal Cycling Protocol

per well (ul) T (°C) Time
H,0 0.66 Activation 94 0:30
buffer (10x) 0.2 40x Denaturation 94 0:05
iPLEX termination mix - ddNTPs 0.2 I:Sx[ Annealing 52 0:05
multiplex primer cocktail (10 uM) 0.9 Extension 80 0:05
Taq 0.04 Final Extension 72 3:00
Master Mix Volume 2 End 15 15:00
Post-SAP PCR Product Volume 7
Total Volume ]

The reaction mixture was then desalted via cation-exchange resin, spotted onto a SpectroCHIP
preloaded with acidic matrix (3-hydroxypicolinic acid) via nanodispenser, and subjected to MALDI-TOF
mass spectrometry. Finally, the mass spectra generated were translated into genotypes by examining the
ratio of the peaks associated with either allele at a biallelic site. These cluster plots were further curated

and re-annotated manually at each SNP for each plate using Spectro-TYPER software.

Limitations of the Sequenom technology chiefly revolve around multiplex design and SNPs that exhibit
poor genotype clustering. For this study, multiplex design was a stepwise process (see Supplemental
Methods: Chapter 3), where priority-ranked lists of SNPs were sequentially input to design software
(Spectro-DESIGNER) to allow for the creation of multiplex reactions with, ideally, a high number of
SNPs of high priority that were likely to yield high performance quality. The most obvious difficulty is
that sometimes a SNP of interest will not be retained in the multiplex-fitting algorithm. Additionally,
highly polymorphic sequence becomes problematic with respect to finding appropriate PCR and exten-
sion primers, as variation present at primer binding sites decreases the efficiency of PCR and extension
reactions due to poor primer binding. This can lead to genotyping errors and patterns of nonrandom
missingness for individuals with SNPs adjacent to a particular interrogated SNP. To circumvent this
problem, a custom Perl script and an online Sequenom tool were used to mask the SNP flanking se-
quence for any polymorphisms present, using variants present in either dbSNP or my in-house G6PD
database (see Chapter 3). Finally, after the wet lab work is complete, cluster membership must be
assigned based on mass spectra, and low signal strength resulting from inefficient extension can lead to

inaccurate or insensible genotype calls.

2.1.3 GG6PD enzyme activity assay

The assay referred to in Supplemental Methods: Chapters 5 and 6 is a modified version of the ‘macro’
assay given in Randox Laboratories G6PD kit (PD 410), with positive (PD 2618) and negative (PD
2617) controls used where necessary. The general method is given here, though the specific volumes
used in Supplemental Methods: Chapters 5 and 6 can be found in the relevant sections. It is possible to

substitute RPMI 1640 for the Randox reaction buffer (Reagent R1).
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Whole blood (10 ul) was washed three times in 100 ul normal saline (0.154 M NaCl in distilled wa-
ter) with centrifugation at 3000 rpm for 5 minutes. Washed RBC (50% Hct, 10 ul) were lysed by
incubation with 20 ul of digitonin (Reagent R4 in PD 410) for 15 minutes at 4°C, with the hemolysate
isolated via centrifugation at 3000 rpm for 10 minutes at 4°C. Five ul of hemolysate was incubated with
300 ul of buffer (Reagent R1, 31.7 mM triethanolamine, 3.2 mM EDTA in HyO, pH=7.6) and 10 ul ul
NADP+ (Reagent R2, 0.34 mM in Hy0) at 37°C for 5 minutes. Finally, 5 ul of glucose-6-phosphate
(Reagent R3, 0.58 mM in HoO) was added and spectrophotometry readings were taken, with duplicate
measurements taken for each sample. Catalytic rate was assessed by the formation of reaction product

NADPH, which absorbs light at 340 nm (Figure 2.2).
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Figure 2.2: Schematic of G6PD enzyme activity principle.

The change in absorbance at 340 nm over time was measured using a spectrophotometer, with readings
taken every 10 seconds for at least 3 minutes (see Supplemental Methods: Chapters 5 and 6 for exact
times used) and activity normalized to hemolysate hemoglobin content by recording absorbance at 540
nm:

AOD340
G6PD activity = ﬁ (2.1)

Factors that can artificially inflate the activity measured include high reticulocyte or white blood
cell content, which underlines the importance of using healthy controls (anemia can lead to secondary
reticulocytosis) and thorough RBC washing procedures, respectively. Additionally, aberrant low activity
measurements can occur with older blood, so all testing was done within 3-5 days after collection. As
G6PD exhibits catalytic cooperativity, and degradation of active enzyme can occur over time, the use of
older blood samples might artificially amplify differences between, for example, normal individuals and

heterozygotes.

2.1.4 Data analysis pipelines

For all genotyping studies conducted, similar methods were used to process, validate, and analyze the
data after genotypes were downloaded from the MalariaGEN database. These methods generally included
some combination of custom scripts written in the Perl and R [181] programming languages, along with

software packages designed by others, including PLINK [182] and snpMatrix [183].
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2.1.4.1 Housekeeping and data reorganization in Perl

The Perl programming language was used to perform some basic housekeeping and quality control on
the data, as Perl is known for its ease of text-processing and ability to interface with object-oriented
bioinformatic tools such as the BioPerl module suite developed by EMBL [184]. Such housekeeping
included, for example, the removal of duplicate sample entries and the standardization of genotype data
using HapMap conventions (i.e. using ‘NN’ to encode missing genotypes and using diploid format for
male genotypes on chromsome X). Perl was also used to merge data from different sources to create
appropriate files for downstream data analysis. This included using a sample key file which mapped the
anonymous identifiers associated with genotype data to study code identifiers associated with phenotype

data.

Mapping clinical data Using these study code identifiers, relevant phenotype data could be obtained,
including case-control status, severe malaria clinical subphenotype status, ethnicity, and clinical gender.
These identifiers also facilitated retrieval of past genotype data associated with the samples stored in a
central MalariaGEN database, which, in the present case included important genotypes at G6PD202,
G6PD376, and HbS that were obtained as part of a general MalariaGEN quality control (QC) process

for all incoming DNA samples.

Genetic gender Another part of the QC pipeline involved gender curation by ‘genotyping’ three fixed
nucleotide differences between the two copies of the amelogenin gene found on the X and Y chromosomes,
where male samples show both AMFELX and AMFELY nucleotide peaks, and females are monomorphic
for the AMELX peak. This system allowed the curation of clinical gender (CG), i.e. that gender which
was obtained at the field site health centers, using the genetic gender (GG) inferred from the amelogenin

variants. In our case, we assigned gender in the following order:

1. if both CG and GG were missing, an initial guess was made using the study code suffix for trio

parents (M=mother, F=father);
2. if either CG or GG was missing, the other was used to assign gender;
3. if both CG and GG were nonmissing, but discordant, gender was set to missing.

The final output from Perl was a series of PED files and ‘subject support’ files. PED is a standard
file format in genetic association studies (both family-based and case-control) where the first six columns

hold identifiers, gender, and phenotype, while columns 7 and beyond hold genotype data:
1. family ID
2. individual ID

3. paternal ID
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4. maternal ID

5. sex

6. phenotype [case-control status]
7. genotype data

The ‘subject support’ file is simply a flat table holding additional sample metadata (e.g. HbS geno-
type, ethnicity, clinical subphenotype, etc.). Both types of files were made for case-control, trio, and

combined datasets, with only complete trios retained in a trio PED file.

2.1.4.2 Quality control using PLINK

The PED files created in Perl were then passed to PLINK, a software package designed for genome-wide
association studies [182], which has a variety of simple tools to perform data quality checks. The process
began by obtaining general information on the samples and SNPs that were genotyped. This included,
for each SNP, information on allele frequency and deviation from Hardy-Weinberg equilibrium. Addi-
tionally, for each SNP and for each individual sample, data was obtained on missingness (the percent
of undefined genotypes), and for trio datasets, information on the percent of Mendelian errors (child

genotype inconsistent with parental genotypes).

The QC data was then used to inform the selection of appropriate SNP and sample inclusion crite-
ria. For missingness and Mendelian errors, the empirical cumulative distribution function was assessed
for each measure to decide ad hoc cutoffs that sensibly removed outlying samples or SNPs. These cutoffs
varied between datasets for a variety of reasons that included SNP genotyping assay quality and sample
quality. For Hardy-Weinberg equilibrium (HWE), an absolute cutoff of P < 1075 (exact test) was set,
using controls of similar ethnicity, in order to remove SNPs with likely high genotyping error. For allele
frequency, thresholds were defined for MAF specific to each dataset. All of these cutoffs were designed
to retain high quality, high information content data, but came at the expense of decreased sample size
and SNP coverage. After deciding upon appropriate inclusion criteria, finished PED files were created

and then passed to R and fastPHASE.
2.1.4.3 Pre-analysis procedures in R

Upon passing the data to R, further checks were performed on the data using the snpMatrix package
[183], including:

a. allele frequency differences between males and females
b. heterozygosity versus call rate

c. call rate in cases vs. controls
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d. extreme violation of HWE using z-test

Additionally, information from tables in my internal GE6PD database (e.g. inferred functional con-
sequences, ancestral alleles) was merged with the MAP file, the PED partner file which holds physical
location data for each SNP. Finally, prior to analysis, genotype data was recoded based on ancestral
allele identity, any remaining heterozygous genotypes found in males were coded as missing, and samples

for which gender or phenotype (case-control status) were undefined were removed.
2.1.4.4 Haplotype phasing in fastPHASE

Using Perl, a PED file was first translated into a format compatible with fastPHASE [185], with separate
PED files used for different ethnic groups. This program infers haplotypes using a hidden Markov model
approach, where individual haplotypes are modeled as clusters or mosaics of the most common haplotypes
in a population. While a number of parameters for the model may be altered, the approach that worked
best was to use default settings, and let the program search for the optimal number of clusters (K) by
searching the set K = {2,4,6,8,10,12,14,16,18,20} for the value of K which minimized overall error
rate (as assessed by imputation of randomly masked genotypes). Since data were on chromosome X,
haploid male genotypes represented a known set of haplotypes that were be used to improve and assess
phasing accuracy in females. The latter was performed by simply comparing the frequency distributions

for all haplotypes in males and females using a x2 test for equality of proportions.

2.1.5 Sample collection

The samples used in Chapters 3, 5, and 7 were collected and processed as part of consortial activities
by the Malaria Genomic Epidemoiology Network (MalariaGEN), an organization founded in 2005 with
the support of the Bill and Melinda Gates Foundation and the Wellcome Trust as part of the Grand
Challenges in Global Health initiative [186]. Its goal is to harness the tools of genetic epidemiology to
better understand the disease at the level of the host (pathogenesis and host protective mechanisms),

the parasite (virulence and drug resistance), and the vector (ecology and insecticide resistance).

In this dissertation, I describe the use of samples from several different MalariaGEN study sites and
protocols. While MalariaGEN itself sought approval from an institutional review board (IRB) at Oxford
(OXTREC 020-06: Malaria Genomic Epidemiological Network: Learning from the human genome how
protective immunity against malaria works (D. Kwiatkowski)), individual study sites were responsible for
collecting the blood samples and providing necessary local ethics approval from an appropriate IRB, with
assistance from MalariaGEN where necessary. DNA was extracted at these partner sites, and shipped
to Oxford where each sample was assigned a standard MalariaGEN sample tracking code to uniquely
identify it for further laboratory work. The sections of this thesis that use MalariaGEN samples or

resources include:
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e Chapter 3 — Samples were collected as part of MalariaGEN Consortial Project 3 (CP3), a project
designed to survey genetic variation at four loci previously associated with protection from malaria,
including HBA, HBB, G6PD, and SLC/A1. Study sites participating in this project include those in
Burkina Faso, Cameroon, Ghana, The Gambia, Kenya, Mali, Malawi, Nigeria, Papua New Guinea,

Sudan, Tanzania, and Vietnam.

e Chapter 5 — Samples were collected as part of a birth cohort study (SSC1192: The genomic
epidemiology of childhood diseases in Kilifi, Kenya (T. Williams)) run by run by Thomas Williams,
an investigator at the Kenya Medical Research Institute-Wellcome Trust Research Programme in
Kilifi, Kenya. This study was conducted with permission of the director of the institute (Kevin
Marsh), and is funded by the Wellcome Trust (076934) and the European Union EVIMALAR FP7
Network of Excellence. Samples were processed for enzyme activity and DNA extractions in Kilifi,
but were genotyped in Oxford by the MalariaGEN resource centre based at the Wellcome Trust

Centre for Human Genetics.

e Chapter 7 — Samples were collected as part of MalariaGEN Consortial Project 1, a project designed
to conduct large-scale genetic association studies of severe malaria. The study site discussed here
is at the Medical Research Council Unit in the Gambia, with severe malaria cases recruited at
Royal Victoria Hospital in Banjul. Clinical protocols there were run by Muminatou Jallow, Fatou
Sisay-Joof, and Margaret Pinder. Cases were recruited under protocol SCC670/630: Identification
of host factors that predispose to severe malaria (D. Kwiatkowski), while controls were recruited

under the following protocols:

— SCC1029v2: Investigating mechanisms of protective immunity against malaria: recruitment

of controls for genome-wide analysis of malaria resistance genes (M. Jallow)

— SCC8T72: Re-organisation of DNA collections at MRC The Gambia (G. Sirugio)

— SCC885: Epidemiology, virology, immunology and clinical outcome of post-natal cytomegalovirus
(CMV) infection in early life (K. Flannagan)

— SC(C948: A strategy to immunize young infants against measles: Phase I trials (K. Flannagan)

— SCC954: Effect of EBV infection on antibody responses to malaria and to vaccines (K. Flan-
nagan)

— L2004.29v1: Sukuta birth cohort ongoing recruitment (K. Flannagan)

The work presented in Chapters 4 and 6 is not directly associated with MalariaGEN. In chapter 4,
the samples used are publicly available from the International HapMap consortium, and details on its
recruitment and sample collection process has been described elsewhere [160]. In chapter 6, the samples
used were obtained as part of an existing National Institute of Allergy and Infectious Diseases (NIAID)
study run by Rick Fairhurst designed to examine the protective effect of hemoglobinopathies against

malaria, and subjects were recruited with permission from the local IRB at the University of Bamako as
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well as an institutional IRB at NTAID (NCT00669084: Innate and Acquired Resistance to Plasmodium
Falciparum Malaria in Mali (R. Fairhurst)).
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2.2 Supplemental Methods: Chapter 3 — Characterizing global
genetic variation at G6PD

2.2.1 Cataloging known variation at G6PD

Cataloging known variation at the locus was a necessary first step in designing downstream association
studies. The most important known variants at G6PD are those nonsynonymous variants identified in
previous cDNA sequencing of G6PD deficient individuals. As the majority of these are sporadic mutations
found in Western countries that do not contribute significantly to population prevalence in Africa and
southeast Asia, greater emphasis was placed on the minority of functional variants that are most likely
to be common, and so I made special note of variants found in more than one individual or more than
one published study in MalariaGEN populations of interest (Table 2.5). The full list of variants found in
clinical case studies or population surveys was merged with: (a) public data from dbSNP and Ensembl,
and (b) novel variants identified during resequencing (see below) and organized into a database. Full

details of the literature search and database assembly can be found in the corresponding results chapter.

Table 2.5: Common functional SNP table. Shown here, for each common functional SNP, is: the colloquial
identifier, any associated dbSNP identifier, the genomic position (hgl9), observed alleles (on the [+]-strand,
according to UCSC Genome Browser), ancestral allele (according to the Ensembl EPO pipeline), and G6PD
exon-intron position (according to UCSC genome annotation coordinates), amino acid change (according to
UCSC genome annotation coordinates), and G6PD deficiency class (as defined by the WHO); see Introduction for
more details).

Name dbSNP ID Position  Observed Alleles  Ancestral Allele G6PD - Exon/Intron  Amino Acid Change

Class

Kaiping NULL 153760472 c/T C E12 Arg463His

Canton NULL 153760484 C/A C E12 Arg459Leu

Union NULL 153760605 G/A G El1 Argd54Cys

Chinese-5 NULL 153761184 G/A G E9 Leu342Phe
Chatham NULL 153761205 c/T C E9 Ala335Thr
G6PD_Betica NULL 153761240 A/G A E9 Leu323Pro
Viangchan NULL 153761337 c/T C E9 Val291Met
G6PD_MexicoCity NULL 153762340 C/A C E7 Arg227Leu
Vancouver_2 NULL 153762605 G/A G E6 Argl98Cys
G6PD_Med NULL 153762634 G/A G E6 Ser188Phe
G6PD_Santamaria NULL 153762655 T/A T E6 Aspl81Val
Chinese-3 NULL 153762704 T/C T E6 Asnl65Asp
Mahidol NULL 153762710 C/T C E6 Gly163Ser
Chinese-4 NULL 153763476 C/A C E5 Gly131Val
Vanua_Lava NULL 153763485 A/G A E5 Leul28Pro
G6PD_376  rs1050829 153763492 T/C T E5 Asn126Asp
G6PD_202  rs1050828 153764217 Cc/T C E4 Val68Met
Songklanagarind NULL 153764223 A/T A E4 Phe66lle
Orissa NULL 153764383 G/C G E3 Alad4Gly

Honiara NULL 153774272 T/C T E2 Ile33Met

Gaohe NULL 153774276 T/C T E2 His32Arg

2.2.2 Resequencing at G6PD

Resequencing was performed as part of an exon sequencing project called ExoSeq at Wellcome Trust
Sanger Institute (WTSI) by teams led by K. Kivenen and A. Coffey using samples from MalariaGEN
CP3 (refer to section 2.1.5 for protocol details). A total of 288 individuals comprised the sample set, with
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48 individuals each from Burkina Faso, Cameroon, Nigeria, Kenya, Vietnam, and Papua New Guinea.
While cost constraints prevented the addition of more individuals or populations from Africa, this set
should be generally reflective of common variation in east and west Africa, as the majority of African

ethnic groups in our studies are of shared Bantu ancestry.

A total of 28 amplicons approximately 600-800 bp in length were designed via automated algorithm
(i.e. in silico PCR), covering about two-thirds of the 15 kb G6PD gene, with full coverage of all ex-
ons, but a few gaps in noncoding sequence, specifically in introns 1 and 2. Capillary sequencing of the
PCR products yielded chromatograms that were input into an automated SNP calling pipeline, which
was supplemented with manual calls from examination of individual sequence traces. Using custom
scripts written in Perl, genotypes for each individual derived from sequencing were validated by pairwise

comparison with genotype data derived from the Sequenom platform in the same individuals.

2.2.3 Multiplexed genotyping

The Sequenom iPLEX platform (reviewed in detail above) was used to genotype 135 SNPs in over 2000
samples from twelve countries as part of MalariaGEN CP3, including Burkina Faso, Cameroon, Ghana,
The Gambia, Kenya, Mali, Malawi, Nigeria, Papua New Guinea, Sudan, Tanzania, and Vietnam, with
sample sets gender- and ethnicity-balanced for each country. The goal was to broadly survey genetic
variation at the G6PD locus across these study sites as preparation for downstream association analyses,
with a special focus on functional variants known to be associated with G6PD deficiency. The principle
for assay design using the Sequenom software was to prioritize inclusion of these functional variants,
but also of variants identified during resequencing, which introduced ascertainment bias with respect to

functional consequence and allele frequency, respectively.

The assay design consisted of sequential input of three lists of desired SNPs to the Sequenom assay
design software to build four multiplex genotyping reactions. The first list contained 25 high priority
SNPs, i.e. those of known functional or population genetic significance, in rank order of importance.
The second list contained the first list, and then added 72 additional variants (ranked according to func-
tion and allele frequency), which consisted of both SNPs identified during resequencing and also other
literature-described variants. Finally, the third list contained lists 1 and 2, but added to this 211 variants
from dbSNP and Ensembl, ranked according to proximity to G6PD. For each list, polymorphisms and
their flanking sequences were force-coded on the (+) strand, SNP-masked using a custom Perl script,
and double-checked against the UCSC reference sequence. Using standard program settings and allowing
for a maximum of 40 SNPs per well, four multiplex reactions were designed, interrogating a total of 135

SNPs across the locus.

Details of the laboratory techniques are described earlier (see Overview above), and a list of PCR, and

46



extension primers used are shown in Table S2.2. All cluster plots were curated manually, with individual
cluster plots checked for strength of signal and ability to reliably distinguish heterozygotes from homozy-
gotes. A total of 104 SNPs met cluster plot QC standards, with 78 of these being polymorphic in at
least one subpopulation (Table 2.6).

Table 2.6: Multiplex performance summary — Supplemental Methods: Chapter 3. This table details

the assay design and curation process of polymorphic variants in the genotyping study referred to in Supplemental
Methods: Chapter 3.

Initial Passed  Assay Passed Cluster Polymorphic in 1+
Design Check QC subpopulation
High Priority 25 25 25 15
Medium Priority 72 61 47 42
Low Priority 211 49 32 21
TOTAL 308 135 104 78

2.2.4 Data curation

Quality control was first performed on genotype data. Genotype data was curated using custom Perl
and R scripts, and the genetic association toolkit in PLINK [182], as reviewed in detail earlier. Here, the

specific criteria for exclusion of individual samples and SNPs were:
1. Individuals: (a) ambiguous gender, or (b) missingness > 35%
2. SNPs: (a) DAF < 0.1%, or (b) missingness > 20%

The criteria for missingness is looser here than in subsequent chapters because this was still at the pilot
phase of assay design, i.e. there was a higher prior probability of more call failures here. The dataset was
also stratified by country and then assessed for deviation from HWE semi-manually in R using z-test in
the snpMatrix package [183], but no outliers were observed. A total of 1828 of 2100 individual samples,
and 51 of 78 SNPs were retained after the entire QC process.
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2.3 Supplemental Methods: Chapter 4 — Detection and quan-
titation of population genetic variation using pooled mas-
sively parallel sequencing of whole-genome amplified DNA.

2.3.1 Sample preparation

First, multiple displacement amplification [187] was used to whole-genome amplify genomic DNA from
each individual sample. It uses the highly processive 29 DNA polymerase and random hexamer primers
to synthesize random genomic fragments of approximately 10 kb in length during an isothermal ampli-
fication process. The MDA reaction was carried out in quadruplicate using two different commercial
kits (‘Repli-G Midi’ [Qiagen| and ‘GenomiPhi HY’ [GE Healthcare]), to minimize representational bias
and/or artifacts from any individual reaction. All reactions were performed in a thermal cycler (MJ

Research) using 96 well plates (Greiner).

The procedure used for Genomiphi was as follows:

1. Heat Denaturation: 9 ul sample buffer (proprietary) + 1 ul DNA (10 ng) was heated at 95°C for
3 min, then cooled to 4°C.

2. Amplification: 10 ul denaturation reaction product + 9 ul amplification buffer (proprietary) + 1
ul enzyme mix (10 ng) was heated at 30°C for 2 h.

The procedure used for Repli-G was as follows:

1. Chemical Denaturation: 2 ul Buffer D2 (Reagent DLB, proprietary) + 15 ul DNA (2-3 ng/ul) in
TE buffer (10 mM Tris-HCI, 0.5 mM EDTA, pH=8.0) was mixed thoroughly and incubated at

room temperature for 3 min.

2. Neutralization: 3 ul Buffer N1 (stop solution, proprietary) was added and mixed thoroughly to

stop the denaturation reaction.

3. Amplification: 20 ul denaturation reaction product + 29 ul amplification buffer + 1 ul enzyme mix

(10 ng) was heated at 30°C for 2 h.

Next, long-range PCR was performed on the amplified MDA product with ‘Platinum Taq’ (Invit-
rogen), using a step-down extension step in order to maximize amplification specificity. As before, all
reactions were performed in a thermal cycler (MJ Research) using 96 well plates (Greiner). The PCR

reaction conditions and primer pairs are shown in Tables 2.7 and 2.8.
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Table 2.7: PCR conditions. Reactions were performed using Platinum Tag (Invitrogen, 11304-029) in a
reaction volume containing: 2.0 ul of buffer (10x), 0.2 ul Tagq polymerase, 2.0 ul ANTPs (2 mM), 0.8 ul Mg®™ (50
mM), 4.0 pl primers (20 pM), 2.5 ul template DNA (50-100 ng/pl), and 9.0 pul H2O. T, = annealing temperature,
i = touchdown cycle number.

Denaturation

98°C 03:00
Touchdown Cycling (10 cycles)

95°C 00:30
T,+10—1i°C 00:30
68°C 10:00
Main Cycling (25 cycles)

95°C 00:30
T, °C 00:30
68°C 10:00

Table 2.8: PCR primers. Annealing temperature and amplicon length are shown for all primer pairs.

Forward primer Reverse primer Amplicon (bp) Ty (°C)
CGATCTGTCGCTATTGCTCA GGTGGTCACCTCACTCCACT 4592 60
TGAATTCTTTGGCATTGCAG AATGCGGGGGTAGTAAAGCA 5482 62
CCTCCACACTGCTCCTTCTC GGAAGATTTGTGGCCACTGT 5135 58
GGTCACGGGGGCTGGTAATG AGCGTGGGGTTGCTGTGACT 5496 70
AACTAAACAGCTGGACGCGG CCAGTCCCCCAAAGCGCATA 5478 80
GGTGACAGGGAGCTAAGCTGAGC CCCGGAAACGGTCGTACACT 5410 64
TGGCGGACTCAGACTTCTCT GAGACTCTTCGCCCAGTACG 4603 58
ATGGGAACCCAGTGAGAGTG GGAGGGTTAAACGAGGAAGC 4518 62

The PCR reaction products were then cleaned of primers and salts using QIAquick chromatography

columns (Qiagen), using the following procedure:

1. Bind: The 20 ul PCR reaction was mixed with 100 ul of Buffer PB (proprietary), applied to the
QIAquick column, and centrifuged at 13000 rpm for 30 sec, with flow-through discarded after spin.

2. Wash: 750 ul of Buffer PE (proprietary) was applied to the QIAquick column, and centrifuged at
13000 rpm for 30 sec, with flow-through discarded after spin.

3. Elute: Sample was eluted from the QIAquick column using 50 ul TE buffer (10 mM Tris-HCI, 0.5
mM EDTA, pH=8.0), with centrifugation at 13000 rpm for 60 sec.

PCR products were then quantitated using PicoGreen (Invitrogen), which assesses double-stranded

DNA concentration using an intercalating fluorophore:

1. Standards were prepared using phage lambda DNA (included with the kit) diluted in TE buffer
(10 mM Tris-HCl, 0.5 mM EDTA, pH=8.0), with eight different concentrations used (0, 50, 100,
200, 600, 1000, 1400, and 2000 ng/ml).
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2. Samples were prepared by creating 1:100 dilutions of DNA in 200 ul of TE buffer.

3. 50 ul of both standards and samples were plated in duplicate on a 96 well black plate (Greiner),

meaning that only 8 standards + 40 samples were assayed per plate.

4. 50 ul of dilute PicoGreen reagent (25 ul PicoGreen stock solution in 5 mL distilled water) was

added and incubated for 5 min at room temperature in darkness.

5. A plate reader (Tecan) was used to measure fluorescence with excitation at 485 nm and emission
at 535 nm. Finally, a custom Excel macro was used to derive a standard quantitation curve from
the fluorescent intensity data for the standards using linear regression, and this equation was then

used to estimate DNA concentration in the samples.

Amplicons were then combined in equimolar amounts for each individual to generate target amplicon
libraries, which represent amplified G6PD sequence for an individual. Finally, target libraries from each
individual were pooled in equimolar amounts to generate six pools of different size (N = 2, 4, 8, 16,
32, 40), each containing a total of 0.5 ug of DNA. A schematic of the sample preparation workflow is
shown in Figure 2.3. Pre-processing and massively parallel sequencing were then performed according

to a modified Illumina protocol [176], as described above.

Laboratory Workflow Schematic

reduce stochastic bias)

products for 40 individuals)

£

PCR products for each individual

N

Purinication and final quantitation

Pooling of Individuals

equencing at Sanger

Figure 2.3: Schematic of lab workflow for Illumina pooling experiment.
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2.3.2 Mapping sequence reads

Sequencing was performed on an Illumina Genome Analyser (at the WTSI), with approximately 6 million
single-end reads generated per run. Each 36 bp read was then mapped to reference sequence using the
program MAQ [188]. The reference sequence used was the chromosome X assembly contig ‘AF277315.6’
on which G6PD lies. The program was run using default settings via the ‘easyrun’ Perl script pipeline
included with the software, allowing 2 mismatches per read alignment, which effectively limited SNP
detection sensitivity in regions of extremely high SNP density, but enhanced alignment specificity and
read quality (more mismatches might be an artifact of poor base calls rather than actual SNPs). Using
the ‘pileup’ command, a condensed representation of the data was generated at each nucleotide position
in the ‘pileup’ format, which included information on read depth, base calls, base and map quality scores,

and cycle number.
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2.4 Supplemental Methods: Chapter 5 — Genetic determinants
of glucose-6-phosphate dehydrogenase activity in Kenya

2.4.1 Sample collection and handling

Samples were collected as part of an ongoing birth cohort study run by Kenya Medical Research Institute
(KEMRI) and the Wellcome Trust in Kilifi, Kenya (refer to section 2.1.5 for protocol details). Blood
was drawn from 2100 infants (less than 6 months old) via heel prick into capillary tubes, and was stored
on ice until arrival at the main laboratories on the same day. Upon arrival, samples were stored at 4°C
and processed for activity measurements and DNA extraction with 4-5 days of receipt. Ethics approval
was granted by the KEMRI review board, and written informed consent obtained from parents prior to

enrollment.

2.4.2 GG6PD activity assay

Gross G6PD activity was measured in duplicate with the G6PDH kit (Randox Laboratories, PD 410),
using a modified protocol as described in detail earlier, using 96 well black plates (Costar). The specific

procedure used here for these heel prick samples was:

1. Hemolysate preparation: 10 ul washed RBC (50% Hct) + 25 ul digitonin (Reagent R4 in PD 410)
was incubated at 4°C for 15 min. Hemolysate was isolated via centrifugation at 3000 rpm for 10

minutes at 4°C.

2. G6PD Reaction: 5 ul hemolysate + 10 ul NADP (Reagent R2, 0.34 mM) + 5 ul glucose-6-phosphate
(Reagent R3, 0.58 mM) + 300 ul reaction buffer (Reagent R1, 31.7 mM triethanolamine, 3.2 mM
EDTA, pH=7.6) was mixed thoroughly with pipette at room temperature. The reaction mixture

was then placed immediately on plate reader for activity measurements.

Readings were taken over a 3 min time course on a UV/VIS plate reader (Tecan) at 340 nm and 540
nm, which assesses the absorbance of NADPH and hemoglobin, respectively (note that Hb readings do
not measurably change over time). The latter Hb measurement was especially important as a means of
correcting for variation in G6PD activity between samples due to variance in absolute G6PD enzyme

amounts, with Hb concentration being a surrogate measure.

2.4.3 Sequencing and genotyping.

Capillary sequencing of 288 African and Asian samples (48 from Kenya) across 15 kb at the G6PD locus
identified a total of 72 SNPs, including 49 novel variants. These variants, along with known variants
identified through a comprehensive literature search and those found in public databases (e.g. dbSNP,
Ensembl), were compiled into a relational database. The resequencing and database compilation efforts

are covered in detail in Supplemental Methods: Chapter 3 and its corresponding results chapter.

Genotyping was performed on the Sequenom iPLEX platform (reviewed above) as part of a larger effort
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to perform fine-mapping association studies at G6PD in a global cohort as part of MalariaGEN Consor-
tial Project 1. Data was used from genotyping assay performance in Supplemental Methods: Chapter
3 as a guide to the assembly of a variant panel for this study and the work described in Supplemental
Methods: Chapter 7. The assay design procedure was analogous to that presented earlier, but with fewer
SNPs input into the design algorithm, as choice was largely dictated by those SNPs with strong observed
strong assay performance. Overall, sixty-eight SNPs, 24 of 24 high priority (including 17 nonsynony-
mous variants), 27 of 32 medium priority, 17 of 25 low priority variants were able to be designed into
three multiplexes. The laboratory techniques are described in detail in the methods overview section.

Multiplex primers and assay design are summarized in Table S2.4.

2.4.4 Data curation

Quality control was first performed on both phenotype and genotype data. Inclusion criteria for the
enzyme activity phenotype included removal of samples with negative values for OD340, and phenotype
data was also checked for any batch effects or extreme outliers. Genotype data was curated using custom
Perl and R scripts, and the genetic association toolkit in PLINK [182], which was reviewed in detail

earlier. Here, the specific criteria for exclusion of individual samples and SNPs were:

1. Individuals: (a) ambiguous/undefined gender, or (b) missingness > 10%

2. SNPs: (a) DAF < 1%, (b) deviation from HWE in females (P < 107°), or (c) missingness > 5%
A total of 1828 of 2100 individual samples, and 30 of 68 SNPs were retained after this QC process.

2.4.5 Genetic modeling

All analyses were performed in R [181]. Single site association tests were performed via multiple linear
regression (‘lm’ function in R with Gaussian error model), with G6PD enzyme activity (Y, continuous)
modeled as a function of genotype (X7, continuous), gender (Xs, categorical), and in controlled tests,

G6PD202 genotype (X3, categorical):
Y = 51Xy + B2Xo + 03X5 (2.2)

Genotypes represented derived allele counts (i.e. 0=ancestral homozygote, 1=heterozygote, 2=derived

homozygote), and were coded differently according to three different models of inheritance:
1. Additive: males = 0/2, females = 0/1/2
2. Dominant: males = 0/1, females = 0/1/1
3. Recessive: males = 0/1, females = 0/0/1

All haplotypes present at frequency greater than 0.01 were tested for association with G6PD enzyme

activity. Haplotypes were inferred using fastPHASE using default parameters (as described earlier).
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Haplotype tests used the same model as in Equation 2.2 except that each individual was scored 0 or 1
for Xy based on the absence or presence of the test haplotype (one haplotype was chosen at random
for each female to equalize male and female contribution to the association tests, as recommended by
Clayton [189]). Qualitative test odds ratios were calculated via logistic regression (‘glm’ function in
R with binomial error model), with the odds of G6PD deficiency state (Y, continuous) modeled as a
function of genotype (X, continuous)

Y =ei% (2.3)
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2.5 Supplemental Methods: Chapter 6 — A novel cytofluoro-
metric assay for detection and quantification of G6PD de-
ficiency

2.5.1 Sample collection

Forty-two samples were collected by venipuncture from children at a community health center in Ke-
nieroba, Mali (refer to section 2.1.5 for protocol details). Blood was collected in the morning, stored in
acid-citrate-dextrose solution, and transported to the laboratory in Bamako on ice on the same day. The
buffy coat and plasma were isolated via centrifugation and removed. The red cell pellet was washed three
times in RPMI 1640, and stored at 50% Hct at 4°C prior to assay. Blood samples were processed for
biochemical and cytofluorometric activity measurements within four days of their receipt. All samples
were obtained with informed consent in accordance with protocols at University of Bamako and the

National Institutes of Health.

2.5.2 GG6PD activity assay

Gross G6PD activity was measured in duplicate with the GGPDH kit (Randox Laboratories, PD-410),
using a modified protocol as described in detail earlier. The specific procedure for these blood samples

was:

1. Hemolysate preparation: 10 ul RBC (50% Het) 4+ 20 ul digitonin (Reagent R4 in PD 410) was

incubated at 4°C for 5 min.

2. G6PD reaction: 2 ul hemolysate + 4 ul NADP (Reagent R2, 0.34 mM) + 2 ul glucose-6-phosphate
(Reagent R3, 0.58 mM) + 120 ul reaction buffer (Reagent R1, 31.7 mM triethanolamine, 3.2 mM
EDTA, pH=7.6) was incubated at room temperature. This reaction mixture was then placed

immediately on plate reader for activity measurements.

Readings were taken over a 30 min time course! on a UV/VIS plate reader (Perkin Elmer) at 340 nm
and 540 nm, which assess the absorbance of NADPH and hemoglobin, respectively (NB: Hb readings do
not measurably change over time). The hemoglobin measurement was especially important as a means
of correcting for variation in G6PD activity between samples due to variance in absolute G6PD enzyme

amounts, with Hb concentration being a surrogate measure.

2.5.3 Cytofluorometric assay

This assay represents a cytofluorometric readout of the classical methemoglobin reduction test (MRT).
First, the MRT was performed (steps 1 and 2), using slightly modified published protocols [190, 191],
and then the cytofluorometric method (steps 3 through 5):

IThe longer time course here was used after observing that the reaction rate remained linear for more than 1 h.
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. Oxidation of Fe** to Fe3*: 100 ul washed RBC (5% Hct) + 100 ul sodium nitrite (0.125 M) was
incubated at RT for 20 min. The RBC were then washed 3x using phosphate-buffered saline (PBS),

with centrifugation at 1800 rpm for 1 min, followed by resuspension in 100 ul PBS.

. Reduction of Methemoglobin (Fe3*): All of mixture #1 + 18 ul glucose (0.28 M in PBS) + 6 ul

Nile blue sulfate (0.01%) was incubated at 37°C for 90 min in open microcentrifuge tubes.

. Formation of Cyanmethemoglobin: All of mixture #2 + 2.5 ul KCN (0.4 M) was incubated at RT

for 5 min.

. Reaction with Hydrogen Peroxide: 5 ul mixture #3 + 100 ul hydrogen peroxide (3% in PBS) was
agitated vigorously by hand, and then washed 2x in PBS, with centrifugation at 3000 rpm for 3

min.

. Cytometry/Microscopy: Immediately, cell activity measurements were obtained on a flow cytometer
or fluorescence microscope. Strong fluorescence was generated with excitation either in the UV (e.g.
DAPI filter cube) or green (e.g. FITC filter cube) range. Details of the measurement parameters

on both instruments can be found in the corresponding results chapter.

56



2.6 Supplemental Methods: Chapter 7 — G6PD deficiency ex-
erts contrasting effects on two major clinical presentations
of severe malaria in West Africa

2.6.1 Study cohort

The study cohort included 2650 severe malaria cases and 3300 controls recruited at Royal Victoria
Hospital in Banjul. Cases were confirmed by blood smear, and designated as ‘severe’ according to

established WHO guidelines. Designation of clinical subphenotypes in severe cases was as follows:
e severe malarial anemia (SMA) — hematocrit < 15% or hemoglobin < 5 g/dl

e cerebral malaria (CM) — Blantyre coma score < 3 in the absence of recent convulsions, hypoglycemia

or meningitis.

These subphenotypes were not exclusive of one another and were both present in a subset of individuals.
A total of 1538 cases had defined clinical subphenotypes: 540 (SMA), 871 (CM), and 127 (both). Control
samples were representative of the population as they were derived from cord blood. Informed consent
was obtained prior to sample collection, and study approval was given by the Oxford Tropical Research
Network Ethics Committee and the Gambia Government/MRC Joint Ethics Committee (refer to section

2.1.5 for protocol details).

2.6.2 Genotyping.

The same Sequenom multiplex reactions were used here as in Supplemental Methods: Chapter 5, although
this sample set did exhibit slightly poorer cluster performance, as reflected in the slightly less stringent
inclusion criteria. The laboratory techniques are described in detail in the methods overview section.

Multiplex primers and assay design are summarized in Table S2.4.

2.6.3 Data curation

Quality control was first performed on both phenotype and genotype data. Inclusion criteria for case-
control phenotype was simply whether or not case-control status was defined. Genotype data was curated
using custom Perl and R scripts, and the genetic association toolkit in PLINK [182], which is reviewed

in detail earlier. Here, the specific criteria for exclusion of individual samples and SNPs were:
1. Individuals: (a) ambiguous gender?, or (b) missingness > 20%
2. SNPs: (a) DAF < 1%, (b) deviation from HWE in females (P < 107%), or (c) missingness > 10%

In addition to the amelogenin SNPs, the X chromosome data itself was used in PLINK to recode gender

according to an inbreeding coefficient test based on observed and expected heterozygosity (H):

FIS = (Hobs - He:cp)/Hezp (24)

2see Overview section earlier for detailed discussion of gender assignment
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When this metric was unable to confidently impute a gender, pre-imputed gender (i.e. the sex assigned
by the standard gender-resolving process described in the Overview section) was retained. A total of

1828 of 2100 individual samples, and 30 of 68 SNPs were retained after the entire QC process.

2.6.4 Genetic modeling

All analyses were performed in R [181]. All tests were performed via multiple logistic regression (‘glm’
function in R with binomial error model), with odds of being a case (Y, continuous) modeled (Equation

2.5) as a function of:

—_

. genotype (X1, continuous),

[\

. gender (Xo, categorical)
3. curated ethnicity (X3, categorical)

4. HbS genotype (X4, categorical)

Y = P1X1+02X2403X34+64Xa (2.5)

Genotypes represented derived allele counts (i.e. O=ancestral homozygote, 1=heterozygote, 2=de-

rived homozygote), and were coded according to three different models of inheritance:
1. Additive: males = 0/2, females = 0/1/2
2. Dominant: males = 0/1, females = 0/1/1

3. Recessive: males = 0/1, females = 0/0/1

All haplotypes present at frequency greater than 0.01 were tested for association with severe malaria.
Haplotypes were inferred using fastPHASE using default parameters (as described earlier). Haplotype
tests used the same model as in Equation 2.5 except that each individual was scored 0 or 1 for X; based
on the absence or presence of the test haplotype (one haplotype was chosen at random for each female
to avoid bias). Analysis of covariance was used to test for an interaction between sex and genotype,
where a significant coefficient for the interaction term in the model suggests that odds ratios in males

and females are not equal:

Y = P1X1#B2 X240 X5+84 X4 (26)

Certain basic tests of association were conducted with the snpMatrix package [183], including the 2
d.f. general genotypic and the 1 d.f. Cochran-Armitage trend tests with Mantel extension. The Mantel

strata were curated ethnicity, and all basic tests were conducted in HbS AA individuals?®.

3While logistic regression allowed for including both ethnicity and HbS strata in the model, these basic tests allow only
one stratification; the strong protective effect of HbS was thus controlled by only including HbS AA individuals.
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A genotype was defined for composite G6PD deficiency trait according to the sum of all deficiency
alleles present at G6PD968, G6PD 542, and G6PD202:

1. Additive: males = 0/2, females = 0/1/2
2. Dominant: males = 0/1, females = 0/1/1
3. Recessive: males = 0/1, females = 0/0/1

Thus, a 202T male that had only ancestral alleles at the other two sites, was coded as a 2 in the additive
model. If a female had a single deficiency allele at any of the three sites, she was coded as a 1 in the
additive model, and if she had two deficiency alleles at a single site, she was coded as a 2. A female
could also be a ‘compound heterozygote’ of sorts, i.e. have two different derived alleles at two different

deficiency loci (e.g. 968G and 202T), and in fact, nine of these were identified.
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2.7 Supplemental Information

2.7.1 Custom scripts
2.7.1.1 Perl

e duplicate_remover.pl

— Function: This script takes a genotype ‘table format’ file (i.e. has whitespace at the first line,
unique identifiers in the first column, no white space within cells, etc.) and assembles a hash,

keeping the best of duplicate entries (i.e. that with the least missing data).

— Input/Output: Input — genotype ’table format’ file. Output — genotype ’table format’ file
printed to STDOUT.

— Workflow: Cycles through each row entry in the table eliminating duplicates by retaining the

entry with the fewest missing genotype data.

— Usage: perl duplicate_remover.pl
e factory_to_PED.pl

— Function: This script takes a genotype table format file from MalariaGEN Factory, along with
metadata from other table format files, and generates files for downstream analysis including

PED and subject support files.

— Input/Output: Input — ‘table format’ files holding data for main genotypes (-geno), other
genotypes (-cov), phenotypes (-pheno), the first six columns of a PED file (-ped), and a key
file (-key) linking identifiers in the PED and genotype files to the phenotype files. Output —
PED and subject support files printed to file for full case-control data, full trio data, and also

partial case-control data (without the trio cases).

— Workflow: Imports the input files as hash tables, standardizes it (genotypes are coded accord-
ing to HapMap convention), performs quality control checks (gender curation, trio checks),
and then populates output PLINK-compatible PED files and subject support files using the
data collected by cross-mapping identifiers (discussed in detail in section 2.1.4.1).

— Usage: perl factory_to_PED.pl -geno genotypes_no_dups.txt -cov cov.txt -key key.txt -pheno
pheno.txt -ped factory_ped_tableformat.txt

e g6pd_sequenom_flank.pl

— Function: This script takes a FASTA sequence and SNP masks it using SNPs provided by the
user.

— Input/Output: Input — FASTA sequence file and SNP coordinate file with two columns: (1)
holds coordinates; (2) holds observed alleles separated by a divider. Output — Sequenom input

file with two columns: (1) coordinates; (2) string holding upstream and downstream flanking

sequence seperated by the observed alleles for SNP of interest (e.g. AAG[G/T]CCT).
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— Workflow: Stores the FASTA sequence as a string. Stores the SNP coordinate file as a hash,
with key=coordinate, and value=observed alleles. Masks the FASTA sequence using ITUPAC
SNP coding, and then cycles through the SNP coordinate file to pull out substrings from the
masked FASTA.

— Usage: perl gbpd_sequenom_flank.pl
e g6pdDB_dev_001.pl
— Function: This script populates the three tables of the gbpdDB database, using a Perl wrapper
to perform mySQL scripting.

— Input/Output: Input — three files for the core, func, and data tables. Output — mySQL
database file.

— Workflow: Uses DBI to log onto g6pdDB database, and populates tables using the ‘mysqglimport’

function on the three table files.

— Usage: perl gbpdDB_dev_001.pl -core core.txt -func func.txt -data data.txt
e pileup_parse.pl
— Function: This script takes a MAQ pileup file and generates summary data for reference and

alternate read calls at each position (see section 4.3 for details).

— Input/Output: Input — MAQ pileup sequence file. Output — summary data at each position
in a table printed to STDOUT.

— Workflow: Cycles through each line in the MAQ pileup file, and stores mean data on reference
and alternate calls (cycle number, base and map qualities, observed strand, read depth) for

each position.

— Usage: perl pileup_parse.pl —pileup out.pileup —range 6906:35906

272 R

e R_solexapool_wkst_2.R
— Function: This script takes the output of pileup_parse.pl and generates a list of putative SNPs
that meet user-defined criteria.

— Input/Output: Input — output file from pileup_parse.pl. Output — dataframe (table) holding

list of putative SNPs and summary data for each.

— Workflow: First, cycles through each row (position) in the input data and does some house-

keeping functions and calculations using func_transform:

a. Remap — Remap to new coordinate system if user provides remapping coordinates (for

the first and last position in the data).
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i.

j-

PCR redundancy — Determine PCR amplicon redundancy (AKA ’tiling overlap’) at each
position if the user provides primer coordinates.

Read depth (normalized) — Determine normalized read depth relative to PCR amplicon
coverage.

AAF — Determine maximum nonreference allele frequency (i.e. the most likely alternate
allele frequency).

Error rate — Calculates a trimmed mean of alternate allele frequency calls (i.e. the mean
of the two alternate call frequencies that are least likely to represent the minor allele).
Noise statistic — Calculates a test statistic comparing the observed number of reads from
the most frequent alternate allele with the expected value based on the total number
of alternate allele reads. As this test statistic is chi-square distributed under the null
hypothesis, the -logl0 P value of the test statistic on chi-square with 1 d.f is recorded.
Strand balance ratio — Obtains the ratio of (+)-strand to (-)-strand calls for REF and
ALT alleles.

Cycle number difference — Obtains the absolute value of the difference in cycle number
for REF and ALT alleles.

Nucleotide transition — Records the observed nucleotide transition from REF->ALT.

GC content — Records the %GC content in 10 bp windows.

Next, the script takes the transformed dataframe and subsets it using func_snp_filter which has

flags for user-defined criteria for cutoff values, but otherwise acts to trim the data according

to the basic criteria of:

1.

2.

AAF — User must define a minimum AAF that the putative SNP must demonstrate.
Noise statistic — Noise statistic for a putative SNP must not be in the upper quartile of
the empirical distribution of noise statistic values across the data set.

Base quality — Base quality for a putative SNP must be in the upper decile of the empirical
distribution of base quality values across the data set.

Cycle number difference — Cycle number difference for a putative SNP must be in the

upper tertile of the empirical distribution of cy_diff values across the data set.

— Usage: Open and edit script within R console.

e R_cp3_wkst_20110106.R, R_CP1_wkst_20110125.R, R_G6PD_biochem.R

— Function: These analysis scripts performed analyses mentioned in Chapters 3, 5, and 7.

— Input/Output: Input — PED and subject support files generated by factory_to_PED.pl. Out-

put — analysis tables and graphs as presented in thesis.
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— Workflow: First, imports data from PED and subject support files, merges it with data
from g6pdDB database and phenotype metadata, and then performs analyses listed using
functions in the basic R library, along with the snpMatrix package (these are detailed in the

Supplemental Methods sections for the respective chapters).

— Usage: Open and edit script within R console.
e R_mali_cytochem.R

— Function: This script takes a directory containing standard FCS format flow cytometry data

files and calculates for each file the estimated proportion of GGPD+ and G6PD- RBC present.
— Input/Output: Input — FSC files. Output — analysis dataframe (table).

— Workflow: First, imports data from FCS files using the flowCore package, and imposes a
morphological gate on the data using the rectangleGate function, accepting only those events
meeting 5.5 < FF'SC.H < 6.5 and 4.0 < SSC.H < 6.0. Next, uses the raw data from the
FL1.H channel and determines any maxima present in the empirical distribution using kernel
density estimation of the probability density function. When two maxima are found for the
G6PD+ and G6PD- populations, the average FL1 intensity of the two maxima determines
FL1 gate. When only one maximum is found, the gate is placed 0.5 log units away, as this
represents half the average distance (1 log unit) between GEPD+ and G6PD- cells in our data.
The proportion of G6PD+ cells are those with FL1 intensity greater than the gate value, and

vice-versa for G6PD- cells.

— Usage: Open and edit script within R console.

2.7.3 Linkage disequilibrium

Linkage disequilibrium (LD) describes a pattern of nonrandom association between alleles at two loci,
specifically the condition where the observed haplotype frequencies are significantly different than those
expected based on allele frequencies. Linkage equilibrium (LE) describes the situation where observed
haplotype frequencies are equal to the product of constituent allele frequencies. It is similar to Hardy-
Weinberg equilibrium (HWE) which is satisfied when genotype frequencies are equal to the product of
constituent allele frequencies. There are both formal statistical tests and informal descriptive statistics

to assess pairwise LD between two markers [192, 167].
2.7.3.1 Formal hypothesis testing

Formal tests are based on the independence of haplotype counts in a contingency table of alleles, us-
ing either the chi-square or Fisher’s exact test to assess the difference between observed and expected
haplotype frequencies. Across two biallelic sites, the 2x2 matrix of possible haplotypes would be:
Expected haplotype counts (E) are a function of the total number of haplotypes present (N) and the
corresponding allele frequencies (P), e.g. Eap = N x P4Pp. Observed haplotype counts are directly
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A a
B | AB aB
b| Ab ab

observed for all but the double heterozygote individuals, in whom phase is ambiguous. Various proce-
dures have been devised to estimate these unobserved haplotype counts, including those that utilize EM

algorithms and hidden Markov models [193, 194, 185].

The likelihood of LD versus LE can be summarized with a log-odds (LOD) score:

odds(LD)
odds(LE)

with odds(LD) = 1 - odds(LE), and odds(LE) being the P-value from the formal tests. LOD is approxi-
mately normally-distributed with [LOD| > 2 (i.e. 100-fold greater odds of LD than LE) conventionally

LOD =logyg (2.7)

regarded as strong evidence for LD.
2.7.3.2 Informal descriptive statistics

Two important descriptive measures of LD are D’ and r2. Both measures depend on the fundamen-
tal metric D, which describes the difference in the observed (Pap) and expected (P4Pg) haplotype

frequencies:

D = Pap — PAPg (2.8)

The condition for LE is met if D = 0, i.e. if the frequency of haplotype AB is the same as that given
by random assortment of alleles A and B. Note that the sign of D is arbitrary, thus: Dag = —Dap =
*DaB = Dab'

D’ is frequency-independent and sensitive to recombination events One derives D’ by nor-

malizing D to its maximum value if D > 0 or to its minimum value if D < 0:

D' =D/Dpar if D> 0; where D4, = min(Pa Py, P, Pg)

D' = D/Dyi, if D < 0; where D,y = max(PaPp, P, P,)

Unlike D, D’ is frequency-independent and equal to 1 unless all four haplotypes are present. Thus,

it is particularly sensitive to recombination events, and does not exhibit much dynamic range.
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r? is frequency-dependent and is the square of the correlation coefficient between two alleles

The 72 metric depends on both D and allele frequencies:

2 D2

T PyP, PP,

(2.9)

It formally represents a correlation coefficient between alleles at two loci, and is thus inversely related
to the relative power one has to detect a true disease association when using a marker SNP in lieu of a
true causal variant. In other words, if the power of a study when the causal variant itself is typed is P,
then the power of the marker SNP is related to the extent of LD between it and the causal SNP and is
P/r%.

Factors that influence LD A variety of population genetic phenomena can influence LD, and should
be considered when drawing inferences (e.g. regarding selection) based on genomic patterns of LD [192].
For example, populations bottlenecks and genetic drift can lead to the loss of rare haplotypes, thus
increasing LD. Additionally, population stratification can artificially inflate LD— an extreme example
would be a situation where two populations may be fixed for opposite haplotypes (e.g. AB and ab)
and have D’ = 0 on their own, but have spurious D’ = 1 when considered together. Finally, structural
changes at the level of DNA sequence such as inversions, which lead to decreased recombination rate,

and gene conversion events, which reduce haplotype diversity, can both serve to increase LD.

2.7.4 Phylogenetic analysis

Phylogenetic analysis encompasses a range of methodologies used to estimate the ancestral relationships
between individuals, populations, or species [195, 196]. A commonly used way to represent these relation-
ships is with a phylogenetic tree. The topology, or shape, of such trees consists of edges, or connections
between organizational taxonomic units (OTUs), and nodes, which represent the branch points between

descendant OTUs and their shared most recent common ancestor.

A few major classes of methods are:

1. Parsimony — Direct sequence data is used to construct a tree which minimizes the number of

changes (e.g. mutations, recombinations) across all nodes.

2. Distance matrix methods — The original data is condensed into a matrix of distances between
OTUs, which is then used to generate a tree using a particular algorithm (e.g. neighbor-joining or

unweighted pair group using arithmetic mean) that estimates topology and distances.

3. Maximum likelihood — The original data itself is used to construct the most-likely tree given the
observed data. An advantage to this method is that the fullest representation of the data is
considered (which contrasts with distance matrix methods) and the full tree space is explored, with

the likelihood of the data observed calculated for each possible tree configuration.
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In Chapter 3, gene frequency data is used to infer phylogeny via a maximum likelihood method for
continuous characters using the ‘contml’ program in PHYLIP. The principles of this approach were
first described by Cavalli-Sforza and Edwards [197], with a restricted maximum likelihood estimation
procedure later developed by Felsenstein [198], and rely on the notion that differences in allele frequencies
that develop between populations are a function of genetic drift and can be modeled via random walk
(akin to Brownian motion). Briefly, allele frequency data for n alleles in n-dimensional space can be used
to derive 'chord’ distances, which are included with times since divergence T in a likelihood function (L),
where values of T" are then derived which maximize log(L), the log-likelihood of the observed data given

the parameter estimates.

2.7.5 Principal components analysis

Principal components analysis (PCA), a technique developed by Pearson [199], facilitates reduction of
a multivariate dataset to a lower dimensional space which represents the major components of variance
across the data. Each principal component (PC) tries to explain as much variance as possible, with the
stipulation that adjacent PCs must be uncorrelated with, or orthogonal, to one another. Thus each PC
explains only as much variance as possible that has not been explained by preceding PCs. The proportion
of variance explained by a particular PC can be obtained by taking the ratio of its eigenvalue to the sum

of eigenvalues for all PCs [200].

As an example, a mean-normalized dataset (i.e. each variable is standardized by mean subtraction)
in three dimensions can be reduced by finding the line that passes through the origin [0, 0, 0] and
minimizes the distance (sum of squares) between each point and the line. This line represents the first
principal component (PC). A second PC axis can also be drawn, which must also pass through the origin,
but also be orthogonal to the first line, while also minimizing the distance between each point and the
line. Each line can now thought of as an axis with arbitrary units, where each datum in the dataset can

be projected along either axis at the point of intersection for the line joining point and axis.

Strictly speaking, the use of gene frequency data from diverse populations often violates the assumption
that each variable in the dataset be approximately normally distributed, but it is still commonly utilized
as a descriptive tool for understanding population differentiation [201], and more recently as a quantita-
tive covariate used in lieu of self-reported ethnicity in correcting for population stratification in genetic

association studies [202].
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Chapter 3

Characterizing global genetic
variation at G6PD

In this first results chapter, I present an approach to characterizing and organizing genetic variation at
the G6PD locus. I describe the creation of a locus-specific database for G6PD, variant discovery via
targeted resequencing, and global frequency variation in novel and known polymorphisms. In surveying
the landscape of genetic variation at G6PD in different malaria-endemic areas, preparatory groundwork
is laid for genetic association studies of molecular and clinical phenotypes presented in Chapters 5 and

7.

3.1 Abstract

The extent of genetic variation at the locus encoding glucose-6-phosphate dehydrogenase (G6PD) is
of considerable interest to investigators conducting population genetic or disease association studies
at G6PD. Here 1 describe a three-part approach to improving understanding of genetic diversity at
the locus in malaria-endemic populations from twelve countries (10 African, 2 Asian): Burkina Faso,
Cameroon, Ghana, The Gambia, Kenya, Mali, Malawi, Nigeria, Papua New Guinea, Sudan, Tanzania,
and Vietnam. First, I present a new locus-specific database for G6PD that includes most known variants
at the locus identified in previous resequencing studies, organizes previous nomenclature and coordinate
systems, and interfaces with the modern bioinformatic tools and data found at Ensembl. Next, I discuss
resequencing of the gene in 288 individuals from six of the populations, where 67 SNPs were identified
in total, including 49 novel variants, one of which is a sporadic nonsynonymous polymorphism (G1187C;
Pro396Ala). Finally, via dense genotyping of 51 SNPs in 1671 samples from all twelve study populations, I
observed significant functional allelic heterogeneity at G6PD in both West Africa and Papua New Guinea,
and also limited functional haplotype diversity for the 202T and 968G alleles, suggestive of a recent origin
for the two most common G6PD deficiency variants in Africa. It is expected that the resources and data
presented here will be of utility for other researchers interested in genetic diversity at G6PD in these

populations and how it informs studies of human demographic history and disease susceptibility.
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3.2 Introduction

3.2.1 Genetics of the G6PD locus

The G6PD gene is located on the long arm of the X chromosome, in a region of high gene density and
high levels of linkage disequilibrium (LD), several hundred kilobases away from genes for color blind-
ness and hemophilia [73]. It has long been known to be a gene that exhibits high levels of functional
genetic diversity. Natural functional variation in the gene was initially described using a combination
of protein electrophoresis and thermodynamic/kinetic studies, where several hundred distinct protein
variants associated with G6PD deficiency were estimated to exist [103]. These variants were given col-
loquial names that usually referred to the location of discovery by convention, e.g. ‘G6PD Seattle’ or
‘G6PD Mediterranean.” With the advent of DNA sequencing, the initial count of distinct protein vari-
ants has proven to be an overestimate. Nonetheless, there are still over one hundred G6PD functional
variants associated with varying levels of G6PD deficiency that have been identified, several of which are
rather common, and in some areas, multiple non-rare functional variants co-exist, such as west Africa
and southeast Asia. These polymorphisms are generally nonsynonymous variants that were identified
in ¢cDNA sequencing of affected individuals [73]. It is important to note that this existing variation
data suffers from ascertainment bias with respect to its focus on coding sequence, and as yet undiscov-

ered noncoding variants may also play an important role in phenotypes associated with G6PD deficiency.

Population genetic studies at G6PD have examined the genetic architecture surrounding these func-
tional variants, with the aim of providing corroboration of the malaria protection hypothesis. Such
work has documented low levels of genetic diversity on functional allele haplotypes, including reduced
microsatellite [121] and nucleotide [122] diversity, and long stretches of haplotype homozygosity sev-
eral hundreds of kilobases in span [123], findings which are unusual for genetic variants present at high
frequency and suggestive of a rapid rise in gene frequency in the recent past. Unbiased, genome-wide
scans for positive selection, however, have not yet identified G6PD as a selection target [126, 127], which
may be reflective of unusually high LD in the region generally [161], which itself may be affected by
gene proximity-dependent patterns of mutation pressure on the X chromosome [203]. Further investiga-
tion of haplotype diversity with denser marker coverage, including variants specific to malaria-endemic

populations, may prove useful in resolving the issue of positive selection at the G6PD locus.

3.2.2 Clinical implications of functional genetic diversity

One underlying premise for this dissertation concerns the idea that functional genetics at the G6PD locus
cannot be fully encapsulated by the effect of a single nonsynonymous variant, as is commonly assumed.
An underestimation of the effects of other variants at the locus could lead to enhanced Type II error
in association studies where only one variant is studied, and thus erroneously lead to the conclusion
that G6PD deficiency is not involved in a particular clinical phenotype or lead to conflicting results for

studies conducted in populations of different genetic background. As there is a long history of conflicting
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results in association studies looking at G6PD deficiency and severe malaria, it seemed plausible that
unrecognized functional allelic heterogeneity may play a role in the between-study heterogeneity that

has been observed.

3.2.3 A worldwide survey of genetic variation at G6PD

I set out to further investigate the malaria protection hypothesis, and genetic variation at G6PD gen-
erally, with an eventual aim toward conducting case-control association studies of severe malaria in a
diverse worldwide cohort. A preliminary to this sort of fine-mapping genetic association work is under-
standing genetic variation at the locus in different populations where different functional mutations may
predominate. Here I present an approach to these questions in three parts: (1) assembly of a database of
known functional variants, (2) resequencing of the gene in several hundred individuals from sub-Saharan
Africa and southeast Asia, and (3) dense genotyping of variants present at the locus to validate novel

resequencing variants and provide empirical insights into population genetics at the locus.
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3.3 Materials and Methods
3.3.1 Literature search

Expert-authored review articles on G6PD variants included those by Beutler and Vulliamy [103, 204, 94].
Controlled PubMed searches were conducted by concatenating the term ‘glucose 6 phosphate dehydro-
genase’ with country or region names pertinent to MalariaGEN Consortial Project 3 (see Chapter 2 for
details regarding MalariaGEN and its consortial projects). For example, for Vietnam this included: (a)
the country itself and any aliases — ‘Vietnam’, ‘Viet Nam,” and ‘French Indochina’; (b) the geographic
region in which it lay — ‘Asia’, ‘southeast Asia’; (c¢) any adjacent countries or areas of shared ancestry —
‘Cambodia’, ‘Laos’, ‘Thailand’, ‘Burma’, and ‘China’. Specific studies that proved useful to complement
the review articles included work by Hirono and Beutler [205], Vulliamy et al. [206], Ganczakowski et
al. [207], Tishkoff et al. [121], Saunders et al. [122, 124], Sabeti et al. [123], Verrelli et al. [208], and
Hue et al. [101]. A total of 133 literature-described SNPs were identified, including 107 nonsynonymous
polymorphisms. Twenty-two of these variants were observed in more than one published report, and are

therefore likely common.

3.3.2 Database assembly

Each variant found in the literature survey and the dbG6PD database [209] was first validated through
manual and semi-automated means, with mapping validity checks for various coordinate systems (ge-
nomic, cDNA, peptide), and functional consequence (i.e. specific amino acid change for a nonsynonymous
variant), using a combination of custom Perl scripts and web-based tools available at the UCSC Genome
Browser [210] and Galaxy [211] websites. Exon-intron location was determined using boundary coordi-
nates from Ensembl transcript ‘G6PD-201." Ancestral alleles were inferred using Ensembl’s EPO pipeline,
which uses multiple sequence alignment of chimpanzeee, macaque, and orangutan sequence to infer an-
cestral allele identity. The reference sequence used was Homo sapiens assembly contig ‘AF277315.6,
and all coordinates are shown for build GRCh37/hgl9. Peptide and cDNA coordinates are relative to
the peptide sequence start site at chrX:153775085. Clinical severity of known deficiency variants was
categorized according to WHO guidelines on a scale from 1 (severely deficient) to 4 (not deficient) as
previously reported [204]. The BioPerl Ensembl API [184] was used to verify the aforementioned data,
and also add to it by providing all predicted functional consequences for each variant, which in several
cases involved multiple transcripts in the same gene, and even multiple genes (IKBKG and G6PD share

a common promoter).

3.3.3 Capillary sequencing

Resequencing at G6PD was performed on a total of 288 population-representative samples, with 48
samples each coming from six countries, including Burkina Faso, Cameroon, Nigeria, Kenya, Vietnam,
and Papua New Guinea. Overlapping amplicons were generated by PCR to cover approximately 15 kb at

the locus, with a small gap in coverage at intron 1 (Figure 3.1). Capillary sequence traces were analyzed
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as part of the ExoSeq pipeline at the Wellcome Trust Sanger Institute, with SNPs called using an in-house
algorithm called ExoTrace. As this algorithm was found to exhibit poor specificity, extensive manual
curation of individual traces was necessary to retain only high confidence SNPs. Pairwise validation with

genotype data from the same individuals (see below) was performed using custom Perl scripts.

3.3.4 Multiplexed genotyping

Study cohort The sample set was a cohort comprising MalariaGEN Consortial Project 3 [186],
and included 1671 population controls from twelve malaria-endemic countries, including Burkina Faso,
Cameroon, Ghana, The Gambia, Kenya, Mali, Malawi, Nigeria, Papua New Guinea, Sudan, Tanzania,
and Vietnam (Table 3.1). All samples collected were obtained after informed consent, and appropriate
permissions to conduct this study were obtained from the Oxford Tropical Research Committee (U. of
Oxford), the Medical Research Council (UK), and regional and national ethics boards at individual study

sites (refer to section 2.1.5 for protocol details).

Table 3.1: Samples used in genotyping study. The number of samples from each country included in
the CP3 genotyping study are shown stratified by gender. Countries are coded as follows: Burkina Faso (BF),
Cameroon (CM), Ghana (GH), The Gambia (GM), Kenya (KE), Mali (ML), Malawi (MW), Nigeria (NG), Papua
New Guinea (PG), Sudan (SD), Tanzania (TZ), and Vietnam (VN).

BF CM GH GM KE ML MW NG PG SD TZ VN

Male 68 28 49 133 66 36 54 29 126 58 112 49
Female 76 30 56 137 89 55 40 30 125 69 107 49
TOTAL 144 58 105 270 155 91 94 59 251 127 219 98

Assay design Of the variants listed in the master database (including those identified via resequenc-
ing), 308 met various inclusion criteria prioritizing function, proximity to G6PD, and estimated frequency

in our dataset. These were then clustered into three priority groups (Table 3.2):

e High (25) — solely SNPs of known functional or population genetic significance, with strong population-

or region-specific evidence

e Medium (72) — primarily variants identified during resequencing (see above), with a few lower

priority literature variants

e Low (211) — solely dbSNP /Ensembl variants

Table 3.2: Priority scoring of SNPs in pilot phase.

Initial ~ Met Inclusion Criteria  Priority 1 Priority 2 Priority 3

Known Functional/Significant 105 40 25 15 0
Novel Resequencing 60 57 0 57 0
Other (e.g. dbSNP) 410 211 0 0 211
TOTAL 575 308 25 72 211

(0]
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Each list was internally ranked and input sequentially to Sequenom MASSarray iPLEX assay design
software, such that multiplexes were built around higher priority SNPs first. Polymorphisms and flanking
sequences submitted were force-coded on the (4) strand, SNP-masked using a custom Perl script, and
double-checked against the UCSC reference sequence. Ultimately, four multiplexed genotyping reactions
were designed, assaying a total of 135 SNPs across the locus, the majority clustered in a 35 kb window
flanking G6PD, with 11 additional SNPs located 50-70 kb telomeric to the gene. There is a gap in SNP
coverage in the region 40 kb telomeric to G6PD due to the presence of a segmental duplication in the

region due to doubly-mapping SNPs (Figure 3.2).

Laboratory workflow Genotypes were obtained by the Sequenom MASSarray iPLEX platform (de-
scribed in detail in Chapter 2). A total of 135 SNPs were assayed, and of these, 104 met manual cluster
plot curation QC standards, with 78 of these being polymorphic in at least one subpopulation (Table
2.6).

3.3.5 Genetic analyses

Custom scripting was done in Perl to standardize data format, perform a few basic analyses, and generate
custom-formatted files for PLINK [182], which was used to curate the data set. SNPs were removed if
they exhibited minor allele frequency (MAF) < 0.001 or missingness > 0.20. Individuals were excluded if
they exhibited missingness > 0.35. A total of 51 polymorphisms and 1671 individuals met these inclusion
criteria. Using the statistical software R [181] and the ‘snpMatrix’ package [183], we performed further
checks on the data, including examining individual population data for extreme deviation from Hardy-
Weinberg equilbrium (P < 107°), the relationship between individual call rate and heterozygosity, and

gender differences in MAF. Wright’s Fgp was calculated using the following formula [212]:

B (p1 — p2)?
s = o T p) @~ [or + p2) (3.1)

Principal components analysis (PCA) on mean-centered derived allele frequency (DAF) data [213, 201]
was performed using the ‘prcomp’ function in R. Phylogenetic trees were calculated using PHYLIP [214].
First, bootstrap replicates (N = 20) of DAF data stratified by country or ethnic group membership
were generated, with each replicate sampling a certain number of individuals at random (80 per country,
20 per ethnic group). Next, these allele frequency tables were used to generate consensus trees using
maximum likelihood estimation (in PHYLIP, ’contml’), via a method which assumes genetic distance
between subpopulations is a function of genetic drift. Trees were rendered using TreeViewX [215].
Haplotypes were inferred using fastPHASE [185] under default settings, with known male haplotypes
used as a reference input to improve phasing accuracy in females. Pairwise difference between haplotype
sequences (PWD) was calculated by counting the number of allele differences found on a pair of randomly

chosen haplotypes, with means calculated via bootstrap replication (N=1000).
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3.4 Results
3.4.1 Assembling and curating a database of G6PD variants

To finely map genetic association with a particular phenotype of interest, one would ideally type all
known variation at and around a given candidate locus. Over the past fifty years, natural variation
at G6PD has been extensively documented throughout the world, by hematologists and population
geneticists alike. I have mined this data from the literature, collated it with information from other public
repositories, and used modern bioinformatic tools to assemble an internally- and externally-consistent
database of all known variants at G6PD. This provides an important supplement to the population-
specific resequencing work, as the latter was limited in several ways, including: (a) having low sensitivity
to detect rare variants due to small sample size, (b) exhibiting incomplete sequencing coverage owing to
gaps, and (c¢) lacking enrichment for functional variant discovery as the resequencing panel comprised

population-representative samples as opposed to solely G6PD deficient individuals.

3.4.1.1 Literature search

I first performed a systematic review of the literature, beginning with several expert-authored review
articles [103, 204, 94] and the locus-specific online database, dbG6PD [209]. This was then supplemented
by country- and region-specific PubMed searches to find existing resequencing and dense genotyping
surveys (see Methods for full list). The majority of these 133 literature-described variants are likely
functional as most are nonsynonymous polymorphisms detected via ¢cDNA sequencing of individuals
with deficient enzyme activity. As most of these are also sporadic mutations, validation evidence was
also noted, and specifically whether the variant had been observed in multiple published accounts. This
step provided a qualitative estimate of allele frequency for such variants, and allowed for the prioritization
of polymorphisms likely to be relatively common in our data set, as these would be the ones for which

we would be best-powered to detect associations with biochemical and clinical phenotypes of interest.

3.4.1.2 Data curation and standardization

After merging the above list with uniquely-mappable variants listed in dbSNP and Ensembl that flank
G6PD (£50 kb), I set about curating and standardizing the data set. This process was especially im-
portant for known literature-described deficiency variants, most of which did not have entries in public
databases and were identified before the human genome was assembled, and were thus described using
somewhat arbitrary coordinate systems. In order to be able to design primers for the Sequenom geno-

typing assays, it was necessary to firmly localize each of these variants.

First, each polymorphism was mapped to the current genome build (GRCh37/hgl9) using contextual
clues from the literature, such as predicted amino acid change, cDNA position, restriction enzyme site
sequence, etc. I also determined exon/intron location for all SNPs located at G6PD itself, as well as

¢DNA and peptide sequence position for all coding SNPs. Next, I verified the two alleles observed (there
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were only biallelic SNPs in our list), determined which one was ancestral (according to Ensembl’s EPO
pipeline), and forced allele coding to the positive strand. I determined the functional consequence of
each SNP for every transcript with which it was associated (as Xq28 is a gene-dense region, several SNPs
were associated with more than one transcript); for example, whether it was coding (nonsynonymous,
synonymous), splice-site, etc. Importantly, multiple approaches were taken, with an initial manual and
semi-automated approach later validated and supplemented by an automated Perl- and mySQL-based
database construction process using the BioPerl suite of bioinformatic tools [184] and web-based tools

available at the UCSC Genome Browser [210] and Galaxy [211] websites.

Regarding nomenclature for the named G6PD variants, there were two main issues to consider. First,
many named G6PD variants are genetically-identical, but were once thought to be electrophoretically-
and biochemically-distinct and were isolated independently in different parts of the world, and many dif-
ferent aliases can be associated with the same genetic variant (the opposite can also be true, e.g. ‘A-’ can
refer to a cDNA mutation at either position 202 or 968). Second, the established convention includes all
nonsynonymous alleles as a haplotype in describing certain variants. So the major ‘A-’ African variant is
described as 202T/376C, as 202T invariably occurs on a 376C background. These issues were addressed
here by using one unique primary identifier for each SNP, and a list of all alias identifiers associated with
that SNP, along with any dbSNP identifiers (e.g. ‘rs’ IDs). Thus, a database query for the ‘A-’ alias
identifier will yield five results: four for the 202T, 376C, 542A, 680A, and 968G alleles, and one for the
376C background that all lie upon.

3.4.2 Variant discovery

As a preliminary to fine-mapping association studies at G6PD across the MalariaGEN sample set, ef-
forts at variant discovery were undertaken. Resequencing at G6PD was performed on 288 samples
from six countries (48 samples each) as part of MalariaGEN Consortial Project 3, including Burkina
Faso, Cameroon, Nigeria, Kenya, Vietnam, and Papua New Guinea. As it was economically unfeasible
to obtain sequence data for all MalariaGEN study sites, these sample sets were chosen to represent
west Africa (Burkina Faso, Cameroon, Nigeria), east Africa (Kenya), and the two relatively genetically-
divergent populations of Vietnam and Papua New Guinea in southeast Asia. The Nigerian cohort was
also useful as an internal control, as it consisted of HapMap Yoruba parents for whom corroborating
data was available from three sources, including HapMap, the 1000 Genomes Project, and the Illumina
pooling experiment described in Chapter 4. Sample sets were gender-balanced and representative of
the population at large. Although a modest increase in sensitivity to detect less common variants was
possible if only females were typed (as males are hemizygous, i.e. have only one X chromosome), males
were included to allow for the possibility of gender-specific differences in allele frequency. Sequence was
generated using PCR amplicons tiling approximately 15 kb at the locus, with a gap in coverage at intron

1 (Figure 3.1) due to failed PCR amplification. At the time of analysis, emphasis was not placed on
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identifying insertion-deletion polymorphisms (indels) present in the sequence data for two main reasons.
First, the ExoSeq pipeline was unable to reliably call these variants, and second, the downstream geno-
typing platform used in subsequent association studies (Sequenom iPLEX) would be unable to type such
indel variants. This limitation precluded our analysis of this important class of SNPs which represents

about 10% of all known single nucleotide variation in the genome.

The quality of data generated was assessed via multiplexed genotyping of thirty-two SNPs in the same
samples (see below). A total of 31 of 32 (96.9%) variants detected via resequencing demonstrated
heterozygosity via genotyping in one or more populations. There was also strong agreement between
individual genotype calls obtained by the two methods, as mean pairwise concordance was 97.5%, with
discordant outliers traceable to specific sample sets (Figure 3.3), which may be indicative of poor sample

quality or a batch effect.

A total of 67 SNPs were identified, 49 of which were novel (Table 3.3, Figure 3.4). While the total
number of SNPs identified is far less than the number present in dbSNP in the same region (about
200), this finding is unsurprising for a variety of reasons. First, many of the SNPs present in dbSNP
have poor validation evidence, having only been observed by one study, or found through bioinformatic
means via comparison of sequences deposited in RefSeq, and many of these also map to more than one
location in the genome. Second, the populations sampled for sequencing and genotyping in dbSNP are
more genetically divergent than the populations included in this study, where four of six groups were of
shared Bantu ancestry. Interestingly, though, as the populations of interest here are underrepresented in
dbSNP, these ascertainment differences also explain why so many novel variants were discovered in this
project, highlighting the importance of population-specific variant discovery. Finally, as this study only
included 48 individuals per population, it was not well-powered to detect rare variants which represent

the majority of polymorphic sites in the genome [162].

Overall, mean DAF was greater in African samples than in Asian samples, as many variants were
monomorphic in Vietnam and Papua New Guinea. Several of the SNPs appeared to be private to
either Africa or Asia, with primarily rare variants found in Papua New Guinea (Table 3.4). The pattern
of genetic diversity overall was consistent with that observed genome-wide, where African populations

generally exhibit greater nucleotide diversity.

Several of the polymorphisms may be potential regulatory variants, including four SNPs found in the
3’ untranslated region (UTR) and one found in the 5’ untranslated region (UTR). The 5> UTR is espe-
cially interesting as several lines of evidence seem to indicate that it is a shared promoter sequence for
both G6PD and IKBKG. First, it is a site of DNAse hypersensitivity, i.e. a region of open chromatin

(euchromatin) associated with high transcriptional activity. Additionally, it is associated with certain
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modified histones such as H3K27Ac (histone H3 acetylated at lysine 27) known to be associated with
active promoters. Finally, it is the site of several transcription factor binding sites as determined by
ChIP-seq (chromatin immunoprecipitation followed by sequencing). Such evidence has been made pos-
sible by harnessing the throughput of next-generation sequencing technologies (discussed in Chapter 4)
to generate unbiased, fine-resolution maps of all sequence associated with any number of transcription
factors and other histone markers of active transcription. Polymorphisms found at such sites will be more
likely to have the most direct and specific effects on gene expression, though no expression quantitative
trait loci (eQTLs) have yet been identified at the locus, suggesting that much remains to be elucidated
regarding known regulatory variants that might impact gene expression [216]. It is also worth noting that
if a bidirectional promoter does indeed exist at the locus, this may have implications for gene expression
regulation by noncoding RNAs [217]. A gene graphic illustrating some of the known features of gene

expression at G6PD is shown in Figure 3.5.

Coding variants were found in exons 6 and 10, and included three synonymous variants and one sporadic
nonsynonymous variant at position chrX:153760883 (G1187C, Pro396Ala) found in one individual in
Papua New Guinea. This latter mutation is likely functional as it involves a similar residue change as

that found in severe deficiency variant G6PD Bari (Pro396Leu).

Overall Concordance Between ExoSeq and SQNM Genotypes
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Figure 3.3: Concordance between resequencing and genotyping data. Overall (top) and country-
stratified (bottom) percent pairwise concordance between genotypes obtained by capillary resequencing versus
those obtained Sequenom genotyping. Size of points in top panel is proportionate to the number of pairwise
genotype comparisons made (N). Countries are coded as follows: Burkina Faso (BF), Cameroon (CM), Kenya
(KE), Nigeria (NG), Papua New Guinea (PG), and Vietnam (VN).
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Table 3.3: Variants identified in resequencing study. A total of 67 variants were identified, including 49
novel variants (with prefix ‘NT’). Asterisks indicate colorNewChangeColor nonsynonymous variants. Exon (E)
and intron (I) locations are also indicated, along with variants identified upstream (US) and downstream (DS)
of extitG6PD. Position is specified in GRCh37/hgl9 coordinates. Alleles shown are on the (4)-strand as given
by UCSC Genome Browser, with ancestral allele inferred by Ensembl’s EPO pipeline. Refer to section 3.3.2 for
coordinate and exon mapping details.

Name Position Observed Alleles  Ancestral Allele G6PD - Exon/Intron

rs12389568 153757733 G/A G DS

rs12389569 153757734 G/A G DS
NT_011726.13_4578452 153757978 C/G C DS
NT_011726.13_4578468 153757994 G/A G DS
NT_011726.13_4578537 153758063 C/A C DS
152515906 153758189 G/A A DS
NT_011726.13_4579089 153758615 G/A G DS
rs12393550 153758660 G/A G DS
NT_011726.13-4579361 153758887 T/C T DS
NT_011726.13_4579846 153759372 c/T C DS
NT_011726.13_4579900 153759426 C/A C DS
NT_011726.13_4579907 153759433 c/T C DS
NT_011726.13_4579971 153759497 c/T C DS
NT_011726.13_4580014 153759540 G/A G DS
NT_011726.13_4580141 153759667 G/A G E13
NT_011726.13-4580192 153759718 A/T A E13
rs1050757 153759858 T/C C E13
NT_011726.13_4580339 153759865 c/T C E13
NT_011726.13_153413060 153759866 c/T C E13
NT_011726.13_4581068 153760594 G/A G I11
rs2230037 153760654 G/A G El1
NT_011726.13-4581271 153760797 G/A G E10
** NT_011726.13_.4581357 153760883 G/C G E10
NT_011726.13_4581409 153760935 G/A G E10
** Viangchan 153761337 C/T C E9

nt3042 153761515 c/T C I8
NT_011726.13_4582038 153761564 G/A G 18
rs5986990 153761628 G/A G I8
NT_011726.13_4582217 153761743 T/C T 18
NT_011726.13_4582401 153761927 T/C T I7
NT_011726.13_4582483 153762009 G/A G I7
rs2515905 153762075 G/A G I7

rs5986875 153762392 G/A G 16
NT_011726.13_4583104 153762630 G/A G E6
rs2515904 153762771 G/C G I5
NT_011726.13-4583299 153762825 Cc/T C I5
NT_011726.13_4583388 153762914 G/A G I5
NT_011726.13_4583445 153762971 G/C A I5
NT_011726.13_4583753 153763279 T/C T I5
** G6PD_376 153763492 T/C T E5

** G6PD_202 153764217 c/T C E4
1762515 153764528 T/C T 12
NT_011726.13-4590119 153769645 C/A C 12
NT_011726.13_4590363 153769889 G/A G 12
NT_011726.13_4591032 153770558 c/T C 12
NT_011726.13_4591512 153771038 T/C T 12
NT_011726.13.4591599 153771125 A/G A 12
NT_011726.13_4591624 153771150 G/A G 12
NT_011726.13-4591669 153771195 T/C C 12
NT_011726.13_4591736 153771262 Cc/T C 12
152472393 153771296 c/T T 12
NT_011726.13_4593536 153773062 c/T C 12
NT_011726.13_4593593 153773119 G/A G 12
NT_011726.13_4593634 153773160 A/C A 12
NT_011726.13_4593682 153773208 G/C G 12
NT_011726.13-4594000 153773526 A/G A 12
NT_011726.13_4594246 153773772 G/C G 12
NT_011726.13_4594297 153773823 G/A G 12
rs7064060 153773998 c/T C 12
NT_011726.13_4594481 153774007 G/A G 12
NT_011726.13_4594688 153774214 T/C T 12
NT_011726.13-4596259 153775785 T/C C Us
NT_011726.13-4596533 153776059 C/T C Us
rs5986992 153776107 C/A 85 C Us
NT_011726.13_4596651 153776177 G/T G Us
NT_011726.13_4596966 153776492 G/T G UsS
NT_011726.13_4597283 153776809 c/T C UsS




Table 3.4: Resequencing allele frequency summary. Derived allele frequency distribution for variants
identified during resequencing is shown, with novel variants are listed in parentheses. Countries are coded as
follows: Burkina Faso (BF), Cameroon (CM), Kenya (KE), Nigeria (NG), Papua New Guinea (PG), and Vietnam
(VN).

BF CM NG KE VN PG

DAF > 005 19(6) 18(9) 16(6) 19(9) 5(2) 1(0)
DAF <0.05 9(6) 11(9) 12(10) 6(4) 7(7) 15 (13)

Total 28 (12) 29 (18) 28 (16) 25 (13) 12(9) 16 (13)
Mean DAF  0.101  0.059  0.056  0.067  0.009  0.018

3.4.3 Mapping global patterns of variation at G6PD

Studying genetic architecture at G6PD in diverse populations is of interest for both population genetic
and disease association studies. I analysed genotypes at 51 polymorphic loci for 1671 individuals from
twelve MalariaGEN partner sites in Burkina Faso, Cameroon, Ghana, The Gambia, Kenya, Mali, Malawi,
Nigeria, Papua New Guinea, Sudan, Tanzania, and Vietnam. Using this data, genetic and haplotypic

diversity were analysed, both within and between populations across our data set.

3.4.3.1 Multiplex genotyping assay design and quality control

Typed polymorphisms were ascertained according to a priority weighting scheme that took into consid-
eration functional significance, validation evidence, and genomic proximity to G6PD (Table 3.2). This
prioritization scheme was adopted as part of an effort to develop a set of multiplex genotyping assays at
G6PD to be taken forward into large case-control association studies of severe malaria as part of Malar-
iaGEN Consortial Project 1 [186]. The highest priority was given to nonsynonymous variants previously
associated with G6PD deficiency trait (i.e. named variants such as ‘202/A-’ or ‘Viangchan’) and other
polymorphisms of known population genetic significance. The next highest priority was given to SNPs
that had a strong likelihood of being polymorphic in at least one population in our sample set, based on
evidence from resequencing or genotyping surveys. Finally, multiplexes were filled out using remaining

SNPs that were closest to the gene itself.

Four multiplex genotyping reactions were designed to type 135 SNPs. A total of 104 of these met
cluster plot quality control standards, of which 78 were polymorphic in at least one of the study popu-
lations, including 15 high, 42 medium, and 21 low priority variants. Further quality control filters were
applied at the analysis stage, where SNPs were excluded if they exhibited MAF < 0.001 or missingness
> 0.20, and individuals were excluded if the exhibited missingness > 0.35. A total of 51 polymorphisms

and 1671 individuals met these criteria for inclusion (Table 3.5).
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Table 3.5: Polymorphic variants in genotyping study. A total of 51 variants met inclusion criteria in
the genotyping study (MAF > 0.001 and missingness < 0.20). Asterisks indicate colorNewChangeColor non-
synonymous variants, two of which, G6PD376 (A+) and rs34193178 (Mira d’Aire), are bystander mutations not
associated with G6PD deficiency (i.e. WHO class 4). Exon (E) and intron (I) locations are also indicated, along
with variants identified upstream (US) and downstream (DS) of G6PD. Position is specified in GRCh37/hgl9
coordinates. Average DAF for combined African populations (AFR), Papua New Guinea (PG) and Vietnam
(VN) are shown at right.

Name Position Observed Alleles Ancestral Allele G6PD - Exon/Intron  AFR PG VN

rs28470352 153753490 T/A T DS 0.344 0.000 0.000

rs61042368 153755336 G/A G DS 0.124 0.000 0.000

rs1894260 153755989 C/T C DS 0.055 0.029 0.034

rs12389569 153757734 G/A G DS 0.069 0.000 0.000
G6PD_X_b36-153411172 153757978 C/G C DS 0.001 0.006 0.000
G6PD_X_b36-153411188 153757994 G/A G DS 0.003 0.000 0.000
1512393550 153758660 G/A G DS 0.338 0.000 0.000
G6PD_X_b36-153412861 153759667 G/A G E13 0.000 0.032 0.014
G6PD_X_b36.153413623 153760429 G/A G E12  0.080 0.000 0.000
rs2071429 153760508 A/G A 111 0923 0.116 0.155

** Union 153760605 G/A G E11  0.000 0.019 0.000

rs2230037 153760654 G/A G E1l1 0309 0.074 0.150

rs2230036 153760953 c/T C E10 0.120 0.000 0.000

** 1934193178 153761160 C/G C E9 0.005 0.000 0.000

** hG6PD_968 153761240 A/G A E9 0.007 0.000 0.000
G6PD_X_b36.153414709 153761515 C/T C I8 0.002 0.011 0.000
G6PD_X_b36_153414758 153761564 G/A G I8 0.125 0.000 0.000
rs5986990 153761628 G/A G I8 0.007 0.000 0.000
G6PD_X_b36-153414937 153761743 T/C T I8 0.007 0.000 0.000
rs2515905 153762075 G/A G I7 0.164 0.000 0.000

rsH986875 153762392 G/A G 16 0.012 0.000 0.000

** hG6PD_542 153762655 T/A T E6 0.003 0.000 0.000
rs2515904 153762771 G/C G 15 0.164 0.000 0.000
G6PD_X_b36_153416019 153762825 C/T C I5 0.000 0.045 0.000
G6PD_X_b36-153416108 153762914 G/A G I5 0.040 0.000 0.000
** Vanua Lava 153763485 A/G A E5 0.000 0.013 0.000

** hG6PD_plus376 153763492 T/C T E5 0.341 0.000 0.000

** hG6PD_plus202 153764217 c/T C E4 0.111 0.000 0.000
1s762515 153764528 T/C T 12 0.361 0.000 0.000

rs762516 153764663 C/T C 12 0.163 0.000 0.000

rs762517 153764734 G/A G 12 0.164 0.000 0.000

rs743544 153765166 G/A G 12 0.000 0.095 0.224
G6PD_X_b36-153423083 153769889 G/A G 12 0.020 0.000 0.000
G6PD_X_b36-153424232 153771038 T/C T 12 0.007 0.000 0.000
G6PD_X_b36.153424319 153771125 A/G A 12 0.357 0.000 0.000
G6PD_X_b36.153424389 153771195 T/C C 12 0.888 1.000 1.000
rs2472393 153771296 C/T T 12 0.070 0.923 0.590
G6PD_X_b36.153426256 153773062 c/T C 12 0.113 0.000 0.000
G6PD_X_b36-153426354 153773160 A/C A 12 0.046 0.000 0.000
G6PD_X_b36-153426720 153773526 A/G A 12 0.008 0.000 0.000
G6PD_X_b36-153427408 153774214 T/C T 12 0.000 0.013 0.000
G6PD_X_b36.153428979 153775785 T/C C US 0.498 1.000 1.000
rs5986992 153776107 C/A C US 0.010 0.000 0.000
G6PD_X_b36_153429686 153776492 G/T G US 0.003 0.000 0.000
rs7887673 153824899 G/A G US 0.027 0.000 0.000

rs5986997 153827549 c/T C US 0.004 0.000 0.000

rs4898389 153827637 A/G A US 0.927 0.077 0.313

rsH986877 153828269 C/G C Us 0919 0.077 0.137

rs7879049 153829693 A/G A US 0.374 0.074 0.137

rs7053878 153834100 T/A T US 0.061 0.717 0.082

rs60030796 153836171 A/G A US 0.103 0.000 0.000
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3.4.3.2 Population genetic studies

Across the data set, a wide range of derived allele frequencies (DAF) was observed, with some derived

alleles approaching fixation in Asia and rare in Africa, and vice-versa (Figure 3.6).
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Figure 3.6: Minor allele frequencies stratified by subpopulation. Minor allele frequencies for all 51
SNPs surveyed at the G6PD locus, stratified by subpopulation, and ordered by DAF in African subpopulation.

A variety of approaches were taken to further characterize this population variation, including measur-
ing Wright’s F-statistic (Fisr) in each population, multivariate decomposition using principal components
analysis, and the construction of phylogenetic trees. Wright’s Fsr quantitates the proportion of allele
frequency variance explained by subpopulation membership. In measuring Fs7, one can see largely two
clusters, one for the African subpopulations and another for the Asian ones (Figure 3.7), suggesting that
population differentiation at this locus mirrors that seen across the genome as a whole, lending weight

to the serial founder theory of human migration [218].
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Figure 3.7: Heatmap of mean pairwise Fsr values. Mean pairwise Fsr between the 12 subpopulations
in the study. Countries are coded as follows: Burkina Faso (BF), Cameroon (CM), Ghana (GH), The Gambia
(GM), Kenya (KE), Mali (ML), Malawi (MW), Nigeria (NG), Papua New Guinea (PG), Sudan (SD), Tanzania
(TZ), and Vietnam (VN).

T also used allele frequency data at each SNP in principal components analysis (PCA, reviewed in
Chapter 2: Supplemental Information), a technique which is useful in summarizing multidimensional
data sets in terms of the major components of their variance. Here, I found the same two clusters as
before, with the first principal component sharply separating African from Asian populations, and the
second component distinguishing between Vietnam and Papua New Guinea (Figure 3.8). Complementary
results were obtained when examining particular ethnic groups, with those from Vietnam (Kinh) and
Papua New Guinea (Madang, Alotau, Rabaul, and Ilahita) sharply differentiated from African groups
along the first principal component, though subtle variation within sympatric groups was also readily

apparent.
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Figure 3.8: Principal components analysis using allele frequency data. Allele frequency data across
all 51 SNPs was used to distinguish clusters of relatedness via PCA, using country- (left) and ethnicity-stratified
(right) datasets. Countries are coded as follows: Burkina Faso (BF), Cameroon (CM), Ghana (GH), The Gambia
(GM), Kenya (KE), Mali (ML), Malawi (MW), Nigeria (NG), Papua New Guinea (PG), Sudan (SD), Tanzania
(TZ), and Vietnam (VN). All ethnic groups are African except for those from VN (Kinh) and PG (Madang,
Alotau, Rabaul, and Ilahita).

Finally, allele frequency data was also used to generate maximum likelihood estimates for phylogenetic
relationships (techniques reviewed in Chapter 2: Supplemental Information) at G6PD between different
subpopulations. The consensus cladograms obtained (Figure 3.9) mirror the PCA results in showing a
clear separation between Asian and African populations, at the level of both country and ethnic group
membership, and further, generally comport with language group relations — for example, all three ethnic
groups speaking the Nilo-Saharan language (Luo, Somali, and Masalit) clustered with one another in the

tree.
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Figure 3.9: Phylogenetic trees. Maximum likelihood cladograms were constructed using allele frequency data
under a model of genetic drift using PHYLIP. Countries are coded as follows: Burkina Faso (BF), Cameroon
(CM), Ghana (GH), The Gambia (GM), Kenya (KE), Mali (ML), Malawi (MW), Nigeria (NG), Papua New
Guinea (PG), Sudan (SD), Tanzania (TZ), and Vietnam (VN). All ethnic groups are African except for those
from VN (Kinh) and PG (Madang, Alotau, Rabaul, and Ilahita).

I also examined the prevalence and genetic architecture of known functional alleles at G6PD, i.e.
those with a strong clinical association to G6PD deficiency trait. In all countries except Vietnam, at
least one of these alleles was present at frequency greater than 1%, and while the 202T allele was the
dominant functional allele in most African countries, significant allelic heterogeneity was present in the

West African countries of the Gambia and Mali, as well as in Papua New Guinea (Figure 3.10).
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Figure 3.10: Allele frequency summary for known functional variants at G6PD. Allele frequency data
is shown for the five known nonsynonymous variants associated with G6PD deficiency that were found in our
dataset, with the Gambia, Mali, and Papua New Guinea exhibiting allelic heterogeneity. Countries are coded as
follows: Burkina Faso (BF), Cameroon (CM), Ghana (GH), The Gambia (GM), Kenya (KE), Mali (ML), Malawi
(MW), Nigeria (NG), Papua New Guinea (PG), Sudan (SD), Tanzania (TZ), and Vietnam (VN).

I further examined the haplotype structure upon which G6PD functional alleles lie, specifically looking
at the two common deficiency alleles in the dataset, 202T (‘G6PD A-’) and 968G (‘G6PD Betica’),
both of which exist on a 376C derived allele background (‘G6PD A+’). In comparing these haplotypes
to ancestral haplotype sequence (3767T, which is termed ‘G6PD B’ by convention), one sees greater
haplotype diversity in B than A+, and near complete homogeneity among functional allele haplotypes,
which is evident both visually (Figure 3.11) and numerically, in a quantitative comparison of the average
number of pairwise differences in haplotype sequence (B = 5.06, A+ = 3.44, 202T = 0.15, 968G =
0.21). These results indicate that B is somewhat older than A+, and that the two functional alleles
are relatively young, as comparatively less time has elapsed to allow for mutation and recombination to
break down LD with neighboring sites. The recent origin of these functional alleles coupled with their
high frequency may suggest a selection process or a demographic change such as a bottleneck or rapid

population expansion.
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Figure 3.11: Functional haplotype diversity at G6PD. Haplotypes bearing common known nonsynonymous
alleles associated with G6PD deficiency (202T and 968G [red outline]) are compared with their shared progenitor
(376C, A+) and the ancestral background sequence (B). Fifty haplotypes were sampled at random for B, A+,
and 202T, and all 26 haplotypes are shown for 968G. Mean number of pairwise sequence differences between
haplotypes (PWD) obtained by bootstrap replication (N=1000) is shown at the top of each panel. Sites are
shown across the x-axis and individual haplotypes piled along the y-axis, with ancestral (blue) and derived

(yellow) alleles differentiated by color.
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3.5 Discussion

The work presented here set out to organize, add to, and better understand the picture of global genetic
diversity at the G6PD locus, a crucial first step in conducting disease association and population genetic
studies. The locus-specific database discussed here should be a useful general resource for researchers
interested in G6PD, while the novel variants described and allele frequency data obtained through re-
sequencing and dense genotyping at the locus adds depth to the understanding of genetic variation at

GO6PD generally, and functional allelic diversity specifically.

I anticipate that the database will grow to include more information on predicted protein changes
for nonsynonymous variants from publicly-available bioinformatic tools. Such programs include older,
sequence-based prediction methods such as PolyPhen or SIFT [219], which offer qualitative predictions of
predicted functional consequence, though these are often of poor positive and negative predictive value as
they rely heavily on generalized heuristics to make assumptions about ternary and quaternary structural
changes from primary peptide sequence. As both three-dimensional structural and comparative genomics
data exist for G6PD [220, 221], newer, structure- and evolutionary-based approaches such as that de-
scribed by Bao and Cui [222] or found in PolyPhen-2 [223] can offer better predictive power, though
no algorithm can obviate the need for detailed study of relevant molecular phenotypes as presented in
Chapter 5. Nonetheless, it will be interesting to see what these modern algorithms will contribute to our
understanding of how nonsynonymous variation might affect protein folding, as many common variants
(e.g. G6PD 202) are thought to destabilize tertiary and quaternary structure of the enzyme [98], and still
others (e.g. G6PD 376) appear to be bystander mutations with little or no independent effect [224, 94].

I also hope to incorporate some measure of population-specific relative allele frequency data, to help
researchers better plan genetic association studies that achieve adequate power in the presence of allelic
heterogeneity. The importance of accounting for allelic heterogeneity has already been shown to be rel-
evant to detecting a malaria-protective signal in West Africa [143], and will undoubtedly be important
to association studies in similarly heterogenous areas such as southeast Asia and Oceania as well [103].
Lamentably, many earlier surveys that identified G6PD protein electrophoretic variants were performed
before the advent of DNA sequencing and PCR [90], so the DNA mutations for many deficiency variants

may still be unknown, which justifies further targeted resequencing work.

The sequencing and genotype data discussed here represents a starting point — it was limited in its
focus on variants present directly at the gene itself, and is most relevant for researchers studying the
same populations. The limitations were largely imposed by a combination of economic and methodolog-
ical limitations. Ideally, and perhaps in the near future, it will be cost-effective to have whole genome
sequence data for all individuals in an association study, and thus be able to detect the effects of even

rare SNPs and structural variants (i.e. insertions, deletions, copy number variants), but at present
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only a piecemeal approach is possible, and both the sequencing and genotyping technologies used in the
present survey are greatly limited with respect to throughput. One possibility, presented in Chapter 4,
is the utilization of massively-parallel sequencing to accomplish the goals of variant discovery at greatly
reduced time and cost, but even these improved sequencing modalities still require validation in the
form of genotyping. The Sequenom platform is limited to a maximum of forty SNPs per well, and this
theoretical maximum is rarely achieved when there are high-priority SNPs which must of necessity be
present in a multiplex, thus constraining the available search space for other multiplex primers. Another
technology that was considered was the Illumina GoldenGate custom bead array, though this was deemed

cost-ineffective for the relatively small number of SNPs being genotyped.

In the case of G6PD deficiency, where there is documented allelic heterogeneity it is especially important
to capture the majority of functional genetic variation in a population, and the data from Vietnam and
Papua New Guinea suggest a shortcoming in this regard. In future work, it may be worth conducting
targeted resequencing studies in individuals with documented G6PD deficiency in order to enrich for
discovery of known functional alleles. Interestingly, the data from Africa shown here suggests that 202T
(‘A-") is the dominant functional allele throughout much of the MalariaGEN study sites, including areas
in which association studies of severe malaria have demonstrated a clear protective role for the variant,
such as Nigeria [138] and Mali [19], as well as those where evidence is lacking, such as Kenya [39]. If
G6PD deficiency were indeed causal with respect to protection from severe malaria, then given a similar
202T allele frequency in each country, one would expect each study to be equivalently powered to detect a
protective effect. However, as no other known functional allele was present, and no novel nonsynonymous
variants were identified during resequencing, it is possible that other differences in host genetic back-
ground or environmental influences between these populations may account for the discrepancies found
in these association studies. One possibility, discussed in Chapter 5, is the idea that genetic modifiers
can alter the biochemical penetrance of the 202T allele, and thus have an effect on the distribution of
G6PD deficiency trait in different populations, thus complicating interpretation of association studies in
which only the 202/A- variant was genotyped. Another possibility, explored in Chapter 7, is the idea of
environmental influence in the form of the predominance of specific subtypes of severe malaria in different
parts of Africa, and the possibility that G6PD deficiency has a different relationship with respect to the
different subtypes.

Also missing in this study was a more complete survey of potential long-range interactors present in
promoter and enhancer regions that might affect G6PD activity by altering transcript levels. Inter-
estingly, though the sequencing data at intron 1 is somewhat limited owing to repetitive sequence, we
found a number of novel variants at putative regulatory regions shared with JKBKG (i.e. regions that
are hypersensitive to digestion with DNase and colocalize with certain histone marks indicative of ac-

tive regulatory elements [UCSC Genome Browser, data not shown]). Finally, with regard to population
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genetics, while the present study confirms notions of a serial founder effect in human migration out of
Africa and a recent origin for two African functional variants, the limited genomic window of focus did
not permit long-range haplotype testing for selection [127], and this study was underpowered to be able
to study homogeneity on other functional haplotypes, such as those from southeast Asia. Future work
should ideally not focus on any single functional variant, as this underestimates not only the prevalence
of G6PD deficiency, but also the extent of allelic heterogeneity underlying expression of the trait in many

areas of the world.
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Chapter 4

Detection and quantitation of
population genetic variation using
pooled massively parallel sequencing
of whole-genome amplified DNA

In the previous chapter, I discussed the use of conventional capillary sequencing to survey global genetic
variation at the G6PD locus. As this process is both time- and resource-limited, I set about developing
novel methodology to address the same question, but at substantially reduced cost and time. Here
I present proof-of-principle for the applicability of pooled massively parallel sequencing to sensitively

detect and accurately quantitate population genetic variation.

4.1 Abstract

Massively parallel short read DNA sequencing technologies (MPS) have dramatically increased through-
put at greatly reduced cost compared to conventional capillary sequencing, making possible the routine
sequencing of entire genomes and transcriptomes. While the cost and throughput advantages are easily
realized by sequencing projects that assay whole genomes on the order of mega- or gigabase pairs of
DNA, investigators are often interested in deep resequencing of targeted genomic regions (e.g. a single
gene) on the order of kilobases. Methods to harness MPS throughput capability towards more focused
resequencing projects in a cost-effective manner will be essential for follow-up analysis in genome wide
association studies, as a complete picture of population sequence variation at candidate loci is required

in order to accurately identify causal variants associated with disease.

I describe here a simple, cost-effective approach where pooled MPS facilitated detection and quanti-
tation of low frequency genetic variation at the G6PD locus in forty unrelated Yoruba individuals from
Ibadan, Nigeria (International HapMap Consortium). Comparison of the results with individual geno-

type and sequence data from the same individuals demonstrated the sensitivity (92%) and specificity
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(74%) of this method and its potential applicability for other focused resequencing projects, especially
those where sample DNA quantity may be limited.
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4.2 Introduction

Second-generation sequencing technologies use massively parallel sequencing (MPS) of short sequence
read length to generate throughput on the scale of gigabases at one-hundredth the cost of conventional
capillary sequencing. They have greatly enhanced the potential of molecular genetics, with independent
investigators now able to produce data that was once only able to be generated at large sequencing
centers. While the completion of the draft sequence of the human genome [159] required billions of
dollars and took over a decade to complete, resequencing an entire human genome can now be completed
in a matter of weeks [164]. Efforts by consortia such as 1000 Genomes Project [165] have sought to
fully capture whole genome diversity in humans and other organisms, and even in complete microbial
ecosystems [225]. Additionally, applications of MPS such as RNA-seq or ChIP-seq [226, 227] have the
potential to supersede existing array-based technologies in cataloguing epigenetic, transcriptional, and

structural variation in genomes.

But the minimal ascertainment bias that makes these new applications so powerful is also what limits
the utility of MPS for more targeted sequencing work. When one’s region of interest is orders of mag-
nitude below the capacity of the platforms, the systems are inherently inefficient in terms of both cost
and information content. With the increasing importance of genome-wide association studies (GWAS)
in medical genetics, investigators have focused on refining the signal at putative disease-associated loci,
and cataloguing genetic variation at target loci in specific populations of interest are critical to statis-
tical imputation methods that seek to pinpoint causal variants. Pre-processing enrichment and pooling
strategies are thus needed to circumvent platform-inherent inefficiencies and bring down the total cost

of functional/causal variant discovery.

Target enrichment strategies include hybridization-based approaches and polymerase chain reaction-
based (PCR) approaches. The former includes molecular inversion probe [228] and hybrid capture
methods [229, 230], and takes advantage of programmable microarrays to generate hundreds of thou-
sands of short oligonucleotides to capture target sequences. While such approaches allow great breadth
of sequence capture, enabling enrichment of large targets on the order of megabases (e.g. exomes), this
comes at a cost of limited sensitivity and specificity of target capture. Additionally, the high cost of
custom arrays and hybridization equipment and steep sample quantity demands (tens of micrograms)
can be prohibitive for many investigators. Uniplex, multiplex, and emulsion variations on PCR [231],
while time-intensive and limited in throughput by amplicon and multiplex size, allow greater specificity
and sensitivity of target enrichment, and are thus ideal for applications where the target region in on the

order of kilobases.

Pooling strategies have been increasingly exploited to reduce per-sample sequencing cost and address

the problem of post-enrichment capacity excess on MPS platforms. One set of methods involves ‘DNA
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barcoding’ of individual samples via adaptation of PCR primer [231] or flow cell adaptor sequence
[232, 233, 234] with short sequence tags (< 10 bp), such that the sample identity of a particular se-
quencing read may be obtained. As barcoding is expensive, laborious, and biased in target coverage,
some researchers have tried untagged pooling strategies, either pooling genomic DNA before enrichment
[235, 236], or enriching individual samples of genomic DNA (e.g. via PCR) to generate target libraries
that were then pooled [237, 238].

Presented here is a set of simple laboratory and informatic methods where, starting with limited quanti-
ties of genomic DNA, I was able to reproducibly catalogue and quantitate low frequency genetic variation
at the G6PD locus in a HapMap Yoruba cohort via untagged, pooled MPS (Illumina GA1l) on PCR-
enriched, whole-genome amplified DNA.

102



4.3 Materials and Methods

Workflow overview Whole genome amplified genomic DNA (gDNA) was used as a template for

generating 5-6 kb long-range PCR amplicons tiling 29 kb across the G6PD locus for each of 40 individuals.
For each individual, a target library consisting of amplicons combined in equimolar quantities was created
to minimize variance in sequencing depth. Six gender-balanced pools of individuals were created (N =

2,4, 8, 16, 32, and 40) and sequenced in duplicate on separate flow cell lanes using the Illumina GA1.

Sample set The sample set consists of 40 unrelated Yoruba (YRI) individuals (20 male, 20 female)
from Ibadan, Nigeria. These samples have been extensively genotyped by the International HapMap
Consortium[161] and resequenced at several candidate loci (including G6PD) by the MalariaGEN con-
sortium [186].

Sample preparation Genomic DNA for each individual was amplified via multiple displacement am-

plification [187], performed in quadruplicate using two different commercial kits (‘Repli-G’ [Qiagen] and
‘Genomiphi’ [GE Healthcare]), to minimize representational bias and/or artifacts from any individual

reaction.

This amplified product served as template for long-range PCR reactions using ‘Platinum Taq’ (Invit-
rogen). Eighteen 5-6 kb overlapping amplicons tiled across roughly 29 kb at/around G6PD locus were
designed on SNP- and repeat-masked genomic sequence using SNPmasker [239] and Primer3 [240]. Eight
of these amplicons (Figure 4.1) proved robust in initial testing and were produced successfully for the full
sample set (population sampling coverage = 100%), with only one gap in sequence coverage of 692 bp
across the region (sequencing coverage = 97.7%). PCR reaction conditions and primer pairs are shown
in Tables 2.7 and 2.8. PCR products were quantitated using PicoGreen (Invitrogen), and amplicons were

then combined in equimolar amounts for each individual to generate amplicon libraries.

Amplicon libraries from each individual were then pooled in equimolar amounts to generate six pools of
different size, with the number of individuals in each pool being N = 2, 4, 8, 16, 32, or 40. Each pool
contained a total of 0.5 ug of DNA. Pre-processing and sequencing were then performed according to a

modified Mlumina protocol [176].

Mapping sequence reads Each single-end, 36 cycle sequencing run yielded approximately 6 million

sequence reads. These reads were then mapped to a 147 kb reference sequence (chromosome X assembly
contig ‘AF277315.6°) with the program MAQ [188] using default settings via the ‘easyrun’ Perl script
pipeline included with the software, and allowing for only 2 mismatches per alignment, a setting designed
to balance alignment specificity and SNP detection sensitivity concerns. The map file created by MAQ

was then used to create a pileup sequence file (Figure S4.1), which shows, for each position along the
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reference sequence, information on read depth, base calls, base quality scores, map quality scores, and

cycle number.

Transforming and parsing pileup sequence Each line of input in a pileup sequence file is an

ASCII-encoded summary of information from all sequencing reads probing a single position along the
reference sequence. Pileup files were read into custom Perl and R scripts (available upon request), and

the following information was extracted or calculated for each base position along the reference:
a. general information —

i. sequencing depth (i.e. how many sequencing reads probe a particular position), both raw and

normalized by ‘PCR redundancy’ (i.e. how many amplicons tile across a particular position)
ii. the reference and most likely alternate allele (and observed nucleotide transition, e.g. “A->G”)

ili. GC content (calculated in 10 bp windows)

b. base call frequencies — what proportion of sequencing base calls matched the reference allele, and

what proportion were alternate calls A, C, G and T

c. reference and alternate allele information — for both the reference and ‘most likely’ alternate allele
(the alternate allele with maximum base call frequency at a particular position), information was

stored for:

i. average base quality score!

ii. average map quality score?

ili. average sequencing cycle number contributing to the call (and the difference between reference

and alternate, which I termed ‘cy_diff = cycle number difference’)

iv. strand support — number of reads probing positive and negative strands (and the ratio of the

number of positive strand reads to the total number of reads, which I termed ‘strand balance’)

d. noise statistic — calculated by comparing the observed number of reads (O) from the most frequent
alternate allele with the expected value (E) based on the total number of alternate allele reads at
a particular position. It is a test statistic (U) that is distributed as chi-square (1 d.f.) under the
null hypothesis (Figure S4.2):

v= O E" (4.1

! BaseQ = —10logPr{base call is incorrect}
2MapQ = —10logPr{mapping assigment is incorrect}
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4.4 Results
4.4.1 Sequence quality and depth

Critical to polymorphism detection in this experiment was the availability of sequencing data of high

quality, minimal systematic bias, and sufficient sequencing read depth.

The distributions of base and map quality (BaseQ and MapQ) scores were centered about their maximum
possible values (BaseQ [median] = 59.5; MapQ [median] = 100.7), suggesting an overall high quality of
reliable sequence obtained. Additionally, greater than 70% of sequence reads were successfully mapped
during each sequencing run on average, consistent with mapping yields observed by others [236, 238],
and providing read depth (RD) on the order of 4 — 6 x 103 (Table S4.1). Uniformity of read depth was
also strong, with over 90% of sites exhibiting RD within twofold range of the median. Finally, per-site
alternate allele frequency was found to be reproducible across duplicate sequencing runs, with Pearson

correlation coefficients ranging from 0.93 to 0.99.

Several systematic biases affecting read depth were observed, the most prominent of which was PCR
amplicon redundancy (number of amplicons tiling across a site), which accounted for 59% of total vari-
ance in read depth (P < 2 x 107!¢, one-way ANOVA; Figure S4.3A and B). GC content also played
a role, with both low and high extremes of GC content demonstrating markedly decreased read depth
(Figure S4.3C). Additionally, it was found that sites with lower read depth tended to exhibit greater
variance in mapping qualities (Figure S4.3D). Finally, in explaining obvious discontinuities in the read
depth profile, it was clear that both highly repetitive sequence (Figure S4.3E) and PCR primer sequence
(Figure S4.3F) had an outsize influence, as one might expect, given imperfect informatic (mapping algo-

rithms) and experimental (post-PCR clean up) methods, respectively.

Sufficient sequence read depth is perhaps the most critical element to the sensitivity of polymorphism
detection in a pooled MPS experiment. The dependency of sensitivity on read depth is governed by three

factors:
a. the length of the target region (L)
b. the number of chromsomes in the pool (N.)
c¢. the desired alternate allele frequency (AAF) detection limit for a particular SNP

The length of the target region (L) is important because with a fixed number of short reads in a flow
cell channel (Ry = 6 x 10° reads) and a limit on read length (R = 36 bp), the quantity of mappable
sequence obtained is also constrained (S = Ry x Ry, = 216 Mb). The mappable sequence can be divided
by the length of the amplified target region (L) to yield the maximum expected per-site read depth

(RD = %) Thus, the longer the target region, the lower RD will be, given technical constraints on the
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amount of mappable sequence that can obtained. So, for example, with the G6PD target region having
L = 29000 bp, one would theoretically expect approximately 7400 reads to probe/tile a given site on
average, which is in agreement with the experimental observation of RD ~ 4 — 6 x 103 (as only 70% of

reads generated were successfully mapped).

Owing to these constraints on read depth, there is also a limit to alternate allele detection sensitiv-
ity for a given quantity of mappable sequence. The power (1 — /) to detect a given variant at a specified

AAF given a specified N, and RD can be defined as Pra x Prg, where:

Pry=1—-(1—-AAF)"c probability of sampling the variant chromosome in a sample of size N,

Prg=1—(1-1/N.)%P probability of sampling the variant read given RD and pool frequency 1/N,

The terms Pr 4 and Prp are antagonistic, reflecting the fact that power to detect variants at a particular
frequency AAF is limited by N, even at increasing RD as the limiting factor becomes the number of
chromosomes pooled, and similarly, when N, > RD, the available read depth is not sufficient to ade-

quately sample all N, chromosomes (Figure S4.4).

In the dataset considered here, with an effective N, = 80, and RD =~ 4 — 6 x 103, each individual

3

chromosome® contributing to the pool was sequenced to approximately 50x depth, a redundancy that

provided sufficient power to detect singleton mutations.

4.4.2 Polymorphism detection algorithm

Polymorphism detection algorithms must balance dueling concerns of sensitivity and specificity, and thus
are ultimately user-defined and somewhat subjective. My heuristic algorithm works by filtering a list
of putative SNPs based on user-adaptable threshold criteria for a set of quality control metrics. The

metrics considered in the algorithm are:
a. AAF
b. Noise statistic
c. Base quality score (BaseQ)
d. Cycle number difference
e. optional — Map quality score (MapQ), read depth, strand support

The first filter is AAF, which would ideally be the only necessary filter, but as 8% of the sites in my
dataset demonstrated AAF > 1%, it is likely that using only an AAF threshold would have yielded many

false positive hits, given that only 1% of all sites in the genome are thought to be polymorphic. In order

3In sample pooling prior to sequencing, males and females were treated equivalently, thus rendering males effectively
‘diploidized’.
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to minimize Type I error and false discovery rate, one must choose the AAF threshold relative to the
base call/mismatch error rate (F), which serves as a practical check on the lower limit for SNP detection.
The greater E is, the lower the specificity in detecting rare variants. Practically speaking, this means
one cannot reliably detect variants at AAF < E without concurrent increases in false discovery rate. In
my experiments, I measured per-site base call error rate as the mean of the two least likely alternate
allele frequencies (i.e. the alleles that were neither the major nor the putative minor allele), and found
an average value across the datasets of £ = 1.95 x 1073, suggesting that the maximum chromosome pool

size to allow singleton detection was N, < 500.

To help distinguish true polymorphism from base call errors, I defined a noise statistic U (defined
above), which quantitates the extent to which the observed number of reads (O) from the most frequent
alternate allele at a site differs from the expected number (E) based on the total population of alternate
allele reads. The principle, which borrows from concepts in information entropy, is that a site with a

spurious polymorphism will demonstrate greater disagreement between O and F, and thus have higher U.

Two other important, interrelated filters were base quality and cycle number difference. As base qual-
ity is inversely correlated with cycle number (in later cycles, there is decreased signal to noise ratio,
due to nascent strand asynchrony and incomplete fluorophore/reversible terminator cleavage), this is an
important limitation of sequence read length on the Illumina platform. Alternate allele calls exhibited
significantly greater variance in cycle number compared to reference allele calls (P < 2.2 x 10716, F-test),
and base quality was concomitantly diminished at higher cycle numbers (Figure S4.5). Cycle number
difference was defined as the difference between the average reference and alternate allele cycle number
at a site. Unlike an absolute cycle number cutoff, this measure allowed for regional variation in reference

cycle number, e.g. permitting SNP calls at the extremes of an amplicon.

In order to evaluate any interdependency or redundancy in the primary filter set, pairwise Spearman rank
correlation tests were performed on all four metrics. An ellipse plot of the correlation matrix (Figure S4.6)
showed little correlation between individual measures, validating the independent utility of each to the
filtering algorithm. Additionally, simulations were performed to assess the properties of each metric with
respect to sensitivity and specificity of the algorithm as a whole (Figure S4.7). Alternate allele frequency
had the greatest dynamic range of impact on algorithm performance, so in choosing default settings for
the algorithm as a whole, I sought to maximize sensitivity with respect to this filter, while prioritizing
specificity for the other three metrics (Table 4.1). A graphic demonstrating the role of each algorithm
component in distinguishing true SNPs from spurious ones in a 1 kb region containing two well-known

SNPs representing the common G6PD deficiency haplotype (“A-”) found in Africa is shown in Figure 4.2.

Although I found the aforementioned four filters to adequately balance sensitivity and specificity for
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my data set, included in the algorithm is a set of optional filters which may prove useful to other inves-
tigators. These include: (a) a minimum MapQ score for alternate allele calls, (b) a read depth range for
allowed SNP sites, and (c) a ’strand balance ratio’ range for the allowed proportion of alternate allele

calls that come from the positive strand (which ideally would be 50%).

Table 4.1: SNP filtering algorithm criteria.

Category Default criteria Ezample (run_ID = 1012_s_8)
Alternate allele frequency min: at least one chromosome 0.0125
Noise statistic max: 75% quantile 2.67
Base quality (alternate allele) min: 90% quantile 55.6
Cycle number difference (alternate allele) max: 33% quantile 3.9
" Strand balance ratio ~ range: 0.25t0 0.75 025-075
Read depth (corrected) range: bounded by 1% and 99% quantiles 969 - 7288
Map quality (alternate allele) min: 50% quantile (median) 75.6
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Figure 4.2: Demonstration of filtering algorithm. In this example, across 1 kb of sequence, 106 sites
exhibit alternate allele frequency (AAF) greater than or equal to 1% (a — blue). However, when one examines
these putative SNPs with respect to algorithm metrics, it becomes clear which of these are likely to be true
variants, and which are likely false positive hits. A real SNP will have high base quality (b — blue), low cycle
number difference (¢ — red), and low noise statistic values (d — red). This stretch of sequence contains two well-
known SNPs (rs1050828 = “G6PD 2027, rs1050829 = “G6PD 376”) which together define the common enzyme
deficiency haplotype (‘A-’) seen in sub-Saharan Africa.

4.4.3 Performance characteristics

Overall, across nearly 30 kb of sequence, my approach identified 66 putative SNPs in the N = 40 pool,
including 23 of 25 known variants (sensitivity = 92.0 %). Additionally, when compared to known genotype
data (from HapMap and MalariaGEN), the expected allele frequencies exhibited strong correlation with
the observed AAF from pooled MPS (R? = 0.93, Figure 4.3). Similarly strong correlation was seen across
technical duplicates and in different pool sizes (Figure S4.8). Comparing the putative SNP list with those
from an in-house database of G6PD variants (compiled primarily from dbSNP 131 and MalariaGEN;
see Chapter 3) suggested a maximum false discovery rate of about 26% (17/66), though finding even 66
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variants across 30 kb of sequence would only reflect a SNP density at the locus of 1 per 450 bp, which
comports with the current estimate of human genome SNP density of 1 per 300 bp. Interestingly, even
at large pool sizes, specificity seemed to remain steady at around 70-80%, suggesting that increased pool
size was not associated with a concomitant rise in the false discovery rate (Figure 4.4). A full summary
of SNP detection algorithm performance and alternate allele frequency distributions for all runs is shown

in Table S4.2 and Figure 4.4 respectively.
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Figure 4.3: Estimated versus known alternate allele frequency for N=40 pool. Estimated alternate
allele frequency (AAF) derived from the proportion of alternate allele calls probing a site in pooled MPS is plotted
against known AAF derived from genotype or capillary sequence data from the same individuals. The y = =
diagonal (dotted line) is shown for reference.
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4.5 Discussion

Approaches to harness the considerable capacity of massively parallel sequencing technologies toward
targeted resequencing projects are an important adjunct to large-scale genomics work. The set of lab-
oratory and informatic methods presented here enabled rapid detection and quantitation of population
genetic variation at the G6PD locus in a cohort of forty individuals. The approach is simple, fast,
cost-effective, reproducible, and employs common laboratory techniques. Additionally, the present study
demonstrated the feasibility of using whole genome amplified DNA, making this method especially useful

to investigators working with limited quantities of genomic DNA, e.g. clinical or archeological specimens.

While target enrichment strategies based around programmable microarrays are well-suited for large
scale targets (e.g. exomes), their considerable cost and limited specificity make PCR-based approaches
especially appealing to researchers interested in accurate and comprehensive deep resequencing at smaller
regions of interest on the order of kilobases. And with any enrichment strategy, researchers must also
grapple with how best to maximize sequencing throughput while maintaining adequate sequencing depth,
both in terms of per-sample cost and information content. The smaller the target region, the greater the
need to exploit sample pooling strategies to minimize per-sample sequencing redundancy. My approach
to the questions of MPS target enrichment and cost efficacy involved deep resequencing of PCR-amplified
untagged sample pools. The principle merits of this approach lie in simplicity and reproducibility— it em-
ploys common laboratory methods, interfaces seamlessly with existing informatics tools, and was found
to be consistent across multiple sequencing runs. The chief limitations of my method lie in the target
enrichment process, principally the time and cost associated with optimizing long-range PCR reactions
and achieving accurate quantitation to minimize coverage bias. One could significantly reduce this time
and cost by pooling gDNA prior to target enrichment and/or using multiplexed PCR, though in the

latter case one would likely sacrifice sequence depth uniformity as a result.

Several unique features of this work may provide useful insights for investigators interested in SNP

detection via pooled MPS.

First, I demonstrated here the feasibility of pooled MPS using whole genome amplified DNA. While
a parallel experiment using genomic DNA was not conducted, the quantity (66 SNPs across 30 kb =
1 per 450 bp) and AAF distribution of putative SNPs identified for each pool suggest no inflation in
false positive hits, and are consistent with both whole genome estimates of SNP density (1 per 300 bp)
and AAF distribution[161], as well as those from other candidate gene MPS pooling experiments in the
literature [236, 238]. Thus, even with the additional set of multiple displacement amplification steps
present in my laboratory protocol, any error and/or biases introduced seem to be minimal. My approach
then may prove especially useful for investigators working with older archived samples whose biological

import may be immeasurable but whose quantity is in short supply.
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Additionally, owing to the massive sequencing depth achieved, I was able to obtain accurate estimates of
base call (mismatch) error rate E on the Illumina platform, which was estimated at 0.19% overall (E =
mean of the two least frequent allele calls at a site). Interestingly, the rate was about 50% greater at sites
where the reference allele is A/T (0.23%) versus C/G (0.15%), suggesting that there may be sequence
context-dependent constraints on the specificity of pooled MPS in detecting rare genetic variation, a
phenomenon I also observed empirically in local ‘hotspots’ enriched for putative SNPs with low base

qualities and high noise statistic values.

Finally, given the particular samples used (HapMap Yoruba) and the genomic region considered (G6PD),
I was able to use existing genotype and sequence data to accurately gauge the sensitivity and specificity
of the technique. In the largest pool (N = 40), 92% (23/25) of known variants were detectable, with
a maximum false discovery rate of only 26% (17/66). I was also able to provide an assessment of how
pool size impacts SNP detection and quantitation. As expected, sensitivity and specificity were maximal
at the lowest pool sizes given the constrained polymorphism search space, but interestingly specificity
remained relatively steady as pool size increased from N = 16 to N = 40, which suggested that the
algorithm components designed to maximize specificity were working properly. However, I do expect
that at higher N, where the singleton AAF detection threshold starts to approach F, a concomitant

increase in false discovery rate may be inevitable.

As researchers gain increasing power to pinpoint causal genetic variants with newer, more compre-
hensive technologies, an integral part of the follow-up experiments to genome-wide association studies
(GWAS) will involve deciphering the role of low frequency variants in common disease. Combined tar-
get enrichment/pooling methods such as the approach described here will thus be essential for rapidly
and cost-effectively assaying genetic variation at candidate loci in large case-control cohorts, thereby

accelerating the discovery pipeline and moving one step closer to clinical translation.
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4.7 Supplemental Information

Table S4.1: Summary statistics from alignment. Seven pools were sequenced in duplicate. Shown here
are: the proportion of sequencing reads generated that successfully mapped to the reference sequence; the median
read depth, MapQ and BaseQ across all sites; uniformity (percent of sites within two-fold range of median RD)
and reproducibility (Pearson correlation coefficient across duplicate runs).

Pool size Reads mapped (%) Read depth (median) BaseQ (median) MapQ@ (median) Uniformity Reproducibility

962_s_3 2 75.5 5119 58.8 97.6 0.91 0.98
962_s_5 2 76.0 5162 58.6 97.0 0.91 0.98
962_s_6 4 75.5 5256 59.3 100.4 0.91 0.99
962_s_7 4 74.5 5035 59.2 99.7 0.91 0.99
1012.s_1 8 76.5 5550 59.7 101.9 0.92 0.97
101252 8 77.0 5695 59.8 102.9 0.92 0.97
10123 16 74.5 5094 59.5 101.0 0.91 0.99
101255 16 75.0 5047 59.5 100.9 0.91 0.99
10125 6 32 74.0 5284 60.1 104.5 0.91 0.94
10125 7 32 74.0 5265 60.1 104.6 0.90 0.94
1012 8 40 66.0 4493 59.6 101.4 0.91 0.93
126458 40 65.0 3748 61.1 113.1 0.90 0.93

Table S4.2: Algorithm settings and performance at different pool sizes. Specific algorithm criteria
used in each sequencing run are shown here (see Table 4.1 for generalized algorithm settings) along with the total
number of SNPs detected, and the sensitivity and specificity of each run.

Pool size AAF (min) ALT_bq (min) cy_diff (max) noise_stat (max) SNPs called Sensitivity Specificity

962_s_3 2 0.250 53.4 5.5 3.5 15 1.00 0.93
962_s_5 2 0.250 53.4 5.4 3.6 15 1.00 0.93
962_s_6 4 0.125 54.7 4.9 3.1 24 1.00 0.96
962_s_7 4 0.125 53.9 5.4 3.3 24 1.00 0.96
1012.s1 8 0.062 55.6 3.9 3.1 31 0.94 0.94
1012.s 2 8 0.062 55.8 4.1 3.0 31 0.94 0.94
1012.s.3 16 0.031 54.9 4.0 2.9 52 1.00 0.83
10125 16 0.031 55.1 3.8 2.9 52 1.00 0.83
101256 32 0.016 56.6 3.4 2.7 64 0.80 0.77
101257 32 0.016 56.6 3.4 2.7 65 0.83 0.75
10125 8 40 0.012 55.6 3.9 2.7 66 0.92 0.74
1264_s_8 40 0.012 59.0 3.6 1.7 51 0.84 0.80
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Pileup Sequence

X 45 C 5 @,.., @<>><, @!@!1 21,16,20,16,9,
X 46 T 5 @,..,.G @><>>0 @!@!! 22,15,19,17,10,
X 47 C 5 @,.., @<>><6 @!@!!! 23,14,18,18,11,
X 48 C 5 @,.., @<>><> @!@!1 24,13,17,19,12,
X 49 T 5 @,..,A @<<<<& @!@!!! 25,12,16,20,13,
X 50 G 5 @,., @<<<>: @@ 26,11,15,21,14,
] ‘ |
Cchr
Position
Ref
Base
Read
Depth

Calls

Base Qualities
Map Qualities

Pasitions on Read
(cycle number)

Figure S4.1: Pileup sequence schematic. The pileup sequence file generated by MAQ is a condensed
summary of sequence read calls, ASCII-encoded quality scores, and cycle numbers for each site along the reference
sequence.

QQ - random.chisq vs. random.chisq QQ - random.chisq vs. noise.stat
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Figure S4.2: Quantile-quantile plot for noise statistic. The noise statistic behaves as a chi-square dis-
tributed variable, as is clear from a QQ plot against a random chi-square variate (right). A QQ plot of two
random chi-square variates is shown for comparison (left).
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Figure S4.3: Systematic biases in sequencing read depth. Several systematic biases in sequencing read
depth were observed. As expected, variance in raw read depth (a) was significantly reduced after normalizing by
the number of amplicons tiling a site (b). GC content also demonstrates a read depth bias disfavoring extreme
values of GC% (c). Additionally, variance in mapping qualities was markedly increased at lower read depths (d).
Discontinuities in the read depth profile could often be traced to highly repetitive sequence elements (e) or primer

sequence (f).
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Figure S4.4: Power to detect a variant by pooled MPS as a function of N. and RD. Heatmap
showing the relationship between read depth (RD), the number of chromosomes sampled and pooled (N.), and
the sensitivity to detect a variant present at AAF = 0.01
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Figure S4.5: Relationship between reference and alternate cycle number and base quality. Cycle
number distribution is narrow for the reference allele, while that for the alternate allele is broader and skewed
toward higher values, where base qualities tend to be lower.
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Figure S4.6: Ellipse plot of correlation matrix for algorithm metrics. Pairwise Spearman rank corre-
lation coefficients between the four principle metrics in the algorithm are summarized graphically by both color
and elliptical curvature. Positive correlations are centered about the line y = x, while negative ones are centered
about y = —x. As the coefficients range from -0.61 to 0.33, one can reasonably assume that each metric is behav-
ing relatively independently and making a nonredundant contribution to the SNP detection algorithm. ALT freq
= alternate allele frequency, ALT_bq = alternate allele base quality, noise_stat = noise statistic, cy_diff = cycle
number difference.
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Figure S4.7: Algorithm performance simulations. The SNP detection algorithm was run on an N=40
dataset using only the filter indicated in each plot, with sensitivity (blue) and specificity (green) assessed at
stepwise gradations of the given metric. This provided insight into the independent behavior of algorithm com-
ponents with respect to performance metrics and helped inform decisions around setting default values (dotted
line) for algorithm filters. AAF = alternate allele frequency, ALT_bq = alternate allele base quality, noise_stat
= noise statistic, cy_diff = cycle number difference.
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Figure S4.8: Estimated versus known alternate allele frequency for all pools. The strength of cor-
relation between AAF values from pooled MPS and those from other methodologies remains consistent across
duplicate experiments and at different pool sizes. In each plot, the y = x diagonal (dotted line) is shown for
reference. Technical duplicates are shown in adjacent plots.
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Figure S4.9: Alternate allele frequency distribution for filtered SNP list across different pool
sizes. Alternate allele frequency distribution for the filtered SNP list at the highest pool sizes mirrors those in
whole-genome surveys. Technical duplicates are shown in adjacent plots.
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Chapter 5

Genetic determinants of
glucose-6-phosphate dehydrogenase
activity in Kenya

In the previous two chapters, I focused on strategies for characterizing population genetic variation at the
G6PD locus. In the following two chapters, I will examine the relationship between that genetic variation
and biochemical function. As genetic variance is more predictive of proximal molecular phenotypes than
of distal clinical phenotypes, studying the link between genetics and molecular phenotypes is a necessary
adjunct to understanding the results of clinical association studies. I present here a fine-mapping genetic
association study of G6PD enzyme activity in Kenya that revealed major and minor genetic modifiers of

enzyme activity, each of which was found to play a role in defining G6PD deficiency state in an individual.

5.1 Abstract

Glucose-6-phosphate dehydrogenase (G6PD) deficiency, the most common enzyme disorder in man, is
associated with increased risk for neonatal jaundice and oxidant-induced hemolysis, but is also thought
to be protective against malaria. There is substantial unexplained variance in genetic association with
these important clinical phenotypes, however, as clinical association studies of severe malaria have yielded
conflicting results, and determinants of susceptibility to hemolysis by drugs such as primaquine remain
poorly understood. One possibility is that our knowledge of the genetic determinants of molecular phe-
notypes, such as G6PD enzyme activity, that underlie these clinical phenomena is incomplete, and that
association studies which assay only one genetic variant will underestimate the magnitude or statistical

significance of a true effect in the presence of unrecognized functional allelic diversity.

We systematically examined this possibility in Kenya by first surveying genetic variation at G6PD via
resequencing, and then conducting a fine-mapping association study of erythrocyte G6PD enzyme activ-
ity in 1828 children across 30 polymorphisms at or around the locus. We confirmed a strong functional

role for the 202T allele (A-/rs1050828; P = 1.5 x 107290, and also identified other common variants that
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exert smaller effects independent of 202T. The effects of these common variants were correlated with one
another, and haplotype analyses suggested that each variant tags one of two haplotype motifs that are
opposite in sequence identity and effect on G6PD activity. While smaller in magnitude than that for
202T, these effects are also of biological and possible clinical significance — for example, the 376C allele
(A+/rs1050829) significantly augmented 202CT heterozygote risk for deficiency trait (OR = 2.11; 95%
CI 1.17 - 3.83; P = 0.014).

These results suggest that multiple alleles at the G6PD locus play a role in determining G6PD deficiency
state and therefore merit consideration in genetic association studies of clinical phenotypes including

severe malaria and drug sensitivity.
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5.2 Introduction

G6PD deficiency is a trait that is thought to be both harmful and beneficial. While clinical penetrance
is generally mild, G6PD deficiency can predispose to hemolytic anemia and neonatal jaundice, generally
in the context of oxidant stressors generated by certain foods, medications, and infections. Counter-
balancing these deleterious effects is the notion that G6PD deficiency confers strong protection against
malaria, and that such protection has conferred a selective advantage to G6PD-deficient individuals in
malaria-endemic regions, as reflected in the close geographical correlation between the global distribution

of G6PD deficiency and that of historical malaria endemicity.

Despite many decades of research, however, our understanding of both positive and negative clinical
phenotypes associated with G6PD deficiency remains incomplete. Association studies of severe malaria
have disagreed over the strength and specificity of protection, especially with respect to gender, with
past studies demonstrating protection for only males [19], only females [136], both [39, 143], or neither
[174]. Additionally, there is geographical heterogeneity in association testing results as well, with the
only compelling evidence thus far coming from west Africa. Similarly, the precise determinants of the
hemolytic response to oxidative stressors remain unknown. One especially important drug reaction is
that involving the antimalarial primaquine [91, 92]. It is currently the only medication capable of radical
cure of Plasmodium vivazr infection and one of few that acts against the Plasmodium falciparum game-
tocyte; it therefore has high value in eliminating reservoirs of infection and reducing transmission rates,
tasks that are crucial to the success of any malaria elimination program. While G6PD deficiency alleles
are strongly associated with increased risk to primaquine-induced hemolysis, there exists significant un-

explained variance in this association, especially for mosaic female heterozygotes [241].

One challenging aspect to designing and interpreting clinical association studies lies in how G6PD de-
ficiency is defined. In the past, investigators used one of a variety of enzyme activity assays (discussed
in Chapter 6) to qualitatively define the level of enzyme deficiency in an individual. Later, this was
supplemented with protein electrophoresis, which provided a means to define G6PD genotype for an
individual, lending categorical clarity to the more qualitative activity assay data. Coupled with kinetic
and thermodynamic studies, activity assays and electrophoresis facilitated the identification of several
hundred seemingly distinct protein variants throughout the world that were associated with G6PD en-
zyme deficiency. With the development of DNA sequencing, however, it has been found that the extent
of protein variation is not mirrored in the genetic data, where just over 100 sequence polymorphisms
have been identified, mostly nonsynonymous variants within the gene itself. Two explanations could
account for this discrepancy. The first, and perhaps most plausible, is that inter-laboratory variation in
experimental technique led to an overinflated estimate of G6PD enzyme diversity. Another explanation,
however, is that the observed protein diversity is real, and that genetic diversity at the level of G6PD

coding sequence only partially explains variation in enzyme activity.
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Indeed, while many genetic association studies at G6PD implicitly assume that one nonsynonymous
variant has both full positive and negative predictive power for G6PD deficiency trait, this approach
belies the considerable allelic heterogeneity present at the locus [143, 103, 207]. G6PD deficiency is
perhaps best understood as a family of heritable traits exhibiting widely varying prevalence, as well as
differential biochemical and clinical penetrance, all factors which influence the power of an association
test [143]. For example, demonstrating the association of a milder variant with drug-induced hemolysis
might require a much larger sample size than would be required for a more severe variant. Additionally,
as mentioned earlier, it is possible that unrecognized genetic modifiers of G6PD activity have yet to be

identified, and that these may play a role in determining an individual’s G6PD deficiency status.

To inform understanding of how genetic variation at G6PD impacts clinical outcomes, its more im-
mediate relationship with molecular phenotypes is considered here. I draw upon G6PD resequencing
data from Chapter 3 in order to survey the landscape of G6PD genetic variation in Kenya, and then test

thirty polymorphisms for association with G6PD enzyme activity.
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5.3 Materials and Methods

Sample collection. Capillary blood was drawn by heel prick from 2100 infants (less than 6 months
old) recruited into an ongoing prospective birth cohort study run by Kenya Medical Research Institute
(KEMRI) and the Wellcome Trust in Kilifi, Kenya. Samples were stored at 4°C and processed for activity
assays and DNA extraction within four days. Ethics approval was granted by the KEMRI review board,
and written informed consent obtained from parents prior to enrollment (refer to section 2.1.5 for protocol

details).

Enzyme activity assay. The assay used was a modified version of the ‘macro’ assay given in Randox
Laboratories G6PD kit (PD 410), using positive (PD 2618) and negative (PD 2617) controls where
necessary. Ten microliters of whole blood was washed three times in 100 ul normal saline. Washed
RBC were lysed by incubation with 25 ul of digitonin for 15 minutes at 4°C. Five microliters of the
hemolysate was incubated with 300 pl of buffer (31.7 mM triethanolamine, 3.2 mM EDTA, pH=7.6) and
10 pul NADP+ (0.34 mM) at 37°C for 5 minutes. Finally, five microliters of glucose-6-phosphate (0.58
mM) was added and spectrophotometry readings taken, with duplicate measurements taken for each
sample. Catalytic rate was assessed by the formation of reaction product NADPH, which absorbs light
at 340 nm. The change in absorbance at 340 nm was measured over a 3 minute time course using a plate
spectrophotometer (Tecan). Activity was normalized to hemolysate hemoglobin content by recording
absorbance at 540 nm:

AOD340

G6PD activity = ﬁ (5.1)

Sequencing and genotyping. Resequencing was performed as part of MalariaGEN Consortial Project
3 (see Chapter 2.1.5 for an overview of MalariaGEN consortial projects) and an exon sequencing project
called ExoSeq at Wellcome Trust Sanger Institute (WTSI). A total of 288 individuals comprised the sam-
ple set, with 48 individuals each from Burkina Faso, Cameroon, Nigeria, Kenya, Vietnam, and Papua
New Guinea. A total of 28 amplicons approximately 600-800 bp in length were designed, covering about
two-thirds of the 15 kb G6PD gene, with full coverage of all exons, but a few gaps in noncoding sequence,

specifically in introns 1 and 2 (see Chapter 3 for further details).

Genotyping was performed on the Sequenom MASSarray iPLEX platform. A total of three multiplex
genotyping reactions were designed, assaying a total of 68 SNPs. The SNPs input to the design software
included those discovered during resequencing (N=72), as well as nonsynonymous variants from the lit-
erature (N=25), and several hundred variants within 1 Mb of G6PD extracted from dbSNP and Ensembl
databases. Inclusion in the multiplex reactions was priority-weighted according predicted functional con-
sequence and estimated derived allele frequency (DAF) criteria. Template DNA used for genotyping was
genomic DNA amplified by primer extension pre-amplification. Genotype calls were manually curated

by examining cluster plots to identify ambiguous genotypes.
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Data curation and analysis. Enzyme activity data was filtered to keep only individuals with pos-
itive absorbance readings at both 340 and 540 nm, and checked for batch effects and extreme outliers.
Genotype data was filtered using custom Perl and R scripts, along with PLINK [182] and snpMatrix
[183]. Individuals exhibiting greater than 10% missing data or ambiguous gender (based on chromosome
X genotypes) were excluded. SNPs were removed if they showed greater than 5% missing data, DAF <
1%, or extreme deviation from Hardy-Weinberg equilibrium (P < 10, Figure S5.1). In total, 1828 of
2100 individuals and 30 out of 68 SNPs met these inclusion criteria (Table S5.1).

Statistical analyses were conducted in R [181]. Single marker tests of association for each derived al-
lele were conducted via multiple linear regression. Covariates included sex, and in the controlled tests,
G6PD202 genotype. Three different modes of inheritance are considered— in the additive model, male
genotypes were coded 0 or 2, and females were 0, 1, or 2; in the dominant and recessive models, males
were coded 0/1, and females were coded 0/1/1, or 0/0/1, respectively. Haplotypes were inferred using
fastPHASE under default settings with known male haplotypes used as a reference input to reduce search
space and minimize phasing error rate in females (Figure S5.2). All haplotypes with frequency > 1% were
tested for association; individuals were coded 0 or 1 based on absence/presence of the test haplotype,
with females represented by one haplotype selected at random. Odds ratios (OR) for qualitative tests
were calculated via logistic regression. Effect sizes (ES) are presented here with 95% confidence interval
in brackets. Allele sharing distance was calculated using a Euclidean distance metric for each individual
from both H+ and H- haplotypes. An individual was categorized as either H4+ or H- if their distance

metric falls into the lowest quintile of the respective empirical distribution.
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5.4 Results
5.4.1 Variants studied

The variants studied here were ascertained using a combination of sources, including MalariaGEN rese-
quencing efforts, published accounts in the literature, and online variation databases. Resequencing was
carried out as part of an ongoing laboratory effort to catalogue global genetic variation at the G6PD
locus (as discussed in Chapter 3). A total of 15 kb at the G6PD locus was sequenced in a worldwide
panel comprised of 288 African and Asian individuals, including 48 from Kenya. This work identified a
total of 72 SNPs, including 49 novel variants. Published accounts in the literature yielded an additional
25 nonsporadic, nonsynonymous variants associated with G6PD deficiency in Africa and Asia, including
4 that have been identified in sub-Saharan Africa [103]: the 202/A-, 542, 680, and 968 polymorphisms
(number refers to cDNA coordinate). Finally, several hundred polymorphisms (mostly noncoding SNPs)

within 1 Mb of G6PD were also identified in dbSNP and Ensembl to supplement the list.

This list of several hundred SNPs was then priority-weighted according to predicted functional con-
sequence (e.g. nonsynonymous, splice site, etc.), estimated allele frequency, and proximity to G6PD in
order to decide which would be prioritized for inclusion in genotyping assays. A total of 68 were typed
in the current study using the Sequenom MASSarray iPLEX platform. Of the SNPs typed, 30 met final
study inclusion criteria, which included having derived allele frequency (DAF) greater than 0.01 and less
than 5% missing data. It should be noted that most excluded SNPs failed based on DAF criteria, as
many were private to west Africa or Asia (this genotyping assay was shared between several projects in
the laboratory). This included the 542, 680, and 968 SNPs, which were monomorphic (DAF = 0%) in
Kenya. All SNPs included in this association study are shown in Table S5.1.

5.4.2 The 202 polymorphism is a major determinant of G6PD activity

An initial association scan was performed across thirty SNPs in 1828 individuals with only gender
included as a covariate. These tests yielded several significant associations (Figure 5.1, Table S5.2),
with the maximum effect size (ES) and lowest P value recorded at 202/A- (ES = -0.22 [-0.23 - -0.21],
P = 1.5 x 107209) a nonsynonymous SNP (rs1050828; C>T; Val68Met) known to be associated with
G6PD enzyme deficiency. The ES for the 202T allele corresponds to a roughly 40% reduction in enzyme
activity for heterozygotes, and 80% for hemizygotes and homozygotes, consistent with previous estimates
[100, 242, 243]. Since linkage disequilibrium with 202T was highly correlated with signal strength at all
other sites, the association testing was repeated, this time including 202/A- genotype as a covariate. In
these controlled tests, there was strong evidence of a causal role for 202T, as all other association signals
dropped off by many orders of magnitude (Figure 5.2, Table S5.3), though twelve SNPs still retained
significance at P < 1073, suggesting a role independent of 202/A-.
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Figure 5.1: Fine mapping association study of G6PD activity. (a) P-values and (b) estimated allelic
effect sizes from unbiased association tests (covariate: gender), with different colors (see key in panel A) indicating
strength of linkage disequilibrium with G6PD202 (purple square). Gene graphic shows exons (blue) and introns
(yellow) for genes annotated at UCSC Genome Browser (hgl9); IKBKG=inhibitor of nuclear factor kappa-B
kinase subunit gamma.
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Figure 5.2: Association testing for effects independent of G6PD202. (A) -Logl0 P-values and (B)
estimated allelic effect sizes from ‘controlled’ association tests (covariates: gender, G6PD202 genotype). The
twelve polymorphisms exhibiting significant effects at P < 0.001 are colored according to whether they exhibited
positive ES (green) or negative ES (red). Gene graphic shows exons (blue) and introns (yellow) for genes annotated
at UCSC Genome Browser (hgl9); IKBKG=inhibitor of nuclear factor kappa-B kinase subunit gamma.

5.4.3 Other variants exhibit smaller effects independent of 202

As these twelve SNPs exhibited similar P values and ES magnitudes (Figure 5.2, Table S5.3), and were all
common variants (DAF > 0.25) at a locus exhibiting a strong pattern of linkage disequilibrium (Figure
S5.3), I considered the parsimonious hypothesis that they were all related signals. Upon examination
of all haplotypes across these twelve sites, it was found that the two most frequent haplotypes (H+
= 19%; H- = 21%) were: (a) exactly opposite in allele identity (Figure 5.3C), with H+ possessing

exactly three derived alleles at sites with positive ES and H- possessing exactly nine derived alleles at the
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sites with negative ES (Figure 5.2B), and (b) significantly different in mean enzyme activity in 202CC
individuals (H+: 0.57 vs. H-: 0.47; P = 9.1 x 107>, t-test, Figure 5.3C). In association testing of
all full-length and twelve-site haplotypes, it was observed that all haplotypes significant at P < 0.025
similarly exhibited differential ES direction and resembled either H+ or H- in sequence identity (Figure
5.3A and B). Additionally, extensive allele sharing with either H+ or H- haplotype explained significant
variance independent of G6PD202 (P = 4.3 x 1075, two-way ANOVA, Figure S5.4). Lastly, it was noted
that SNPs tagging the H+ (rs2230037) and H- (G6PD376) haplotypes, in concert with G6PD202, were
sufficient to describe a minimal adequate genetic model of G6PD activity that could explain 41% of

variance in G6PD activity (Table 5.1).
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Figure 5.3: Haplotype-based association testing for effects independent of G6PD202. Results of
association testing of (A) full-length and (B) partial/twelve-site haplotypes are shown for all haplotype tests
suggestive of association (P < 0.025, covariates: gender, GGPD202 genotype), with haplotypes defined by patterns
of ancestral (blue) and derived (yellow) alleles. SNP labels for the twelve sites that comprise the partial haplotypes
are colored according to whether they exhibited positive ES [green] or negative ES (red) in single SNP controlled
tests (Figure 5.2). (C) G6PD activity distribution in wild-type 202CC homozygotes as stratified by carriage of
H+, H-, or neither haplotype. Pairwise t-test results are shown via asterisk (*: P < 0.05 and ***: P =9.1x107%).
In box-and-whisker plot, center of box represents median, edges of box represent upper and lower quartile bounds,
and whiskers represent either minimum and maximum values or 1.5 times the interquartile range, whichever is
less extreme.

Table 5.1: Minimal adequate genetic model of G6PD activity. A linear model containing both G6PD202
as well as SNPs tagging the H+ (rs2230037) and H- (G6PD376) haplotypes explained significantly more variance
than a model containing G6PD202 alone (P < 0.001), and could not be improved via the inclusion of additional
SNPs.

SNP Allelic ES (95% CI) % change

G6PD202 -0.198 (-0.213 - -0.183) -37.9
rs2230037(H+) +0.022 (+0.011 - +0.034) 4.3
G6PD376 (H-) -0.017 (-0.030 - -0.005) -3.3
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5.4.4 Multiple variants contribute to risk of G6PD deficiency state

Qualitative G6PD activity status was also examined, using the intermodal trough of the bimodal activity
distribution in males as an ad hoc cutoff to distinguish normal from deficient (Figure 5.4A, Figure S5.5). A
total of 162 males and 97 females could be categorized as deficient, including 20% of 202CT heterozygotes,
in whom the H- tag SNP, G6PD376, was associated with both reduced enzyme activity (ES = -0.06 [-
0.10 - -0.03], P = 0.0009, Figure 5.4B) and increased risk for deficiency trait (OR = 2.11 [1.12 - 3.84],
P =0.014). Overall, using the clearer distribution profile in males, it was estimated that the prevalence
of G6PD deficiency in this study population is 18%, and that 202T accounts for 85% of this figure, which
suggests that there may be rare functional variants this study was underpowered to discover, consistent

with observations elsewhere in east Africa [243].
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Figure 5.4: Genetic modifiers of G6PD activity. (A) G6PD activity distribution stratified by genotype at
G6PD202. (B) G6PD activity in 202CT heterozygotes stratified by genotype at G6PD376 (NB: the 202T derived
allele always exists on a 376C derived allele background), with contingency table (inset) for qualitative test of
association at G6PD376 in 202CT heterozygotes. Also shown in both plots is the reference line (blue) dividing
normal vs. deficient for qualitative tests of G6PD deficiency. In box-and-whisker plots, center of box represents
median, edges of box represent upper and lower quartile bounds, and whiskers represent either minimum and
maximum values or 1.5 times the interquartile range, whichever is less extreme.

136



5.5 Discussion

This study provides new insights into the genetic basis for quantitative and qualitative variation in G6PD
enzyme activity. I found that the largest proportion of variance in G6PD activity could be explained by
a single polymorphism, 202/A-, a well-studied coding variant thought to be a target of recent positive
selection [121, 123], but one that has yielded conflicting results in previous association studies of severe
malaria. Complicating this simple picture, however, is the finding that common variants at the locus
modulate G6PD activity independently of 202/A-, and may have clinical significance in augmenting by
two-fold the risk of G6PD deficiency state in 202CT heterozygote females. Taken together, the data
suggest that multiple genetic variants at the G6PD locus impact enzyme activity, and that multi-site
approaches might help clarify association studies of clinical phenotypes associated with G6PD deficiency,

including protection from malaria and drug-induced hemolysis.

The 202/A- polymorphism is one of the most well-studied alleles in the host susceptibility genetics
of malaria. While the finding of strong association at 202/A- is not surprising, the present study is
the first to systematically consider the possibility that other SNPs, even those found several hundred
kilobases away from G6PD, might be even more strongly associated with G6PD deficiency, and that
202/A- is only indirectly associated with deficiency, a finding which might explain discrepancies in pre-
vious association studies. Although the number of SNPs surveyed here is relatively small and does not
include rare variants, I did not observe any SNPs more strongly associated with G6PD deficiency than
the 202 variant, strongly suggestive of a causal role. Additionally, while all known functional variants
in sub-Saharan Africa were genotyped as part of the study, only 202 was found to be polymorphic in
Kenya (DAF = 17%). This allelic homogeneity contrasts with the situation in some areas of West Africa
[143], and suggests that given a similar allele frequency and biochemical penetrance, clinical association
studies of malaria in each region should be equivalently powered if indeed the G6PD deficiency trait is
directly responsible (and not simply a marker) for protection. The strongest evidence implicating G6PD
deficiency in malaria protection would ideally be consistent with an additive genetic model, with hem-
izygous males and homozygous females exhibiting similar clinical phenotypes, and heterozygous females

displaying intermediate phenotypes.

This study also demonstrates the power of a haplotype-based approach in resolving multiple corre-
lated association signals in a region. Though two haplotype motifs were found that were common and of
significant effect independent of 202/A-, I was unable to further localize the signal, even when examin-
ing all possible two- and three-locus haplotypes (data not shown), suggesting that these haplotypes are
merely markers for the true, untyped causal variants. Interestingly, among the twelve variants of signifi-
cant effect independent of 202/A- were 376/A+, a well-known nonsynonymous variant, and rs915942 and
G6PD_X_b36-153428979, predicted 5> UTR splice-site variants within RPL10 (a large-subunit ribosomal
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gene) and G6PD, respectively. While one can only speculate as to the precise nature of the structure-
function relationship mediating these effects, the biology of the locus makes for interesting possibilities
for interaction between 202/A- and the H+/H- variants, including the possibility of cell-cell interactions

synergistically impacting enzyme activity distribution in mosaic females.

The current investigation was limited in focus to the G6PD gene itself. Given its fundamental role
in a wide variety of biomolecular processes, it seems likely that G6PD activity would be influenced by a
variety of other genes, both directly and indirectly. These might include genes which affect the expres-
sion or stability of allosteric regulators such as p53 [76] or dihydroepiandrosterone [75], or other genes
in the same biosynthetic pathways, such as 6-phosphogluconate dehydrogenase or glutathione reductase.
Additionally, if decreased G6PD protein stability in the erythrocyte is the molecular basis for enzyme
deficiency as has been suggested [98, 96], then a host of factors associated with red cell senescence, includ-
ing oxidant stress, ubiquitination pathways, or even splenic function may also play a role in influencing
the gross G6PD enzyme activity generated by a heterogeneous population of RBC. Only whole-genome
genotype or sequence data will be able to consider the full range of additional genetic and epistatic influ-
ences on G6PD enzyme activity and should be strongly considered for future work, as should studying
G6PD activity distribution at the single-cell level, especially to understand variability in heterozygote

mosaic females. I discuss the latter in further detail in Chapter 6.

At one level, the work presented here reveals how common, standing genetic variation superimposed
on a Mendelian trait can significantly impact expression of that trait. More important, however, is how
this finding translates into our understanding of how G6PD deficiency is linked to important clinical
manifestations. Specifically, it will be worth considering whether multi-site genetic testing for G6PD
deficiency is more predictive of clinical outcome than single SNP testing. For example, in considering
a public health intervention such as mass primaquine administration as part of a malaria elimination
campaign, it may be important to err on the side of sensitivity in diagnostic genetic testing to reduce mor-
bidity associated with preventable episodes of acute hemolytic anemia. Finally, at a more general level,
our work highlights the importance of measuring intermediate molecular phenotypes that can bridge
the gulf between variance at the genetic level and variance in clinical phenotypes. This is especially
important for association studies of GGPD deficiency given its considerable allelic heterogeneity, varying

biochemical penetrance, and a long history of inconsistent findings.
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Supplemental Information

Table S5.1: SNP summary table. Shown here for each SNP assayed is: the genomic position (hg19/GRCh37),
observed alleles (on the [+]-strand, according to UCSC Genome Browser), ancestral allele (according to the
Ensembl EPO pipeline), G6PD exon-intron position (according to UCSC genome annotation coordinates), and
derived allele frequency stratified by sex.

Name Position (build 37) Observed Alleles  Ancestral Allele G6PD - Exon/Intron DAF (male) DAF (female)

18763737 153278307 G/A G DS 0.611 0.607

rs766420 153554404 G/C G DS 0.361 0.321

1915941 153626649 C/A C DS 0.481 0.462

rs915942 153626738 G/A G DS 0.421 0.429

rs762513 153675171 A/G A DS 0.310 0.311

1528470352 153753490 T/A T DS 0.391 0.391

1561042368 153755336 G/A G DS 0.111 0.110

1512389569 153757734 G/A G DS 0.067 0.072

1512393550 153758660 G/A G DS 0.390 0.387
G6PD_X_b36-153413623 153760429 G/A G E12 0.129 0.113
rs2071429 153760508 A/G A I11 0.925 0.921

152230037 153760654 G/A G El1 0.253 0.265

152230036 153760953 c/T C E10 0.104 0.098
G6PD_X_b36-153414758 153761564 G/A G 18 0.105 0.103
rs5986990 153761628 G/A G 18 0.391 0.392

rs2515905 153762075 G/A G 17 0.269 0.259

rs2515904 153762771 G/C G 15 0.265 0.256
hG6PD_plus376 153763492 T/C T E5 0.400 0.395
hG6PD_plus202 153764217 c/T C E4 0.162 0.183
rs762515 153764528 T/C T 12 0.403 0.400

15762516 153764663 c/T C 12 0.262 0.253
G6PD_X_b36-153423083 153769889 G/A G 12 0.018 0.012
G6PD_X_b36-153426256 153773062 C/T C 12 0.105 0.101
G6PD_X_b36_153426354 153773160 A/C A 12 0.014 0.021
G6PD_X_b36_153428979 153775785 T/C C Us 0.488 0.484
rs4898389 153827637 A/G A UsS 0.935 0.928

rs5986877 153828269 C/G C UsS 0.926 0.918

rs7879049 153829693 A/G A Us 0.323 0.323

rs7053878 153834100 T/A T Us 0.063 0.072

rs60030796 153836171 A/G A US 0.073 0.068
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Table S5.4: Association test results of full-length and partial haplotypes for effects independent of
G6PD202. Shown here for each haplotype surveyed is: allele identity across all sites (O=ancestral, 1=derived),
population frequency, P values and effect sizes (with 95% CI) for G6PD202-controlled association tests.

Haplotype Frequency P Effect Size
000100000010000000000000101000 0.010 0.0001 +0.076 (+0.038 - +0.115)
__01_0__0__1__0000_00___1_____ 0.186 0.0024 +0.016 (+0.006 - +0.026)
101011001010001111011000011000 0.043 0.0029 -0.030 (-0.049 - -0.010)
011001001010001001010000011101  0.021 0.0049 -0.039 (-0.066 - -0.012)
111010000011000000000000111000 0.021 0.0080 +0.037 (+0.010 - +0.064)
100100000011000000000000111100 0.055 0.0171 +0.021 (+0.004 - +0.038)
__10_1__1__O__1111_11___O_____ 0.207 0.0249 -0.016 (-0.029 - -0.002)
_-10_1__1__0__1001_10___0_____ 0.100 0.0284 -0.015 (-0.028 - -0.002)
010100000011000000000000111100 0.011 0.0525 +0.036 (-0.000 - +0.073)
000100000011000000000000111100 0.010 0.0596 +0.037 (-0.001 - +0.076)
000100000110000000000000111000 0.015 0.0761 -0.029 (-0.061 - +0.003)
_-10_0__0__1__0000_00___1_____ 0.062 0.1173 +0.013 (-0.003 - +0.029)
100000000110000000000000111000 0.037 0.1411 -0.016 (-0.037 - +0.005)
000100100010110000000010011100 0.038 0.1480 +0.015 (-0.005 - +0.036)
110100000011000000000000111100 0.018 0.2054 +0.019 (-0.011 - +0.049)
_-01_0__0__0__0000_00___0_____ 0.092 0.2459 +0.008 (-0.006 - +0.022)
__00_0__0__1__0000_00___1_____ 0.011 0.2500 +0.022 (-0.015 - +0.059)
100100000011000000000000111000 0.015 0.2505 -0.019 (-0.052 - +0.013)
010100100010110000000010011100 0.011 0.25625 +0.022 (-0.015 - +0.058)
__10_0__0__0__0000_00___1_____ 0.080 0.2864 -0.008 (-0.022 - +0.007)
000101001010001111011000011000 0.023 0.2936 -0.014 (-0.040 - +0.012)
100100000110000000000000111000 0.022 0.2959 +0.014 (-0.013 - +0.041)
100100000000000000000000100010 0.014 0.3055 +0.018 (-0.016 - +0.051)
111000000000000000000000100010 0.014 0.3236 -0.017 (-0.050 - +0.016)
001011001010001111111000011000 0.018 0.3267 -0.016 (-0.047 - +0.016)
__00_1__1__0__1001_10___0_____ 0.015 0.3695 -0.015 (-0.047 - +0.018)
__01_1__1__O0__1111_11___O_____ 0.036 0.3812 -0.009 (-0.030 - +0.012)
_-01_0__0__0__0000_00___1_____ 0.081 0.4047 +0.006 (-0.008 - +0.021)
000110100010110000000010011100 0.011 0.4369 -0.015 (-0.053 - +0.023)
111000000011000000000000111100 0.018 0.4512 -0.012 (-0.041 - +0.018)
010101001010001111011000011000 0.011 0.4780 -0.014 (-0.051 - +0.024)
__00_0__0__0__0000_00___1_____ 0.064 0.4858 -0.006 (-0.022 - +0.010)
110100000011000000000000111000 0.036 0.5041 +0.007 (-0.014 - +0.028)
101011001010001111111000011000 0.134 0.5169 +0.005 (-0.011 - +0.022)
111001011010001001010000011000 0.016 0.5474 -0.010 (-0.041 - +0.022)
001000000000000000000000110010 0.016 0.6737 -0.007 (-0.038 - +0.025)
~-10_0__0__0__0000_00___0_____ 0.013 0.7425 +0.006 (-0.029 - +0.040)
000000000110000000000000111000 0.014 0.7539 +0.005 (-0.028 - +0.039)
100100100010110000000010011100 0.013 0.7693 +0.005 (-0.030 - +0.040)
__01_1__1__0__1001_10___0_____ 0.015 0.8096 -0.004 (-0.037 - +0.029)
011001011010001001010000011000 0.047 0.8484 -0.002 (-0.020 - +0.017)
111000000000000000000000100000 0.018 0.9575 -0.001 (-0.030 - +0.029)

142



"S[opPOUI 2139UAST JUSISPIP 9917} I9PUN §)S9) UOIPRI0SSR PII[0IIU0I-g0Z(AJ9D) 10] (ID %G6 YIIm) SozIs 109[jo pue sonfes J ‘xos Aq payrjeI)s
AVA ‘(LeuDYH/613Y) uoryisod orwousd :sT pedosins JN§ [oeo 10J ooy umoys *z0gdd9D Jo juspuadapul s)09]Jo JI0J S)NSaI S8} UOIIRIDOSSY :€°GS S[qel,

($0°0+ - ¥0°0-) 00 0+ 710-8°8 (€0°0+ - TO'0-) 00 0+ 10-20°L (T0'0+ - TO'0-) 00 0+ T0-9S5°6 860°0 ¥0T°0 €9609.EST 9€00€TTSI
(¥0°0+ - ¥0°0-) 000+ T0-92°6 (€0°0+ - TO'0-) 00'0O+ T0-20°'8 (T0°0+ - TO'0-) 00°0- T0-9%°6 €0T°0 SOT"0 ¥9ST9LEST 8GLPIPEST 9€4 X dd9D
(¥0°0+ - ¥0°0-) 000+ T0-9C°6 (€0°0+ - TO'0-) TO O+ T0-2.°9 (TO'0+ - T0°0-) 00 0O+ T0-96°8 TOT°0 SOT°0 T90E€LLEGT  9STOTHEST 9€Q X Ad9D
(90°0+ - €0°0-) TO 0+ 10-9%'% (20'0+ - €0°0-) 00 0- T10-29°L (T0'0+ - TO'0-) 00 0- 10-°8°8 ¢L0°0 L90°0 PELLSLEST 69568€CTSI
(¥0°0+ - 00°0-) TO 'O+ co-®%°'L (TO'0+ - T0°0-) TO'O+ 10-26°'€ (10°0+ - T0°0-) 00°0+ 10-98°8 T2e°0 T9€°0 ¥O¥PVPSSEST  0CH99.Ls
(00°0+ - S0°0-) TO'0- c0-®6°'6 (S0°0+ - ¥0°0-) TO O+ T0-°6°L (TO'0+ - TO'0-) 00 0+ T0-95°8 876°0 SGE€6°0 LEILTBEST 68E€868¥SI
(60°0+ - TT°0-) T0°0- 10-92'8 (¥0°0+ - 90°0-) T0°0- T0-20'9 (€0°0+ - %¥0°0-) T0°0- T0-3L" L T20°0 ¥%T10°0 09TELLEST ¥SEITHEST 9€Q X Ad9D
(T0°0+ - 2TO"0-) 00°0- T0-9Z°L (TO'0+ - TO'0-) 00°0- 10-28°'9 (10°0+ - T0°0-) 00°0+ T0-°0°9 L09°0 T19°0 LOEBLTEST  LELE9LSI
(S80°0+ - 2TO"0-) TO O+ T0-°8'% (¥0°0+ - 70°0-) TO O+ T0-92°¢ (TO'0+ - T0°0-) TO O+ T0-91°% OTT'0 TTIT°0 9€ESSLEST 89€CYOT9sT
(00°0+ - S0°0-) €0°0- ¢0-26'9 (00°0+ - 0 0-) CO'0O- ¢0-85°S  (T0°0+ - TO'0-) T0°0- T0-9S5°¢€ TI€°0 OT€E'0 TLTSLO9EST €TSTILSIT
(¢0'0+ - S0°0-) TO'0- T0-96°'¢ (TO'0+ - €0°0-) TO'0O- T0-T'9 (T0°0+ - TO'0-) TO'0- T0-8L°C €TT°0 6CT°0 6TV09LEST E€TIOETPEST 9€4 X dd9D
(20" 0+ - L0°0-) TO'0- T0-®%°'¢ (TO'0+ - ¥0°0-) 1O O- T0-°2°S  (T0°0+ - €0°0-) TO'O- 10-98°T ¢L0°0 €90°0 OO0T¥PE8EST 8L8ES0LSI
(€0°0+ - €0°0-) 00 0+ T10-9.°6 (L0°0+ - T0'0-) €0°0+ 710-8"T (€0°0+ - 00°0-) CO'0+ c0-9%°8 T¢6°0 G26°0 80S09.EST 6CVTLOCSI
(€0°0+ - €0°0-) 000+ T0-28°6 (L0°0+ - T0°0-) €0°0+ T0-2L°FT (€0°0+ - 00°0-) TO O+ ¢0-9C" L 816°0 9¢6°0 69¢8C8EST  LL8986GSI
(C0'0+ - 97°0-) LO'O- T0-2€°T  (00°0- - TT°0-) 90°0- ¢0-°6"% (00°0- - 80°0-) %0 0- 20-9C°¢ CT0'0 8T0°0 68869.EST €80E€THEST 9€4 X dd9D
(LO°0+ - €0°0+) SO°0+ 90-8T°L (90°0+ - TO'0+) €0°0+ $0-9¢°L (20°0+ - 00°0+) TO O+ €0-929°§ €C€°0 €TE'0 €696C8EST 6%06.8.LS1
(10°0+ - 80°0-) ¥0'0- 10-20°F7 (T0°0- - L0°0-) ¥0°0- €0-98°9 (T0°0- - G0'0-) €0°0- €0-288°T 890°0 €L0°0 TLT9E€8EST 96.L0€009s1
(60°0+ - S0°0+) LO'O+ €1-9.°9 (L0°0+ - €0°0+) SO O+ 80-1°'6 (€0°0+ - TO"'0+) TO 0O+ ¥0-3L°¢ ¥8%'0 88%°0 G8LSLLEST 6.68CTYEST 9€d X Ad9D
(50°0- - CT°0-) 80°0- 90-9¢'¢ (20°0- - 80°0-) S0°0O- ¥0-5°€¢  (10°0- - G0'0-) €0°0- 70-°9°T 98C°0 S§9C°0 TLLCOLEST ¥06STSCSI
(0°0- - C1°0-) 80°0- 90-9%°§ (20°0- - 80°0-) GO 0- $0-9¢°¢ (T0°0- - G0°0-) €0°0- 70-3%°1 €9C°0 <T9T'0 €99%9.EST 91SGT9.LSI
(30°0- - T7°0-) 80°0- 90-®1°¢ (20°0- - 80°0-) SO 0- ¥0-29°T (C0°0- - G0°0-) €0°0- ¥0-90°1 6GC°0 69C2°0 GL0TOLEST SG06STSCSI
(#0°0- - 80°0-) 90°0- 60-2€°8 (€0°0- - 90°0-) ¥0'0- 90-8L'% (T0°0- - €0°0-) TO'0- G0-9%°8 ¢o%°0 18%°0 6%99C9€ST T¥6STEST
(§0°0- - 07°0-) L0'0O- 07-20°¢ (€0°0- - L0°0-) SO'0- L0-®5°% (10°0- - ¥0°0-) €0°0- 90-26°8 .8€°0 06€°0 0998SLEST 0SSE6ECTSI
(60°0+ - S0°0+) LO"0O+ ¢1-9%'9  (L0°0+ - €0°0+) GO O+ 80-20°¢ (€0°0+ - T0°0+) TO 0+ 90-°8"'¥% 6C%°0 1C¥'0 8ELICO9EST C¥6ST6ST
(90°0- - 0T'0-) 80°0- TT-9C2°T (€0°0- - L0°0-) SO°0- 90-80'T (20°0- - ¥0°0-) €0°0- 90-3L°¥% T6€°0 T6E°0 06¥ESLEST TSE0LYBCSI
(90°0- - 07°0-) 80°0- ¢r1-96°§ (€0°0- - L0°0-) GO'0- L0-90°L (T0°0- - ¥0°0-) €0°0- 90-288°'C Z6€°0 T6E°0 B8TIT9LEST 066986S5S1
(90°0- - 07°0-) 80°0- ¢1-29°% (€0°0- - L0°0-) SO'0- L0-9%'% (20°0- - ¥0'0-) €0°0- 90-9L°7T G6E°0 00%°0 ¢6%£9.€5T 9LesnTd ad9onu
(50°0- - 07°0-) 80°0- TT-20°C (€0°0- - L0°0-) SO°0- L0-89°T  (20°0- - ¥0°0-) €0°0- 90-9% "7 00%°0 €0%°0 8ZSPOLEST GTSGC9oLsI
(0T 0+ - S0°0+) 80°0+ 0T-8Z2'9 (LO'0+ - €0°0+) SO O+ L0-8€°T  (¥0'0+ - TO'0+) €00+ 80-°€°6 §9C¢°0 €9C°0 ¥9909.€ST  LE€00ETTSI
(O%°0- - L¥°0-) ¥%°0- L¥T7-®8°C (8T 0- - TE'0-) 0E€°0- €9T-°1°8 (IC°0- - €C°0-) TC'0- 00C-®G'T €87°0 T9T°0 LITY9.EST  2ozsn1d ad9nu

9ZTG§ 199774 d 9ZTg 399334 d 9ZTg 30983FFd d oTewsq STeN uoT31Tsod

9ATSS9D9Y QUBRUTWOQJ SATATPPY ava

143



Heterozygosity

0.6

0.5

0.4

0.3

0.2

0.0

H
8
°

SIRERRRRARNRRE

@00 oo wcam0 00
o o om e
@mocom
— o000 © oo — —
T T T T T T
090 092 094 096 098 1.00

Call Rate (individual)

N

T

o

<]

(5]

?

N

c

S o

8

>

o3

a

w

s

T
o
)
<
|

o
®
o
- o}
oO
o
o o]
© o o OO
° 8
o o
n o © o
00
o o
(o]
T T T T
0.986 0.990 0.994 0.998
Call Rate (SNP)

Figure S5.1: Quality control plots. Shown here are plots that examine: (a) whether any individuals with
low call rate and high heterozygosity (left), or (b) whether any SNPs with low call rate and extreme deviation
from HWE (right) could be found, features indicative of low confidence samples and SNPs, respectively.
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Figure S5.2: Haplotype distribution in males vs. females. The frequency of each haplotype is plotted in
decreasing order, stratified by sex (top). No significant differences between male and female haplotype frequencies

were found, attesting to highly accurate haplotype phasing (bottom).
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Figure S5.3: Linkage disequilibrium (LD) across region. Pairwise LD matrix is shown in colorimetric
form, using the D’ and LOD metrics (reviewed in Chapter 2: Supplemental Information). Colors indicate: D’ =
1 and LOD > 2 (red), D’ = 1 and LOD < 2 (blue), D’ < 1 and LOD > 2 (pink), D’ < 1 and LOD < 2 (white).
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Figure S5.4: Allele sharing with H4 or H- explains variance independent of G6PD202. G6PD
activity as stratified by sex and haplogroup, where the latter is defined by categorizing each individual according
to extensive allele sharing with either the H4, H-, or neither haplotype. In box-and-whisker plots, center of
box represents median, edges of box represent upper and lower quartile bounds, and whiskers represent either
minimum and maximum values or 1.5 times the interquartile range, whichever is less extreme.
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and provided our ad hoc cutoff (blue) for distinguishing normal vs. deficient. A histogram of the G6PD activity
distribution in males is superimposed for clarity.
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Chapter 6

A novel cytofluorometric assay for
detecting G6PD deficiency

In the previous chapter, I considered the functional genetics at the G6PD locus, conducting a fine-
mapping association study looking at gross G6PD enzyme activity. Here, I consider an alternative
approach to characterizing G6PD activity variation. In particular, I present a novel method for assessing

G6PD activity at the level of an individual red blood cell.

6.1 Abstract

Glucose-6-phosphate dehydrogenase (G6PD) deficiency is an X-linked enzyme disorder affecting hun-
dreds of millions of people worldwide. While clinical manifestation of the trait is generally mild, serious
complications can arise, including acute hemolysis and neonatal jaundice, usually occurring in the con-

text of an acute environmental insult from certain drugs, foods, or infections.

Screening and diagnosis of G6PD deficiency is currently performed via genetic or biochemical assay,
the former being cost ineffective in populations with significant allelic heterogeneity, and the latter lim-
ited in its ability to detect female heterozygotes. Cytochemical assays which measure G6PD enzyme
activity at the level of individual red blood cells (RBC) can obviate these shortcomings, but at the ex-

pense of added technical complexity and labor.

I describe here a simple, novel cytofluorometric method that extends the classic methemoglobin re-
duction test, probing G6PD enzyme deficiency at the level of an individual RBC. In preliminary testing
of blood obtained from forty-two Malian children, there was good agreement between this method and
established techniques such as genotyping and measures of gross enzyme activity. The assay is robust,
economical and may be able to serve as a screening method as well as a research tool, especially for
high-throughput applications such as flow cytometry. It may thus be useful in studying the differen-
tial penetrance of G6PD deficiency trait with regard to important molecular and clinical phenotypes,

including primaquine sensitivity and protection from severe malaria.
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6.2 Introduction
6.2.1 Glucose-6-phosphate dehydrogenase in the erythrocyte

As reviewed earlier (see Chapter 1), glucose-6-phosphate dehydrogenase (G6PD) is a housekeeping en-
zyme that catalyses the rate-limiting first step in the pentose phosphate pathway, where it produces
nicotinamide adenine dinucleotide phosphate (NADPH), a critical cofactor in a variety of metabolic pro-
cesses. In the RBC, G6PD activity is especially important as the principal source of reducing power
to regenerate antioxidant glutathione, and individuals with deficient G6PD activity are thus at risk
for hemolysis precipitated by oxidant stressors found in certain foods or chemotherapeutics, or gener-
ated during severe infections. One especially important cause of drug-induced hemolysis is primaquine
[91, 92, 241], one of few antimalarial drugs active against both P. vivaz hypnozoite and P. falciparum
gametocyte stages. As areas of high malaria transmission also tend to have high prevalence of G6PD
deficiency, this drug sensitivity reaction is an important public health concern, especially given recent

interest in reducing and eliminating malaria transmission [71, 244].

Despite decades of research, understanding of the molecular pathogenesis of G6PD deficiency in the
erythrocyte is incomplete. While many functional allelic variants have been described, it is less well-
understood how that genetic heterogeneity translates into diversity at the level of molecular phenotypes,
and ultimately to differences in clinical outcome. Since clinical phenotypes such as primaquine-sensitivity
and malaria protection are complex and multifactorial in etiology, it is a critical prerequisite that the
more proximate link between genetics and molecular phenotypes be clearly elucidated, requiring the

development of novel methodology suitable for high-throughput work.

One fundamental molecular phenotype to consider is G6PD enzyme activity, which operates not only at
the level of a single RBC, but also in a population of red cells. At the level of a single RBC, while many
severe, sporadic variants lead to a defect in the ability of G6PD to form active dimers and tetramers,
the means by which most common mutations such as the main African variant G6PD A-, are able to
confer deficiency is unknown. As the effect on catalytic rate is minimal, it is thought instead that G6PD
deficiency in these cases may result from decreased thermal stability of the protein [98, 96]. According
to this theory, nascent RBC emerge from the bone marrow invested with near-normal G6PD activity
in deficient individuals, and over time, the RBC aging process leads to a rapid decrease in the enzyme
activity levels [95]. As many factors influence red cell senescence, it is also important to think of GGPD
enzyme deficiency as a population characteristic, dependent on the age distribution of RBC, where a
significant proportion of young reticulocytes can impact the accuracy of a G6PD enzyme activity assay.
In females that are heterozygote for deficiency polymorphisms, the picture of cell population variation is
even more complicated owing to random X inactivation, which leads to a mosaic population of normal

and deficient RBC. Selection processes during or shortly after hematopoiesis, or skewed patterns of X
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inactivation [245], which itself may be influenced by age [82], each have the potential to significantly
alter the G6PD deficiency status in a heterozygote female.

6.2.2 Detection and quantitation of G6PD deficiency

Various methods have been developed for assessing an individual’s G6PD status, and these can be loosely

grouped into genetic, gross biochemical, and cytochemical approaches.

Genetic typing. Genetic typing of G6PD variants has a long history which began shortly after the
development of gel electrophoresis, with variant G6PD enzymes first identified on the basis of differential
migration rate on starch gels [246]. Today, this has been largely superseded by DNA-based genotyping
and sequencing, which have allowed identification of hundreds of nonsynonymous mutations associated

with G6PD deficiency worldwide [94], including many region-specific common variants.

Biochemical typing. Gross biochemical typing of G6PD involves either direct or indirect measures
of enzyme activity in hemolysate. Direct tests are those that assess the enzyme’s production of NADPH,
which absorbs (340 nm) and fluoresces (450 nm) at characteristic wavelengths of light. These include the
quantitative gross activity assay [247], where the initial reaction velocity of the G6PD reaction is mea-
sured by examining the rate at which NADPH is produced. A qualitative analogue is the fluorescent spot
test [248], a popular screening test in which a drop of blood incubated with G6PD reaction substrates
is placed on filter paper and illuminated with UV light, where the presence or absence of fluorescence
provides a categorical measure of G6PD activity. Indirect assays of G6PD activity translate NADPH
production into a colorimetric readout using chromophores like brilliant cresyl blue [249], resazurin [250],
or formazan derivatives [251, 252]; these assays typically involve long incubation periods of several hours
(it is likely that they all rely on one or more oxidoreductases with poor kinetic profiles). One indirect test
with shorter incubation times and more consistent results is the methemoglobin reduction test (MRT),
once a widely-used screening tool in resource-poor areas [190, 191]. In this colorimetric assay, G6PD
activity is assessed by treating RBC first with nitrite (converting oxyhemoglobin [red] to methemoglobin
[brown]), and then examining the rate of NADPH-dependent methemoglobin reduction in the presence

of an appropriate redox catalyst (Nile blue or methylene blue) and substrate (glucose).
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Cytochemical typing. Cytochemical typing provides a categorical assessment of G6PD enzyme ac-
tivity (i.e. ‘normal’ or ‘deficient’) at the level of an individual RBC, and thus is the biochemical technique
with greatest sensitivity for detecting mosaicism in female heterozygotes, who have a mixed population
of normal and deficient RBC due to random X-inactivation [93]. The earliest assay developed, the methe-
moglobin elution test [253], is a light microscopic technique that extends the aforementioned MRT by
treating thin blood smears with peroxide and citric acid prior to conventional staining, with individual
RBC labeled according to their relative methemoglobin content. Another more recently developed assay
detects the quenching of glutaraldehyde-induced autofluorescence by formazan crystals produced in cells
with normal G6PD activity [254]. Owing to their relative difficulty, technical complexity, and often

ambiguous results [191], neither technique is particular well-suited to high throughput application.

6.2.3 Methodological limitations

Neither genetic nor gross biochemical approaches capture the full picture of GGPD. While genetic typing
offers generally unequivocal interpretation of results, it is imperfectly predictive of both molecular and
clinical phenotypes, and typing multiple polymorphisms may not be cost-effective in resource-poor areas
of allelic heterogeneity such as West Africa, southeast Asia, or Oceania. Conversely, while gross biochem-
ical approaches offer a functional assessment of G6PD deficiency, they are often difficult to interpret,
especially for mosaic female heterozygotes, and insufficiently scalable. Cytochemical methods can thus
fill a void, and beyond their utility as a screening technique, can serve as a research tool to understand

how genetic polymorphism manifests at the level of G6PD activity in individual RBC.

A straightforward cytochemical typing assay is presented here, termed the ‘cytofluorometric method,’
which provides a fluorescence readout of the classic MRT at the level of an individual RBC. Upon test-
ing this method on a small cohort of Malian children, it was found to exhibit strong agreement with
established methods of genetic and gross biochemical typing. This assay represents a useful addition to

the screening and research toolkit for GEGPD deficiency, especially in malaria-endemic areas.
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6.3 Materials and Methods

Samples. A total of forty-two peripheral blood samples from children ranging in age from one to fifteen
years (mean = 5.8) were collected at a rural health center in Kenieroba, Mali, including 22 males and
20 females, with most individuals being of self-identified Malinke ethnicity (79%). Sample collection was
nonrandom, as individuals were subject to ascertainment by genotype at G6PD 202. Blood was obtained
by venipuncture, anticoagulated using acid-citrate-dextrose, and washed three times in RPMI 1640 prior
to storage at 4°C. All samples were obtained with community permission and individual informed consent,
collected as part of protocols approved by institutional review boards at the University of Bamako and
the National Institute of Allergy and Infectious Diseases (refer to section 2.1.5 for protocol details), and

were processed within four days of the receipt.

Genotyping. Genotyping of the G6PD 202 polymorphism was performed via restriction fragment
length polymorphism (RFLP) analysis using a nested PCR protocol as described previously [19].

Gross activity assay. Gross activity was measured in duplicate with the GGPDH kit (Randox Labora-
tories, PD-410), using a modified protocol adapted for high-throughput screening. First, hemolysate was
prepared by combining 10 pl of patient red blood cells (RBC, 50% hematocrit) with 20 ul of digitonin.
Next, two microliters of this hemolysate was combined with 4 pl NADP (0.34 mM), 2 ul glucose-6-
phosphate (0.58 mM), and 120 ul reaction buffer (triethanolamine 31.7 mM, EDTA 3.2 mM, pH 7.6).
Reaction rate was assessed using a UV /VIS plate spectrophotometer by observing the rate of production
of NAPDH, which absorbs light at 340 nm, over a 30 minute time course. Reaction rate was normalized
to total protein content by measuring absorbance of hemoglobin at 540 nm, as follows:
AOD340

G6PD activity = ﬁ (6.1)

Methemoglobin reduction test. The methemoglobin reduction test was performed in duplicate by
modification of previously published protocols [190, 191]. One hundred pl of RBC (5% hematocrit) was
combined with 100 ul of sodium nitrite (0.125 M), and incubated at room temperature for 20 minutes.
Samples were then washed three times with phosphate-buffered saline (PBS), with centrifugation at
1800 rpm for 1 min, and resuspended to 100 ul using PBS. Finally, the washed, nitrite-treated RBC were
combined with 18 ul of glucose (0.28 M in PBS) and 6 ul of Nile blue sulfate (0.01%), and incubated at

37°C for 90 minutes in an aerobic environment, i.e. in open microcentrifuge tubes.

Cytofluorometric method. At the completion of the methemoglobin reduction test, 2.5 ul of potas-
sium cyanide (0.4 M) was added to each sample, and incubated at room temperature for 5 minutes.
Finally, 5 ul of each sample was added to 100 ul of hydrogen peroxide (3% in PBS), agitated vigorously

by hand, and then washed two times in PBS, with centrifugation at 3000 rpm for 3 minutes.
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Flow cytometry. Samples were analysed in duplicate using an Accuri C6 flow cytometer, using default
factory settings, with 10,000 total events meeting size threshold of FSC-H > 80,000 collected. Samples
were excited using an Ar ion laser (488 nm), with fluorescence emission measured in the FL1 channel

(533 + 30 nm).

Fluorescence microscopy. Sample wet mounts were prepared and imaged on an Olympus BX53
fluorescence microscope using the 40x oil immersion objective, a 100 W Hg arc lamp, and a FITC filter
cube. All images were taken using a 10 second exposure time and processed identically using ImageJ

(NTH).

Data analysis. Custom scripts (available upon request) were written in R to automate data analysis.
Gross activity was calculated using the formula above, with coefficients derived from linear modeling
functions. Flow cytometry data was first converted from FCS format to raw data using the ‘lowCore’
package [255], and then subject to morphological gating, with events retained only if they lay in the central
95% of the empirical distribution for both forward scatter (FSC) and side scatter (SSC) parameters.
Next, the FL1 fluorescence intensity distribution was analysed to identify and quantify high and low
intensity subpopulations. First, maxima in the kernel density estimation function were identified, and
then the midpoint between the two maxima was used as an ad hoc gate between high and low intensity
subpopulations (Figure 6.3). When only one maximum was found (i.e. for homozygotes), the ad hoc
gate was placed 0.5 log units away (about half the average distance between high and low intensity

subpopulations in our dataset).
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6.4 Results
6.4.1 Development of cytofluorometric method.

The cytofluorometric method described here can be thought of most simply as a fluorometric readout of
a classic test for G6PD deficiency, the methemoglobin reduction test (MRT), at the level of an individual
RBC (Figure 6.1).
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Figure 6.1: Principle of cytofluorometric method. The cytofluorometric method is a fluorometric extension
of the methemoglobin reduction test (left). Fluorescence intensity distributions (FL1, right) demonstrate that
the sequential reaction of cyanide followed by peroxide in RBC containing predominantly oxyhemoglobin yields
a fluorescent product (grey), while little or no fluorescence results in RBC treated with nitrite which contain
predominantly methemoglobin (white).

The MRT is a standard colorimetric test for G6PD deficiency [190, 191]. In the first step, RBC were
treated with nitrite to oxidize all oxyhemoglobin (oxy-Hb, Fe?t) to methemoglobin (met-Hb, Fe3T). After
washing away excess nitrite, glucose (substrate) and Nile blue sulfate (redox catalyst) were added, driv-
ing reduction of met-Hb back to oxy-Hb via an NADPH-dependent methemoglobin reductase (NADPH-
hemoprotein reductase). The activity of this enzyme is dependent on NADPH, which is produced in the
RBC solely by G6PD. The rate of the reductase reaction generally proceeds slowly, but is enhanced by
Nile blue, which acts as intermediate electron carrier between NADPH and the reductase. Thus, it is an
indirect assay for G6PD deficiency, as normal RBC (G6PD+) are able to quickly reduce met-Hb, while
deficient RBC (G6PD-) are not. At the end of the incubation period, then, GGPD+ samples (contain-
ing oxy-Hb) were red, GEPD- samples (containing met-Hb) were brown, with heterozygous (G6PD+/-)
samples exhibiting an intermediate color. The MRT is sensitive to detection of both mild (class III, e.g.
‘G6PD A-’) and more severe (class II, e.g. ‘G6PD Mediterranean’) forms of G6PD deficiency [142, 256],
presumably because of a threshold effect where a certain level of G6PD activity is necessary for methe-

moglobin reduction to proceed at a visually observable rate within the time window allotted.
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The cytofluorometric method follows on from the MRT by sequential reaction of cyanide followed by
peroxide to generate a fluorescent product inside RBC containing oxy-Hb, but little or no fluorescence
from those containing met-Hb. In the first step, only met-Hb reacted with cyanide to generate cyan-
methemoglobin (cyanmet-Hb), while oxy-Hb remained unreactive [257]. In the second step, only oxy-Hb
reacted with peroxide [258, 259] to generate a fluorescent product (oxy-Hb*), while cyanmet-Hb remained
largely nonreactive and nonfluorescent (Figure 6.1). Thus, after these two reactions, GGPD+ cells con-
tained fluorescent oxy-Hb*, while G6PD- cells contained nonfluorescent cyanmet-Hb (Figure 6.2), with
fluorescent signal uniformly distributed throughout the cell (Figure 6.3). One cannot say with absolute
certainty what the fluorescent adduct(s) generated from these reactions are, but it is likely the major com-
ponent is derived from conversion of ferrous heme to fluorescent iron-free porphyrin [260, 261, 262, 263],

with an additional contribution from lipid peroxidation products such as malonyldialdehyde [264, 265].
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Figure 6.2: Demonstration of cytofluorometric method on artificial mixtures of A+ and A- RBC.
Fluorescence intensity distributions (FL1) from artificial mixtures of A+ and A- RBC containing either: (a) 0%,
(b) 50%, (c) 75%, or (d) 100% A+ cells. Genotype is defined as follows: ‘A4’ = 202C (wild-type), ‘A-> = 202T
(deficient).
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Figure 6.3: Demonstration of cytofluorometric method on RBC from A+, A+4/-, and A- indi-
viduals. Representative fluorescence intensity distributions (FL1) and fluorescence micrographs from A+ (top),
A+ /- (middle), and A- (bottom) individuals. Genotype is defined as follows: ‘A+’ = 202C (wild-type), ‘A+/-" =
202CT (heterozygous), ‘A-> = 202T (deficient). The estimated proportion of high (blue) and low (red) intensity
cells for each individual is indicated. NB: The micrographs show two populations of RBC, one that is bright
(G6PD+) and another that is dim (G6PD-).

6.4.2 Correlation with genotype and gross activity data.

The cytofluorometric method was applied to forty-two peripheral blood samples obtained from Malian
children as part of an ongoing cohort study. In addition, gross measures of GGPD enzyme activity were
obtained using hemolysates derived from the same samples, as was genotype data for the G6PD 202
(‘A-’, rs1050828, C>T, Val68Met) variant, the most common G6PD deficiency polymorphism in Africa
[103]. These latter two ‘gold-standard’ techniques provide a benchmark against which to evaluate the

method.

155



As expected, there was a strong relationship between the genetic and gross biochemical activity data
(the two established techniques), with variation in genotype explaining 78% of variation in gross activity
(Figure 6.4A, P = 5.5 x 10714, 1-way ANOVA). Interestingly, the correlation between genotype and the
cytofluorometry data was even stronger, with genotype explaining 89% of variance in the proportion of
G6PD+ cells found by cytofluorometry (Figure 6.4B, P = 1.0 x 1072}, 1-way ANOVA). Finally, it was
found that the proportion of G6PD+ cells observed by cytofluorometry was well-modeled by gross ac-
tivity (Figure 6.4C, Spearman’s p = 4+0.88, P < 2.2 x 10716), with the relationship remaining significant
when considering only heterozygotes, among whom variance in both measures is greatest (Spearman’s

p=—+0.65, P = 0.01).

A few outliers were observed in the data, including two individuals who had homozygous A+ geno-
types at G6PD 202 but exhibited mosaicism by cytofluorometry, which may be the result of other,
untyped G6PD deficiency mutations that are present at lower frequency in Mali (e.g. G6PD 542, 680,
or 968, see Chapter 3, Figure 3.10). The lone heterozygous outlier illustrates the difficulty of detecting
certain mosaic females who have seemingly normal enzyme activity, a well-known documented limitation
of the MRT [253]. Interestingly, A- males still exhibited a significant population of GGPD+ RBC, which
likely reflects the younger population of RBC (e.g. reticulocytes) in which G6PD enzyme levels have not
yet declined significantly.
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Figure 6.4: Correlation between genotype, gross activity and cytofluorometric data. Concordance
between (A) genotype and gross activity, (B) genotype and cytofluorometry, (C) gross activity and cytofluorom-
etry. Genotype is defined as follows: ‘A4’ = 202C (wild-type), ‘A+/-> = 202CT (heterozygous), ‘A-’ = 202T
(deficient). Each point represents the mean of duplicate experiments, with gender indicated by blue (male) and
magenta (female) dots. Horizontal line indicates median. G6PD activity units are arbitrary.
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6.5 Discussion

The cytofluorometric method described here is a new approach for typing G6PD deficiency at the level
of the individual erythrocyte. It provides a fluorescence readout of an established screening method
for G6PD deficiency, the methemoglobin reduction test (MRT), utilizing the unique redox chemistry
and abundance of hemoglobin in the RBC to generate a differential autofluorescent signal suitable for
distinguishing between RBC of normal and deficient activity. In preliminary testing in Malian children,
this assay showed strong agreement with other established methods of typing G6PD deficiency, including
genotyping and gross biochemical activity. It additionally has performance characteristics which make

it useful for clinicians and researchers alike, especially in resource-poor settings.

The literature suggests different possibilities for the nature of the fluorescent signal created when hy-
drogen peroxide reacts with oxyhemoglobin. Since this peroxide reaction does not occur with cyan-
methemoglobin, it seems likely that the major fluorescent adduct created is a protoporphyrin derivative
[260, 261, 262, 263] generated from ferryl heme (Fe**t) created as a result of the reaction of peroxide
with ferrous heme (Fe?*). Another possible component of the fluorescent signal may derive from lipid
peroxidation [264, 265], including fatty acid derivatives such as malonyldialdehyde (MDA). Since MDA
generation has been shown to be precipitated by unstable hemoglobins, it is possible that there is a
complicated and co-dependent relationship between porphyrin generation and any downstream adducts

such as those from lipid peroxidation [263, 266].

Several questions emerging from this work concern the methemoglobin reduction test, upon which the
cytofluorometric method is dependent. One issue involves the potential for heritable variation in the
activity of the NADPH-dependent methemoglobin reductase enzyme itself to confound assay results. An-
other known complication in interpreting the results of the MRT concerns cell-cell interaction [191, 253],
specifically the finding that soluble factors can traffic from G6PD+ to G6PD- cells, possibly confounding
results in mosaic females. While we found that using Nile blue sulfate (instead of methylene blue) and
performing the assay at lower hematocrit largely disrupted these interactions (data not shown), there was
one A+/- outlier who appeared as a homozygote by cytofluorometry, which may have been a method-

ological artifact caused by cell-cell interaction during the MRT.

One phenomenon not discussed in detail here, owing to lack of sufficient data, is the observation that the
cytofluorometric method not only generated differential fluorescence in RBC based on methemoglobin
content, but could also differentially generate ghosted RBC when performed under mild detergent per-
meabilization. This approach is a logical adjunct to the slide-based methemoglobin elution procedure
[259] used in the cytochemical microscopic method [253]. In that procedure, a thin smear of cyanide-
treated RBC are prepared and immersed into a mixture of ethanol, citric acid, and hydrogen peroxide,

after which the slides are fixed and stained with hematoxylin and erythrosin. Cells containing mainly

157



met-Hb will appear ghosted (clear), while those containing oxy-Hb will appear normal (pink). While
the principle underlying this technique is unclear, it is thought that reaction of oxy-Hb with peroxide
protects it from acid elution (ghosting) under conditions of ethanol permeabilization. As cyanmet-Hb

does not react with peroxide, it is eluted from the cell, producing ghosts.

Several attempts were made to create a solution-phase analogue to this slide-based technique, and it
was found that with a slight alteration of the cytofluorometric method, substituting 0.2% Tween-20 in
PBS for plain PBS, cells were sufficiently permeabilized to allow differential ghost formation to occur
(even in the absence of citric acid). What this suggests is the possibility for an easy-to-read visual screen-
ing test for G6PD deficiency that could be performed in a microcentrifuge tube, where three possible

results would indicate the three possible genotypes:

1. G6PD(+): oxy-Hb reacts with peroxide — pellet (pink/red) + supernatant (clear)
2. G6PD(-): cyanmet-Hb does not react with peroxide — pellet (white) + supernatant (pink)

3. G6PD(+/-): two populations of cells — pellet (pink) + supernatant (light pink)

While time and resources did not permit further development of this test, I believe it would be quite
useful as a field screening method, particularly for detecting heterozygotes, as the reaction chemistry dis-

tinguishes between two populations of cells, where the gross activity assay reflects an ensemble average.

Overall, in spite of the aforementioned concerns, assay performance was found to be robust and reli-
able, giving consistent results across repeated measurements. Although the focus here was on a high-
throughput application of the method using flow cytometry, the technique may be adaptable to addi-
tional applications. Omne direct use would be for investigators interested in methemoglobinemia— to
detect methemoglobin in an individual RBC one can simply use the assay independently of the G6PD
activity-dependent MRT step. As a screening tool for GEGPD deficiency, one need only have a microscope
outfitted with a UV lamp to detect GGPD+ and G6PD- cells in a blood sample, with no special fixation
or staining procedures required and at a low cost-per-assay. This may be especially well-suited to areas
such as southeast Asia and Oceania where there is considerable allelic heterogeneity [103] that makes
genotyping cost ineffective. Since the test provides a fine-grained parsing of G6PD activity status at
the level of individual RBC, it represents an improvement insofar as information content over the gross
biochemical assays from popular screening tests used currently in the field. For example, the older stan-
dard, the Beutler fluorescent spot test [248], relies on aggregate production of NADPH from hemolysate,
where the fluorescence of NADPH generated is directly observed via UV excitation. A more recently
developed test uses water-soluble tetrazolium as a colorimetric readout for NADPH production and is
rapidly read, but it still employs hemolysate and lacks sensitivity to detect individuals with milder forms

of G6PD deficiency [252]. Finally, a new chromatographic test that uses nitro-blue tetrazolium as the
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colorimetric partner compound for NADPH is able to provide rapid results in five minutes, but is likewise
dependent on hemolysate and must be performed between 18-25°C, which may limit its utility in tropical

environments [267].

Finally, if the ultimate goal is to understand how genetic variation at G6PD influences an individ-
ual’s complex, multifactorial response to primaquine administration or to malaria infection, methods like
that described here will be critical in bridging the gap by further elucidating the proximate relationship

between genotype and molecular phenotypes.
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Chapter 7

G6PD deficiency exerts contrasting
effects on two major clinical
presentations of severe malaria in

West Africa

In the final results chapter, I directly consider the central question of this thesis, namely, the relation-
ship between genetic variation at G6PD and severe malaria. A fine-mapping association study at the
locus is presented here which examines the association with severe malaria and its constituent clinical
subphenotypes in the Gambia. Specifically addressed is the importance of considering diversity at the
level of both functional genetics and clinical presentation in revealing the complex relationship betweeen

G6PD deficiency and severe malaria.

7.1 Abstract

Glucose-6-phosphate dehydrogenase (G6PD) deficiency is a common enzyme disorder that has long been
thought to be protective against malaria, though genetic association studies have disagreed with regard
to the strength and specificity of a protective effect, which may reflect differences in the host genetic

background, environmental influences, or in the particular clinical phenotype(s) considered.

I present here a comprehensive fine mapping case-control association study of severe malaria at the
G6PD locus in the Gambia. A total of 3300 controls and 2650 severe malaria cases were genotyped at 34
single nucleotide polymorphisms, including three nonsynonymous variants known to be associated with
enzyme deficiency in west Africa. The initial scan revealed seven non-independent signals of association
with P < 0.01, with no single SNP exhibiting uniquely strong statistical significance suggestive of a causal
role. In decomposing severe malaria to two of its constituent clinical subphenotypes, severe malarial ane-
mia (SMA) and cerebral malaria (CM), it was found that the protective effects observed were limited to
CM, and that the three known deficiency alleles exhibited trends of opposing effect — risk conferred to
SMA, and protection with respect to CM. Tests for the composite effect of all GEPD deficiency alleles
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showed that G6PD deficiency trait as a whole was significantly associated with protection from CM
(additive model: OR = 0.70 [0.59 - 0.85], P = 2.1 x 10~%), but trended toward increased susceptibility
for SMA, especially with full expression of the trait (recessive model: OR = 1.44 [0.99 - 2.09], P = 0.054).

These results demonstrate that G6PD deficiency alleles are strongly associated with protection from

severe malaria, but in contrast to sickle cell trait, this protection is limited to CM, and furthermore

deficiency alleles may predispose to SMA.
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7.2 Introduction
7.2.1 GG6PD deficiency and the malaria protection hypothesis

The prevalence of G6PD deficiency, the most common enzymopathy in man, is geographically correlated
with the historical distribution of malaria [88]. Thus, as malaria is an infectious disease known to be
a major contributor to childhood morbidity and mortality in endemic areas [112], and also thought
to exhibit highly heritable differences in burden [268, 111], it has long been hypothesized that G6PD
deficiency is a target of positive selection owing to partial protection afforded against malaria [110].
Consistent with this idea, population genetic studies have found decreased haplotype diversity associated
with deficiency alleles, suggestive of recent selective sweeps in sub-Saharan Africa [121, 123] and southeast
Asia [125]. Genetic epidemiological evidence is lacking in clarity, however, with case-control association
studies differing with respect to the strength and specificity of a protective effect [136, 39, 19, 143, 243],

and even whether such an effect exists at all [269].

7.2.2 Understanding between-study heterogeneity in association tests of G6PD
deficiency and malaria

The difficulty in interpreting past studies lies not only in reconciling the different clinical phenotypes
considered in each, but also in recognizing different assumptions made in defining the G6PD deficiency
trait itself. Additionally, regional variation in environmental pressures or host genetic background may

account for some proportion of the variability observed.

7.2.2.1 Clinical phenotypes

Clinical phenotypes considered in association studies of malaria range from measures of malaria poorly
correlated with disease burden, such as parasite rate or density [135, 137, 136], to more extreme pheno-
types pathognomonic for severe, life-threatening malaria, including profound anemia, respiratory distress,
and cerebral manifestations such as convulsions or coma [138, 39, 19, 143]. Additionally, World Health
Organization criteria for diagnosis of severe malaria are broad, and include a wide range of symptoms and
clinical findings (reviewed in Chapter 1), which vary substantially not only in terms of pathophysiology,

but also with respect to prognostic value [21].
7.2.2.2 Defining G6PD deficiency

Interpreting trait carriage is also nontrivial in that G6PD deficiency is both a genetic and a biochemical
trait. As an X-linked genetic trait, hemizygous males and homozygous females fully express the deficiency
trait, while heterozygous females exhibit incomplete or partial expression due to random X inactivation
[93, 253]. As a biochemical trait, enzyme activity can be assayed quantitatively, but overlapping activity

distributions for the different genotypic categories make qualitative assessment imperfect [242, 243].

In genetic testing of G6PD deficiency alleles, it is important to note that such alleles can vary with
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respect to both population frequency and severity of G6PD deficiency caused, both of which will impact
the power of an association test to observe a real effect if one is present. Regarding the former, the
lower the allele frequency of a variant, the less power one has to detect a true effect, as small frequency
perturbations are more likely to occur by chance when low counts of a particular genotype are observed;
testing of low frequency variants therefore requires a greater number of samples to achieve adequate sta-
tistical power (Table S7.4). With respect to the severity of a particular G6PD deficiency variant, if the
degree of protection or susceptibility conferred is thought to vary in a dose-dependent manner with the
extent of G6PD deficiency caused, then one would expect more extreme deficiency variants to generate
larger effect sizes, and yield fewer false negative results in association tests. For example, in two recent
studies looking at association with P. vivaz clinical burden, the study considering a more severe variant
(G6PD-Mediterranean, class II; [270]) was able to detect a significant protective effect not observed in
the study examining a milder variant (G6PD-Mahidol, class IIT; [125]).

7.2.2.3 Regional influences

The only statistically significant evidence for a protective effect with respect to severe malaria comes
from the West African countries of Nigeria, Mali, and the Gambia [138, 39, 19, 143]. It is possible
that this localization may be due to regional influences, such as environmental effects or differences
in host genetic background, that modulate the effects of G6PD deficiency. For example, differences
in host genetic background might affect the biochemical penetrance of G6PD deficiency, and epistatic
interactions [141] with other genetic variants exhibiting high population differentiation may influence
susceptibility to malaria. Additionally, environmental influences such as diet and more importantly, the
ecology of the Anopheles vector and the dynamics of malaria transmission should be considered; the
latter is especially key given its influence on the clinical manifestations and burden of malaria observed

in a region [271].
7.2.3 A comprehensive exploration of the genotype-phenotype space

I sought to clarify the relationship between G6PD deficiency and severe malaria by more fully probing
the genotype-phenotype space. I asked specifically: (a) whether genetic variation near the G6PD locus
was associated with protection from severe malaria, (b) whether that protection was specific for a certain
clinical subphenotype, and (c) whether known deficiency alleles could be specifically implicated in protec-
tion. To do this, a multi-step approach was taken, beginning with variant discovery via resequencing of
the G6PD gene in several African cohorts (described in Chapter 3), followed by multiplexed genotyping
of over seventy known and novel polymorphisms, and finally a fine-mapping genetic association study in
the Gambia, an area of Africa where there is considerable allelic heterogeneity [272, 143] contributing to

the prevalence of the G6PD deficiency trait.
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7.3 DMaterials and Methods

Study cohort The case-control cohort was comprised of 3300 controls and 2650 severe malaria cases,
recruited at the Royal Victoria Hospital in Banjul, The Gambia. Malaria cases were confirmed by thin
blood smear, and designated as ‘severe’ following WHO criteria, with two partially overlapping clinical
syndromes identified in the majority of cases: severe malarial anemia and cerebral malaria. Severe
malarial anemia (SMA) was defined here as packed cell volume < 15% or hemoglobin < 5 g/dl, while
cerebral malaria (CM) was defined as having a Blantyre coma score < 3 in the absence of other obvious
causes, e.g. hypoglycemia or meningitis. Five hundred forty (21%) of our cases met the definition for
SMA and 871 (33%) met that for CM, with 127 (5%) cases fitting both definitions (these were excluded
in the analysis of each clinical subphenotype). Control samples were derived from cord blood obtained
from local perinatal clinics. All samples were collected after obtaining informed consent. Study approval
was granted by The Gambia Government/Medical Research Council Joint Ethics Committee and by the
Oxford Tropical Research Ethics Committee (refer to section 2.1.5 for protocol details). A demographic

summary of the cohort is provided in Table S7.1.

Laboratory methods Resequencing of PCR amplicons tiling across 15 kilobases at the G6PD locus
was performed in 330 individuals from The Gambia, Burkina Faso, Cameroon, Nigeria, Kenya, Vietnam,
and Papua New Guinea, with a total of 72 single nucleotide polymorphisms (SNPs) identified, of which 49
were novel (see Chapter 3 for more details). A literature search yielded an additional 25 nonsynonymous
variants known to be associated with G6PD deficiency and identified in sub-Saharan Africa or southeast

Asia in more than one individual.

A total of 70 SNPs were assayed via multiplexed genotyping on the Sequenom MASSarray platform
using a total of three multiplex reactions, with final SNP inclusion priority weighted according to func-
tional significance and derived allele frequency criteria. Genotyping was performed on genomic DNA
that was whole genome amplified via either primer extension pre-amplification or multiple displacement
amplification reaction. All genotype calls were manually curated via visual examination of cluster plots

and mass spectra, with ambiguous genotypes re-coded as missing.

Statistical analyses Data curation was performed using custom Perl scripts and the PLINK soft-
ware package [182]. Individual samples were removed if they exhibited missingness > 0.20, and SNPs
were excluded if they did not meet DAF > 0.01, missingness < 0.10, or deviated from Hardy-Weinberg
proportions (in females) with P < 1075. Genders were curated using chromosome X SNP data, via an
inbreeding coefficient test that recodes gender based on observed heterozygosity. Any remaining het-

erozygous genotypes found in males were coded as missing.
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Association testing was conducted using custom scripts written in R [181]. A logistic regression frame-
work was employed, using a generalized linear model assuming a binomial error distribution. Three
different genetic models were considered: additive (trend), dominant, and recessive. In the additive
model, male genotypes were coded 0/2, with females coded as 0/1/2, as suggested by Clayton [189].
In the dominant and recessive models, males were coded 0/1, and females were coded 0/1/1, or 0/0/1,
respectively. Estimated odds ratios were adjusted by including the following covariates: HbS (sickle
locus) genotype, self-reported ethnicity, and sex. Analysis of covariance was used to test for sex-specific
differences in odds ratio estimates. Additional tests were conducted using the snpMatrix package [183]
and included the 2 d.f. general genotypic and the 1 d.f. Cochran-Armitage trend tests, each Mantel-
stratified by ethnicity and performed only on HbS AA individuals. All odds ratios are presented here as
“OR [95% CI ].”

Composite G6PD deficiency trait genotype was defined as the sum of derived alleles present at all
deficiency loci (968, 542, and 202) for an individual. For example, in the additive model, a male was
coded as 0 or 2, based on the presence or absence of a single derived allele across the three loci, while a
female with a total of one derived allele present was coded as 1, two derived alleles as 2 (this included

nine ‘compound heterozygote’ individuals who had single derived alleles at two different deficiency SNPs).

Haplotypes were inferred in females using fastPHASE [185], with default settings, using the directly
observed male haplotypes as a reference input. Haplotype phasing accuracy was verified by comparing
the haplotype frequency distribution in males and females using chi-square tests. For haplotype associ-
ation testing, an individual was scored 0/1 for the absence or presence of a particular haplotype. Since
females have twice the number of haplotypes as males, one haplotype at random was removed from all
females prior to association testing to avoid artificially skewing the contribution of females to the overall

testing. Haplotype frequency threshold for testing was 0.01.
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7.4 Results
7.4.1 Fine-resolution association mapping at the G6PD locus.

After quality control filtering of low quality samples and polymorphisms, individual tests of disease
association were conducted for 34 SNPs spanning 600 kb, twenty-three of which localize to a 20 kb
region containing the G6PD gene itself (Table S7.2). These included four nonsynonymous variants
at G6PD, which are labeled according to convention based on cDNA sequence position: G6PD968,
G6PD542, G6PD202, and G6PD376 (Table S7.3). Three of these mutations are known to be associated
with enzyme deficiency, with G6PD376 incidentally related to the others, as it alone does not lead to
enzyme deficiency, but the other three deficiency alleles all lie on a 376C derived allele background. The
tests conducted include a general 2 d.f. genotypic test and three 1 d.f. tests considering additive (trend),
dominant, and recessive models of inheritance. These tests yielded seven SNPs with P < 0.01, including
one of the known deficiency alleles, 968G (P44 = 0.007), with 542A (P4, = 0.012) also exhibiting
modest association (Tables S7.5, S7.6, S7.7 and S7.8). Interestingly, no single SNP stood out from
the rest in terms of statistical significance (Figures 7.1 and S7.1), likely reflective of extensive linkage

disequilibrium (LD) between the polymorphisms surveyed (Figures S7.7, S7.8, S7.9, and S7.10).

7.4.2 Stratified testing of two major clinical subphenotypes

As severe malaria encompasses several clinical syndromes distinct in pathophysiology and prognostic
value, I next examined association with the two major clinical subphenotypes predominant in the Gambia:
severe malarial anemia (SMA) and cerebral malaria (CM). Although these subphenotype tests were not
equally powered to detect signals of association (Ngara = 540, Noas = 871), they nonetheless suggested
a differential direction of disease association with respect to SMA and CM for all three known G6PD
deficiency alleles (Figures 7.2, 7.3, S7.2 and S7.3; Table S7.6). Indeed, while these deficiency alleles
seemed to confer protection against CM (additive model: ORggse = 0.71 [0.56 - 0.89], OR5424 = 0.45
[0.22 - 0.95], ORgpor = 0.82 [0.60 - 1.13]), they exhibited a modest trend toward susceptibility for SMA
(additive model: ORggse = 1.10 [0.89 - 1.37], ORp424 = 1.31 [0.85 - 2.03], ORgpor = 1.13 [0.83 - 1.56]).
Interestingly, the 542A allele, which is associated with a more extreme enzyme deficiency state (WHO
class I, 1-2% residual G6PD activity [273]), yielded more extreme effect sizes for both subphenotypes—
greater risk to SMA and greater protection from CM- than either 968G or 202T, which are of milder
biochemical penetrance (WHO class III, 10-20% residual G6PD activity [100]).
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7.4.3 Integrating information from multi-locus haplotypes

Given the strong LD between the polymorphisms in the data set, association tests from individual SNPs
cannot be considered to be independent of one another, and it is useful to interpret single SNP associa-

tion signals in the context of local haplotype structure.

One direct approach to addressing this problem would be to conduct association testing of individ-
ual haplotypes. Such testing is highly specific, in that any correlated genotypes will be present on similar
haplotypes, but poorly powered to detect signals from causal alleles that lie on genetically diverse back-
grounds (i.e. each haplotype that a particular causal allele lies on may exhibit only weak association).
One can restrict the haplotype search space by decreasing the number of sites considered, but this in-
crease in statistical power comes at decreased specificity for identifying the true causal variant. As my
concern here is resolving the multiple signals observed in single SNP testing, I opted to maximize speci-
ficity, and tested all sixteen full-length (34 site) haplotypes present at frequency > 0.01 (542A-bearing
haplotypes did not meet this threshold). In these admittedly underpowered tests, one signal of associa-
tion was found, for a haplotype bearing 968G (the most frequent deficiency allele in the Gambia), which
was associated with severe malaria with OR = 0.64 [0.49 - 0.85], P = 0.002.

Another inferential approach invokes known phylogenetic relationships between haplotypes. The es-
tablished convention at G6PD is to categorize haplotypes with respect to allele identity at G6PD376.
Haplotypes bearing 376T (G6PD B) are known to be older than those bearing 376C (G6PD A), the
latter forming the base for the even younger deficiency allele haplotypes [206, 121]. In the data presented
here, based on increased nucleotide diversity and higher ancestral allele frequencies, it was confirmed
that G6PD B is likely older than G6PD A, which is older than the haplotypes bearing known functional
alleles, on which most alleles are present at or near fixed allele frequency (DAF = 0 or 1), indicative of

a recent time of origin (Figure S7.4).

I re-examined the single SNP test results in the context of these known phylogenetic relationships.
Specifically, I considered all sites on a particular deficiency allele haplotype (DAH) that were uniquely
associated with that haplotype relative to ancestral sequence, i.e. those sites where the DAF was highly
differentiated between the DAH and G6PD B haplotypes (|JA(DAF)| > 0.5). These DAH-specific sites
share three other important characteristics: (1) they include all SNPs exhibiting the strongest LD with
the deficiency SNP itself (upper quartile of pairwise 72 distribution), (2) they encompass all top hits
from the single SNP tests (P < 0.01), and (3) they include sites which are common to all three DAH,
reflecting their common origin from G6PD A. In examining the estimated ORs at these DAH-specific
sites, a pattern consistent with susceptibility to SMA and protection from CM was observed, with each
signal centered at the G6PD gene. In the case of haplotypes bearing 968G and 542A, the functional
allele itself exhibited the most extreme effect with respect to both SMA and CM subphenotypes, which
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suggested that these G6PD deficiency alleles themselves, apart from other DAH-specific alleles, may

exert a causal role with respect to severe malaria (Figures 7.4 and S7.5).

7.4.4 Association of G6PD deficiency trait with severe malaria

Finally, since a similar direction of association with respect to SMA and CM was observed for all three
known deficiency variants, and given that each contributes to the overall prevalence of G6PD deficiency
trait in the Gambia, it made sense to consider them as a unit and examine the association of G6PD
deficiency trait as a whole with severe malaria. Specifically, I tested the hypothesis that possession of
one or more copies of derived alleles at any of the known functional sites was associated with susceptibil-
ity to severe malaria. A composite genotype representing G6PD deficiency trait status represented the
sum of derived alleles across all three deficiency sites, with this genotype scored in the same way as all
other genotypes were, namely that hemizygous-deficient males were treated as equivalent to homozygous-

deficient females.

The results of these tests indicate that G6PD deficiency trait exerts a strong protective effect with
regard to CM (OR = 0.83 [0.74 - 0.92], P = 5.5 x 10~*, additive model) but may confer increased
risk with respect to SMA, especially in fully-deficient individuals (OR = 1.44 [0.99 - 2.09], P = 0.054,
recessive model). This differential direction of association comported with results from the single SNP
tests, was consistent across all genetic models considered, and contrasts with the consistent protective

effect across clinical subphenotypes observed for HbS (Table 7.1 and Figure 7.5).
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Figure 7.5: Composite G6PD genotype association tests — estimated odds ratios.

Table 7.1: Other tests of association.

Results from
association tests using composite G6PD genotypes, where composite genotype is the total number of deficiency
alleles present at either 968, 542, or 202 in an individual. Estimated OR with 95% CI is shown under three
different genetic models (additive, dominant, recessive) for all severe malaria cases (ALL), as well as for each
subphenotype (SMA, CM). Also shown are estimated OR from analyses using either only males (blue square) or
females (pink square). For comparison, the odds ratio for the HbS allele is also shown.

Control Case (SMA, CM) P- ALL Estimated RR P- SMA Estimated RR P- CM Estimated RR
G6PD_add 0.098 0.070 (0.090, 0.060) 5.5e-04 0.83 (0.74 - 0.92) 1.2e-01 1.15 (0.97 - 1.37) 2.1e-04 0.70 (0.59 - 0.85)
G6PD_dom 0.160 0.118 (0.174, 0.104) 9.0e-05 0.72 (0.62 - 0.85) 2.9e-01 1.16 (0.88 - 1.51) 4.9e-05 0.57 (0.44 - 0.75)
G6PD_rec 0.062 0.049 (0.084, 0.045) 6.0e-02 0.79 (0.62 - 1.01) 5.4e-02 1.44 (0.99 - 2.09) 2.6e-02 0.63 (0.42 - 0.95)
HbS 0.133 0.014 (0.006, 0.009) 5.9e-38 0.16 (0.12 - 0.21) 3.5e-09 0.16 (0.09 - 0.30) 1.5e-14 0.10 (0.06 - 0.19)

Sex-specific differences in association In all analyses conducted, I also tested the null hypothesis

that adjusted odds ratios for males and females were the same by analysis of covariance, including an

interaction term between genotype and sex in the logistic regression model, which was further comple-

mented by repeating all association tests stratified by sex. Though the estimated odds ratios for males

and females were often different from one another, these differences were not statistically significant at

P < 0.01 for any of the top hits, known functional alleles, or any DAH-specific alleles. Only for one

SNP, rs2230037, was a marginally significant difference observed between male and female effect sizes

(ORp = 0.99 [0.92 - 1.07); ORp = 1.21 [1.07 - 1.37]; P.yy = 0.006).
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7.5 Discussion

Fine-mapping association study of severe malaria at G6PD The malaria protection hypothesis
posits that the G6PD deficiency trait has been positively selected in malaria-endemic regions owing to
protection conferred against life-threatening manifestations of malaria. The primary aim here was to
conduct an agnostic, fine-mapping association study of severe malaria at the G6PD locus to determine
what, if any signal(s) of association were present, and to see if known deficiency alleles could be specifi-
cally implicated in the protective effect. A secondary aim was to see if there were any differences in the
strength or direction of association across clinical subphenotypes or between genders, given that such

differences might help clarify previous conflicting results from the literature.

The work presented here represents the largest association study of G6PD deficiency to date, and the
first to systematically identify and test the variants that surround known deficiency alleles. A number
of SNPs associated with protection from severe malaria were identified, as was a subset of SNPs that
exhibited differential effects with respect to two important presentations of severe malaria, chief among
these being the known G6PD deficiency alleles. In trying to arrive at a parsimonious explanation for the
multiple association signals observed, it was found that the deficiency alleles themselves exhibited effect

sizes that uniquely stood out among all SNPs specific to deficiency allele haplotypes.

This study provides the somewhat paradoxical result that a single gene can be associated with protection
from and susceptibility to a single disease. The apparent paradox can be resolved when one considers the
extent to which severe malaria subphenotypes differ from one another. The finding of risk conferred to
SMA is not unexpected, then, given that G6PD deficiency is known to generally predispose individuals
to hemolytic anemia in the presence of oxidant stresses from infection, drugs, and diet [274, 28]. Addi-
tionally, there is the possibility that the increased risk to SMA may simply reflect a methodological issue
relating to case classification, where the presence of a chronic, subclinical anemia might predispose G6PD
deficient individuals to falling below the WHO-defined threshold for SMA of 5 g/dl. The evidence for
such a mild persistent anemia in African G6PD deficient individuals is unclear, however; it is supported

by two studies from Tanzania and Malawi [275, 276], but not supported by another study in Nigeria [242].

The other intriguing aspect of the differential association observed concerns natural selection and the
malaria protection hypothesis. Clinical epidemiological studies of severe malaria in Kenya and Ghana
suggest that SMA has an independent mortality risk of 1-4%, whereas CM has 9-30% mortality risk. At
first glance then, it would appear that G6PD deficiency would confer a net selective benefit with respect
to malaria, as the stronger signal of association is found with the subphenotype more predictive of severe
morbidity and mortality, CM [35]. This should be qualified, however, given that SMA predominates in
hyperendemic environments, and thus may on aggregate be just as important a cause of malaria morbid-

ity and mortality as CM [21, 277]. Furthermore, the jaundice and hyperlactatemia that may accompany
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SMA are associated with poor prognosis in severe malaria [21]. Additionally, it should be noted that
the lower mortality observed for SMA in hospital settings is likely reflective of a cheap, readily-available
treatment — transfusion of fresh blood. In rural areas with poor access to health services, the mortality
associated with SMA is likely much higher. Finally, while oxidant-induced acute hemolytic anemia is
generally mild and self-limiting in European populations, it may be more severe in an African setting
where other factors contributing to anemia may be present, such as hookworm infection or nutritional
deficiencies [28]. In summary, while the results of this association study are consistent with the malaria
protection hypothesis, it seems possible that the risk conferred to SMA represents a non-neglible fitness

cost that contributes to balancing selection at the G6PD locus.

As this study was limited to just one country, with its own distinct genetic background and environmen-
tal exposure history, including its own unique pattern of exposure to malaria, it will be important that
further investigation be conducted in as many study populations in as diverse a range of geographic areas
as possible. As there is substantial variation in the biochemical penetrance of G6PD deficiency alleles,

it will also be useful for future work to include enzyme activity assays when feasible.

Previous association studies of severe malaria FEarlier association studies of severe malaria at
G6PD failed to yield clarity with regard to either the specificity and strength of a protective effect.
While much of the attention has centered on the sex-specificity of protection, little has been said about
the strength of association for distinct clinical subphenotypes. I decided to re-examine all large asso-
ciation studies of severe malaria, in the hope that I might reconcile my own findings with respect to

subphenotype association, but also critically evaluate claims of gender differences.

Gilles et al. [138] performed a modestly powered association study of cerebral malaria in Nigeria, with
criteria for inclusion being the presence of high fever, high parasitemia, and either convulsions or coma.
Genotype was assigned based on biochemical typing of G6PD enzyme activity, which was validated us-
ing three different methods. Though this study included only 200 controls and 100 cases, it nevertheless
found a strong protective effect for CM (OR = 0.31 [0.10 - 0.79]; P = 0.007). Two recent studies ex-
amined association with both SMA and CM subphenotypes, each typing the G6PD202 variant (“A-”).
Ruwende et al. [39] examined case-control cohorts from the Gambia (421 controls, 556 cases [174 SMA,
382 CM]) and Kenya (292 controls, 250 cases [115 SMA, 135 CM]), while Guindo et al. [19] conducted
their study in Mali (2765 controls, 271 cases [223 CM, 48 SMA]). A pooled meta-analysis of these two
studies [19] presented strong evidence for protection against CM (OR = 0.44 [0.24 - 0.77], P = 0.002),
but not SMA (OR = 0.70 [0.29 - 1.52], P = 0.48). Taken together, these three studies suggest that

protection from severe malaria is best supported for the CM subphenotype.

The idea of gender differences in association with malaria was first suggested by Luzzatto, Bienzle,
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and co-workers [142, 136], who sought to explain balancing selection for an X-linked trait by positing
that the heterozygote state, present only in females, was associated with decreased parasite rate and
density. In addition to using response variables poorly correlated with disease burden, the specific con-
clusions drawn in the Bienzle et al. study are incongruous— in males, the nondeficient A allele is found
to be protective, and in females, only one type of heterozygote (A-/B but not A-/A) is protected. At
the other end of the debate, Guindo et al. have suggested that protection is limited to males, as they
fully express the deficiency state in all of their red blood cells. However, their conclusions with respect
to gender differences may not be accurate, as their observed female genotype distribution for controls at
G6PD202 (TT: 40, CT: 148, CC: 1011) is inconsistent with frequencies expected under an assumption
of Hardy-Weinberg equilibrium (P = 6.6 x 10722, x? test), suggesting cryptic population structure or
systematic genotyping error. Given that several other studies have found no significant difference in the
protective effect in both males and females [138, 39, 143], it is possible that sex-specific differences in

association at G6PD have been overstated, as has been the case for many other genes [144].

Formulating new hypotheses for protection Red blood cell polymorphisms have long been thought
to confer resistance to malaria, and while strong clinical evidence exists for many variants, including HbS
[138, 139, 278], HbC [18, 140], alpha-thalassemia [279, 280], ABO blood group antigens [153, 157], and

G6PD, little consensus exists regarding the molecular mechanisms underlying protection.

The most well-studied example, sickle cell trait (HbAS), confers substantial protection against mild
as well as severe malaria and each of its constituent subphenotypes [132, 133, 134, 138, 139, 18, 140].
There is consistent in vitro evidence demonstrating impaired invasion and growth of parasites in AS
erythrocytes [145, 146], an increased propensity for infected AS cells to sickle [147] (enhancing splenic
clearance), as well as in vivo observations of decreased parasite density in both natural [132, 133, 134]
and experimental [132, 281] settings. While HbS may also exert protection through other means, such as
modulation of acquired immunity [156] or via impaired rosetting [282] or cytoadherence [155], it seems

to have a strong fundamental component involving parasite survival inside the AS red cell itself.

G6PD deficiency, by contrast, seems to only protect against severe malaria, specifically the CM sub-
phenotype. While some have found evidence of invasion preferences [142] or aberrant in vitro growth
phenotypes [148], others have not [149, 150]. Similarly, evidence of decreased parasite density in vivo is
mixed for both P. vivax [137, 125] and P. falciparum [135, 136, 19]. Thus, in contrast to sickle trait, the
clinical and experimental evidence for G6PD deficiency suggests that the protection afforded may not be

related to parasite survival inside the enzyme-deficient red cell.

Given these differences between HbS and G6PD, it seems all the more important to study clinical
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biomarkers and conduct n vitro experiments relevant to severe manifestations of malaria. Such investi-
gations are especially critical for GEGPD deficiency, where the true protective effect is likely less powerful
than for HbS. Indeed, the mechanism of protection may not be erythrocyte-specific- G6PD is an impor-
tant housekeeping enzyme with a wide distribution in the body, and plays a role in endothelial function
(via NO synthase [83, 80]), as well as in the respiratory burst of immune cells (via NADPH oxidase [84]),
and G6PD deficiency has been found to be associated with immune-related diseases such as diabetes
[104, 105, 106], cardiovascular disease [85, 107, 108], and necrotizing enterocolitis [109]. Ultimately, if
knowledge gained from investigations surrounding the malaria protection hypothesis is to inform clinical
treatment, a better understanding of the molecular mechanisms as they relate to severe disease will be

crucial.
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7.7 Supplemental Information

Table S7.1: Demographic summary table. Shown here are the total number of individuals in this study,
stratified by ethnicity, sex and case-control status (with cases substratified by subphenotype). Also shown is the
mean age (in months) of all cases, as well as those fitting the SMA and CM subphenotype definitions.

Total (M, F) Control Case (SMA,CM) Age (SMA, CM)

FULA 993 528, 465 662 331 81,114 44.8 30.9, 50.4
JOLA 923 485, 438 468 455 97,179  52.6 33.2, 58.2
MANDINKA 1949 1054, 895 1067 882 213,335 51.3 35.8, 56.1
OTHER 1047 579, 468 593 344 76, 137  53.3 39.0, 60.5
WOLLOF 831 445, 386 517 314 79,106 46.5 29.0, 53.9
TOTAL 5743 3091, 2652 3307 2326 546, 871 49.7 33.6, 55.8

Table S7.2: Full SNP summary table.

Shown here for each SNP are:

the genomic coordinate

(hg19/GRCh37), the observed alleles (on the [+]-strand, according to UCSC Genome Browser), and the pre-
dicted functional consequence per gene transcript.

SNP Position  Alleles Gene:Consequence

rs763737 153278307 G/A IRAKIL:INTRONIC

rs1734792 153341060 C/A MECP2:INTRONIC

rs766420 153554404 G/C TKTLI:INTRONIC

rs915941 153626649 C/A RPL10:5PRIME_UTR

rs915942 153626738 G/A RPL10:SPLICE_SITE,RPL10:INTRONIC,RPL10:5PRIME_UTR

rs762513 153675171 A/G FAM50A:INTRONIC

rs28470352_A 153753490 T/A NULL
rs61042368_A 153755336 G/A NULL
rs12389569_A 153757734 G/A NULL
rs12393550_A 153758660 G/A NULL
G6PD_X_b36-153413623_A 153760429 G/A G6PD:SPLICE_SITE,G6PD:SYNONYMOUS_CODING
rs2071429_A 153760508 A/G G6PD:INTRONIC

rs2230037-A 153760654 G/A G6PD:SYNONYMOUS_CODING

rs2230036_A 153760953 c/T G6PD:SYNONYMOUS_CODING
hG6PD_968_ A 153761240 A/G G6PD:NON_SYNONYMOUS_CODING
G6PD_X_b36-153414758_A 153761564 G/A G6PD:INTRONIC
rs5986990_A 153761628 G/A G6PD:INTRONIC

rs2515905_A 153762075 G/A G6PD:INTRONIC

rsH986875_A 153762392 G/A G6PD:INTRONIC
hG6PD_542 B 153762655 T/A G6PD:NON_SYNONYMOUS_CODING
rs2515904_A 153762771 G/C G6PD:INTRONIC
hG6PD_plus376 153763492 T/C G6PD:NON_SYNONYMOUS_CODING
hG6PD_plus202 153764217 c/T G6PD:NON_SYNONYMOUS_CODING
rs762515_A 153764528 T/C G6PD:INTRONIC

rs762516_A 153764663 c/T G6PD:INTRONIC
G6PD_X_b36-153426256_A 153773062 c/T G6PD:INTRONIC,IKBKG:INTRONIC
G6PD_X_b36-153426354_A 153773160 A/C G6PD:INTRONIC,IKBKG:INTRONIC
G6PD_X_b36_153428979_A 153775785 C/T G6PD:5PRIME_UTR,IKBKG:5PRIME_UTR,IKBKG:INTRONIC,G6PD:SPLICE_SITE
rs5986992_A 153776107 C/A IKBKG:5PRIME_UTR,IKBKG:INTRONIC

rs4898389_A 153827637 A/G AF277315.6:INTRONIC

rsH986877_A 153828269 C/G AF277315.6:INTRONIC

rs7879049_A 153829693 A/G AF277315.6:INTRONIC

rs7053878_A 153834100 T/A NULL

rs60030796_A 153836171 A/G NULL

180



Table S7.3: Nonsynonymous SNP summary table. Shown here for each nonsynonymous SNP are: the
internal identifier, any associated dbSNP identifier, the colloquial alias, the genomic position (hgl9/GRCh37),
observed alleles (on the [+]-strand, according to UCSC Genome Browser), amino acid change (according to UCSC
genome annotation coordinates), and G6PD deficiency class (as defined by the WHO). See Chapter 1 for more
details on WHO classes for G6PD deficiency and see Chapter 2 for more details on coordinate mapping systems
used.

SNP dbSNP ID Alias Position  Alleles Amino Acid Change Class
G6PDI68 NULL Betica-Selma 153761240 A/G Leu323Pro 3
G6PD542 NULL Santamaria 153762655 T/A Asp181Val 2
G6PD376  rs1050829 A+ 153763492 T/C Asn126Asp 4
G6PD202  rs1050828 A- 153764217 Cc/T Val68Met 3

Table S7.4: Sample power calculations for G6PD association studies. Using the CaTS program (A.
Skol & G. Abecasis, U. of Michigan), assuming the most conservative effect size reported in the literature (from
Clark, et al. [143]), reasonable estimates of MAF across our study sites, and tolerating a Type I error rate of
1/100, we show power calculations for additive and dominant genetic models.

N Model

cases controls MAF odds ratio P-value additive dominant
500 500 0.15 0.75 0.01 0.25 0.17
1000 1000 0.15 0.75 0.01 0.54 0.39
2000 2000 0.15 0.75 0.01 0.88 0.75
500 500 0.10 0.75 0.01 0.17 0.13
1000 1000 0.10 0.75 0.01 0.38 0.30
2000 2000 0.10 0.75 0.01 0.74 0.63
500 500 0.05 0.75 0.01 0.08 0.07
1000 1000 0.05 0.75 0.01 0.19 0.17
2000 2000 0.05 0.75 0.01 0.42 0.38
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Table S7.5: Basic tests of association — 2 df genotypic. Shown here are the results of the 2 d.f. general
genotypic association tests. For each SNP is listed: genomic position (hgl9/GRCh37), as well as P values for
association tests for all severe malaria (ALL), or either SMA or CM subphenotype, along with results from sex-
stratified tests. Note that ‘NA’ is the result of insufficient data in the cells of the 2x3 table, which is why males
cannot be analyzed alone using this test, as they have an obligate zero count in the heterozygote genotype cells.

SNP Position P - ALL (M, F) P-SMA (M, F) P-CM M, F)
rs915942 153626738 6.1e-04 NA, 1.6e-02 3.2e-01 NA, 8.5e-01 2.2e-02 NA, 9.7e-02
rs12389569_A 153757734 1.9e-03 NA, 1.2e-02 8.6e-01 NA, 6.7e-01 1.9e-02 NA, 1.3e-01
rs915941 153626649 3.4e-03 NA, 1.0e-01 4.3e-01 NA, 5.8e-01 2.8e-01 NA, 5.9e-01
rs762515_A 153764528 3.7e-03 NA, 8.2¢e-02 8.8e-01 NA, 9.3e-01 6.1e-04 NA, 2.0e-02
rs12393550_A 153758660 8.8e-03 NA, 1.2¢e-01 5.3e-01 NA, 4.9e-01 5.3e-03 NA, 5.4e-02
hG6PD_968_A 153761240 1.5e-02 NA, 3.1e-01 6.1e-01 NA, 7.6e-01 1.1e-02 NA, 6.5e-02
rs28470352_A 153753490 2.5e-02 NA, 1.0e-01 6.9e-01 NA, 6.5e-01 2.5e-02 NA, 1.2e-01
rs7053878_A 153834100 5.4e-02 NA, 1.7e-01 5.7e-01 NA, 2.9e-01 3.4e-01 NA, 4.4e-01
hG6PD_plus376 153763492 6.3e-02 NA, 1.9e-01 2.9e-01 NA, 4.2e-01 1.4e-02 NA, 1.0e-01
rs763737 153278307 8.7e-02 NA, 1.2e-01 3.le-01 NA, 3.3e-01 7.5e-02 NA, 8.9e-02
rsb986990_A 153761628 1.0e-01 NA, 1.3e-01 5.0e-01 NA, 6.2e-01 6.0e-02 NA, 1.6e-01
rs7879049_A 153829693 3.0e-01 NA, 1.0e+00 8.1e-01 NA, 7.5e-01 5.1e-02 NA, 2.3e-01
rs1734792 153341060 3.1e-01 NA, 3.1e-01 4.6e-01 NA, 4.5e-01 4.9e-01 NA, 6.3e-02
G6PD_X_b36_153414758_A 153761564 3.7e-01 NA, 5.9e-01 5.6e-01 NA, 6.6e-01 7.0e-02 NA, 7.1le-01
rs2230037_A 153760654 3.8e-01 NA, 1.2e-02 9.4e-01 NA, 8.8e-01 3.0e-01 NA, 3.9e-03
rs2071429_A 153760508 3.9e-01 NA, 5.8e-01 6.1e-01 NA, 6.7e-01 6.5e-01 NA, 6.0e-01
rs2515904_A 153762771 4.1e-01 NA, 3.2e-01 6.3e-01 NA, 7.8e-01 1.2e-01 NA, 3.2e-02
G6PD_X_b36_153413623_A 153760429 4.2e-01 NA, 8.0e-01 6.3e-01 NA, 3.3e-01 8.7e-01 NA, 5.7e-01
rs762513 153675171 4.9e-01 NA, 9.9e-02 2.2e-01 NA, 1.4e-01 7.1e-02 NA, 1.8e-02
rs766420 153554404 5.4e-01 NA, 5.2e-01 7.7e-01 NA, 7.7e-01 5.8e-01 NA, 6.7e-01
rs2230036_A 153760953 ©5.5e-01 NA, 7.5e-01 4.1e-01 NA, 8.7e-01 1.5e-01 NA, 8.2e-01
rsb986877_A 153828269 5.7e-01 NA, 9.1e-01 3.5e-01 NA, 5.9e-01 9.6e-01 NA, 8.0e-01
rs60030796_A 153836171 5.7e-01 NA, 7.4e-01 3.2e-01 NA, 3.7e-01 3.7e-01 NA, 3.9e-01
rs762516_A 153764663 6.3e-01 NA, 6.2¢e-01 5.3e-01 NA, 6.4e-01 1.9e-01 NA, 6.0e-02
rs4898389_A 1563827637 6.6e-01 NA, 8.1e-01 5.2e-01 NA, 4.6e-01 6.0e-01 NA, 2.6e-01
G6PD_X_b36_153426256_A 153773062 7.1e-01 NA, 6.6e-01 2.1e-01 NA, 3.4e-01 4.1e-02 NA, 2.5e-01
rs2515905_A 153762075 7.4e-01 NA, 4.3e-01 5.1e-01 NA, 7.7e-01 3.0e-01 NA, 5.6e-02
G6PD_X_b36_153428979_A 153775785 7.5e-01 NA, 5.9e-02 7.7e-01 NA, 5.5e-01 5.2e-01 NA, 8.7e-02
rs61042368_A 153755336 9.5e-01 NA, 7.7e-01 2.0e-01 NA, 6.3e-01 3.1e-01 NA, 9.9e-01
G6PD_X_b36_153426354_A 153773160 1.0e+00 NA, 9.8e-01 6.8e-01 NA, 7.1le-01 8.4e-01 NA, 7.4e-01
rsb986875_A 153762392 NA NA, NA NA NA, NA NA NA, NA
hG6PD_542_B 153762655 NA NA, NA NA NA, NA NA NA, NA
hG6PD_plus202 153764217 NA NA, NA NA NA, NA NA NA, NA
rsb986992_A 153776107 NA NA, NA NA NA, NA NA NA, NA
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Figure S7.4: Canonical haplotypes at G6PD. A random sampling of fifty haplotypes are shown for the
three deficiency (968, 542, 202) and two nondeficiency (A, B) haplotypes to illustrate haplotype structure and
phylogeny. Sites are shown across the x-axis and individual haplotypes piled along the y-axis, with ancestral (blue)
and derived (yellow) alleles differentiated by color. Also indicated are sites that define a particular haplotype
(red arrowhead).
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Figure S7.5: Relationship between OR and pairwise r? with deficiency SNP. We plot pairwise r

2

(with deficiency alleles) vs. estimated OR for all sites specific to a deficiency allele haplotype (DAH). Sites
common to all three DAH (open squares) are shown along with sites unique to each DAH (filled squares), with
nonsynonymous variants associated with enzyme deficiency shown in blue (the point furthest to the right, at
r? =1, is the deficiency allele itself). LD metrics are reviewed in Chapter 2: Supplemental Information.
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Figure S7.6: Haplotype frequency distribution in males versus females. Given that male haplotypes are
known and female haplotypes inferred, this is acts as a check on phasing accuracy by fastPHASE. The frequency
distribution of all shared haplotypes between males and females (top) and the P values for corresponding x? tests

(bottom) are shown.
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Figure S7.7: LD plot (full): FULA (LD statistic: %). Pairwise LD matrix is shown in colorimetric
form, using the D’ and LOD metrics (reviewed in Chapter 2: Supplemental Information). Colors indicate: D’ =
1 and LOD > 2 (red), D’ = 1 and LOD < 2 (blue), D’ < 1 and LOD > 2 (pink), D’ < 1 and LOD < 2 (white).
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Figure S7.8: LD plot (full): JOLA (LD statistic: %). Pairwise LD matrix is shown in colorimetric
form, using the D’ and LOD metrics (reviewed in Chapter 2: Supplemental Information). Colors indicate: D’ =
1 and LOD > 2 (red), D’ = 1 and LOD < 2 (blue), D’ < 1 and LOD > 2 (pink), D’ < 1 and LOD < 2 (white).
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Figure S7.9: LD plot (full): MANDINKA (LD statistic: %). Pairwise LD matrix is shown in
colorimetric form, using the D’ and LOD metrics (reviewed in Chapter 2: Supplemental Information). Colors
indicate: D’ = 1 and LOD > 2 (red), D’ = 1 and LOD < 2 (blue), D’ < 1 and LOD > 2 (pink), D’ < 1 and LOD

< 2 (white).

Figure S7.10: LD plot (full): WOLLOF (LD statistic: %). Pairwise LD matrix is shown in colorimetric
form, using the D’ and LOD metrics (reviewed in Chapter 2: Supplemental Information). Colors indicate: D’ =
1 and LOD > 2 (red), D’ = 1 and LOD < 2 (blue), D’ < 1 and LOD > 2 (pink), D’ < 1 and LOD < 2 (white).
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Figure S7.11: LD plot (functional SNPs) — between deficiency-associated SNPs and all other SNPs.
Pairwise LD matrices, stratified by ethnicity, show linkage disequilibrium between each deficiency-associated SNP
and all other SNPs in colorimetric form (key at right side of plot), using the 72 metric.
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Chapter 8

Conclusion

8.1 Examining the relationship between genetic variation at
G6PD and malaria — new insights and new tools

The questions addressed in this dissertation all center around the idea of understanding how genetic
variation at G6PD relates to variation in important molecular and clinical phenotypes, specifically with
respect to malaria. While many others have investigated these questions over the past sixty years, my
approach differs in the use of new genetic methodologies that enable consideration of questions that were
previously intractable. The work presented here reveals important new insights into the genetics and
biology of G6PD deficiency and how it relates to malaria, but also contributes new tools that may prove

useful for future research.

8.1.1 Defining global genetic variation at G6PD

I began by first considering the characterization of genetic variation at the G6PD locus, a prerequisite
for all downstream fine-mapping association work. In Chapter 3, new information on population genetic
variation at G6PD was presented in the form of targeted resequencing and dense genotyping performed
at the locus in twelve populations in Africa and southeast Asia, as was a locus-specific database for
organizing that data and existing data from the literature. Chapter 4 presented a new methodology for
using massively parallel sequencing of pooled, untagged PCR amplicons tiling a locus of interest (e.g.
G6PD or a GWAS candidate region) to obtain a roughly quantitative estimate of genetic variation in a
population. It is hoped that the data and tools presented in these chapters will be of utility to researchers
interested in understanding human genetic diversity generally, but also at the G6PD locus in particular,

and will inform design of both population genetic and association studies at the locus.

8.1.2 Understanding variation in G6PD molecular phenotypes

In the next two chapters, I examined the relationship between genetic variation at G6PD and variation
in the molecular phenotype of G6PD enzyme activity. In chapter 5, I built upon the genetic variation
data collected in Chapter 3 to conduct a fine-mapping association study of G6PD activity in Kenya,

confirming a strong effect for one well-described variant (202/A-), and demonstrating a subtle, but still
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important effect for other common variants in modulating G6PD activity independently of the 202/A-
variant, suggesting that multiple alleles at the locus may influence risk of G6PD deficiency state. Chapter
6 was largely methodological in nature, and concerned the development of a new cytofluorometric tool for
typing G6PD deficiency at the level of an individual RBC, one that may be useful as a screening tool for
G6PD deficiency in resource-poor settings, especially regions exhibiting allelic heterogeneity. The picture
that emerged from these chapters was that a single deficiency variant, here the 202/A- African variant,
could exhibit variable biochemical penetrance in different individuals, and that studying the relationship
between genetics and molecular phenotypes can reveal useful insights for the design and interpretation

of clinical association studies.

8.1.3 Fine-mapping association study of severe malaria in the Gambia

In the final chapter, I considered the association between genetic variation at G6PD and susceptibility
to severe malaria. Specifically, I asked whether heterogeneity at the level of either functional genetics
or differing severe malaria syndromes could explain past conflicting results in the literature. Upon
conducting a fine-mapping case-control association study of severe malaria and its constituent clinical
subphenotypes in the Gambia, I found that three known deficiency alleles exhibited differing direction
of association with respect to two important clinical syndromes, trending towards risk conferred to
severe malarial anemia (SMA), but protection with respect to cerebral malaria (CM). The importance of
considering allelic heterogeneity was also demonstrated, as pooling of all three deficiency alleles together
to conduct association tests of G6PD deficiency state as a whole was able to demonstrate the same trend
with respect to CM and SMA, but with stronger statistical significance. These results emphasize the
importance of accounting for allelic heterogeneity and differences in clinical presentation in the analysis

and interpretation of association studies of severe malaria.

8.2 Dissecting heterogeneity in molecular and clinical pheno-
types associated with G6PD deficiency

In seeking to understand the association between G6PD deficiency and certain important clinical phe-
notypes, the key insight gleaned centers around latent heterogeneity, both at the genetic level, and at
the level of individual phenotypes. I discuss this heterogeneity and its implications for the main findings

presented in this thesis, as well as for future work, in the sections below.

8.2.1 Exploring variation in G6PD molecular phenotypes

The work presented in Chapter 5 represents the first fine-mapping genetic association study of G6PD
enzyme activity. It was a study uniquely powered to address the possibility that other genetic modifiers
of G6PD activity existed at the locus, and that such genetic heterogeneity might explain why association
studies of severe malaria involving the common African variant 202/A- have yielded different results in

different populations [138, 39, 143].
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The agnostic approach I took differs from that of previous investigators, whose assumptions about the
functional determinism of coding sequence variation implicitly discounted the role that noncoding vari-
ation might play. Such work generally involved population screening of biochemical G6PD deficiency,
followed by ¢cDNA sequencing of affected individuals [205, 100]. Apart from missing information on non-
coding variation, this approach was also insensitive to the impact of subtler functional variants. Such
polymorphisms include the SNPs identified in the present study that tagged the H+ and H- haplotypes
and doubled the risk to G6PD deficiency state in 202CT heterozygote females.

At least two other large-scale studies have examined the relationship between genotype at 202/A- and
G6PD enzyme activity. The first study, conducted by May et al. in Nigeria [242], genotyped both the
202/A- and the 376/A+ polymorphisms, and obtained enzyme activity measurements in 606 individuals
(421 children, 185 adults). The second study, conducted by Johnson et al. in Uganda [243], obtained
genotypes at 202/A- only, along with G6PD activity data for a total of 600 children. In both studies,
there was a strong association between genotype at 202/A- and G6PD activity, but additionally, both
studies noted the difficulty of categorizing female heterozygotes, as their enzyme activity levels over-
lapped significantly with wild-type. This observation has important public health relevance with respect
to assessing the hemolytic risk of heterozygote females and their offspring, and was a key motivator for

the work undertaken here.

The availability of dense genotyping data at thirty polymorphic sites, coupled with three-fold greater
sample size allowed the present study to uncover cryptic heterogeneity in the female heterozygote popu-
lation and identify a subgroup of 202CT heterozygotes that were at increased risk for G6PD deficiency
state by virtue of possessing a particular haplotype signature. Interestingly, the 376/A+ SNP that tags
the H- haplotype which confers this added risk was also found to confer lower enzyme activity to 202CT
heterozygotes in the May et al. study, though the difference was not statistically significant.

In genotyping thirty variants across the locus, the present study was able to not only identify a subgroup
of female heterozygotes at increased hemolytic risk, but also implicate a role for common, and poten-
tially noncoding, variation in modulating the phenotype of what was thought to be a Mendelian trait.
Multi-site haplotype analyses proved critical in elucidating the role of these variants, demonstrating that
two common haplotype motifs were associated with changes in G6PD enzyme activity independent of
202/A-. Additionally, the absence of any uniquely strong signal of association (c.f. 202/A-) across the
twelve sites that defined the H+ and H- haplotypes suggested that the causal variant was not among
these SNPs, and that it might not even be at the G6PD locus itself, as two of these tagging SNPs were
hundreds of kilobases away from the gene. One possibility is that there could be multiple variants acting

in concert to affect protein expression and/or function, for example the 376/A+ nonsynonymous variant
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and the G6PD_X_b36_153428979 5> UTR splice site variant. Another possibility is that interactions
between RBC may affect gross activity in mosaic females. Thus, in a 202CT female, whose RBC consist
of a mixture of 202C (wild-type) and 202T (deficient) RBC, the oxidant species generated in 202T cells
could synergistically impact 202C cells co-expressing the H- haplotype by exacerbating the mild defi-

ciency already present in those cells.

Finally, the simpler question relevant to interpreting past association studies of severe malaria centers
around whether there is evidence of a causal role for 202/A- with respect to both molecular and clinical
phenotypes. My work demonstrated a strong association, that while not unexpected, was nonetheless
strongly suggestive of a causal role with respect to enzyme deficiency, as the 202/A- allele, among SNPs
covering several hundred kilobases, exhibited a strength of association with G6PD activity that other
SNPs only mirror by virtue of strong linkage disequilibrium with it. Furthermore, the same 202T allele
has been reported to be sufficient to cause class 3 enzyme deficiency on its own in a Japanese family where
the mutation occurred by chance on a different, non-African genetic background [224]. Altogether, then,
compelling evidence exists to support a causal role for the 202/A- allele with respect to G6PD enzyme
deficiency, though it is still possible that the trait itself is only indirectly associated with the variant(s)

that are causal with respect to clinical phenotypes.

8.2.2 Decomposing variation in G6PD clinical phenotypes

The results presented in Chapter 7 were likewise reliant on dense genotyping at the G6PD locus and large
sample size. These methodological advantages enabled detection of previously unrecognized heterogeneity
at the level of clinical phenotypes, and reinforced the importance of accounting for allelic heterogeneity
at G6PD in west Africa, as effects that were subtle when considering any single deficiency allele alone
were made statistically robust when pooling all three SNPs together and considering G6PD deficiency as
a trait. Additionally, as with the biochemical phenotype work discussed above, the utility of considering
haplotype structure was demonstrated, as each deficiency allele was found to exhibit more extreme effect
sizes for association with both clinical subphenotypes relative to other alleles specific to deficiency allele

haplotypes.
8.2.2.1 Association signal resolution and the malaria protection hypothesis

The purpose of the Gambian fine-mapping study was to critically evaluate the malaria protection hypoth-
esis and determine if the locus G6PD locus generally, or deficiency alleles specifically, were associated
with protection from severe malaria. In contrast to the biochemical phenotype study in Chapter 5, or
fine-mapping work done for the HbS polymorphism at the 8-globin locus [174], T was unable to identify
any single variant that stood out with a uniquely strong association signal. Indeed, variants several
hundred kilobases away from the gene exhibited modest signals of association of similar magnitude to
those found at the gene itself, and no signal met the genome-wide association study (GWAS) threshold

used in the same Gambia cohort by Jallow et al. of P < 10~% [174]. Several possible explanations for
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this phenomenon exist, and these are discussed below.

One possible explanation that has been previously proffered by Jallow et al. [174] and Teo et al. [173]
concerns the structure of linkage disequilibrium (LD) in the Gambia. Here, as in other African popula-
tions, the strength of LD between neighboring loci falls off with distance more rapidly than in non-African
populations, as was observed by the HapMap project [161]. The practical implication of this population
genetic phenomenon is that association studies relying on a tag-SNP approach (e.g. GWAS), where the
causal variant is unlikely to be typed directly, and is instead indirectly inferred by the presence of an
association signal at a neigboring SNP with which it is correlated, will require greater SNP coverage den-
sity to achieve similar study power in African populations. While there is strong evidence implicating the
functional role of G6PD deficiency alleles with respect to biochemical phenotypes, it is still nonetheless
possible that these alleles are not directly responsible for clinical protection. As G6PD is located on a
gene-dense region of chromosome X (Xq28), it is plausible that some other gene might actually harbor
the true causal variant that mediates protection from malaria. Indeed, the ancestral haplotype analysis
presented here suggested a common genetic background for all three deficiency alleles, so there may be an
older and physically distant causal mutation that exhibits differential LD with respect to the deficiency
alleles. If this pattern of LD varied between different African populations, this might also explain the

geographic heterogeneity of past association studies.

Another possible explanation is that a combination of functional allelic heterogeneity and small effect
sizes limits the signal resolution in a fine-mapping experiment at the locus. In other words, even if the
deficiency SNPs represented true causal variants of modest effect, their shared ancestral history creates
overlapping patterns of LD with neighboring SNPs such that no single variant will uniquely stand out.
Another consequence of allelic heterogeneity is that the single SNP association tests conducted lose some
power, in that the control population consists of a proportion of individuals with the other deficiency
alleles not being considered in a specific test. In order to address this latter issue, and achieve greater
statistical power, association tests were conducted that considered G6PD deficiency as a trait, and thus

more directly addressed the malaria protection hypothesis.

8.2.2.2 Rationalizing differential association with clinical subphenotypes

In examining association with major clinical subphenotypes of severe malaria, a differential direction
of association was observed, with protection conferred against CM but risk with respect to SMA. This
paradoxical result, where a single gene was involved both in protection from and susceptibility to different
manifestations of the same disease, contrasts with sickle trait, which was found to be strongly protective
against both SMA and CM. These differences may reflect pathophysiological distinctions in how each

trait protects against malaria.
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Protection conferred by sickle trait The relationship between sickle trait (HbAS) and malaria has
been well-studied for over a half century, and in contrast to G6PD deficiency, the evidence for protection
obtained by clinical epidemiology studies has been unequivocal, with protection seemingly conferred
against all forms of disease, mild and severe, SMA and CM [132, 133, 134, 138, 139, 18, 140]. Additionally,
there is strong experimental and clinical evidence suggesting that the AS red cell is inhospitable for
parasite growth [145, 146] and more likely to be cleared at a higher rate by splenic macrophages [147].
Later work has added observations that might further explain sickle protection from severe malaria,
including the finding of reduced rosetting [282], impaired cytoadherence [155], and greater tolerance
to cell-free hemoglobin generated during red cell lysis [87], but in contrast to G6PD deficiency, where
both in vivo parasite density studies [135, 136, 19] and in vitro experimental work [148, 149, 150] have
yielded conflicting results, the sum of all evidence for HbAS suggests that the level at which protection
is conferred involves an earlier stage in the progression of disease pathogenesis. It is because sickle trait
exerts protection early on that we see an even stronger depletion of HbAS alleles in those patients who
progress to the most severe manifestations of the disease, which is reflected in the extremely strong

protective effect observed for all forms of severe malaria in association studies.

Risk conferred by G6PD deficiency to SMA As G6PD deficiency is known to predispose individ-
uals to episodes of acute hemolysis in the context of certain infections, one simple explanation for risk
conferred to SMA is that the oxidant stress generated during the immune response to malaria infection is
especially injurious to G6PD-deficient (and thus glutathione-deficient) RBC. Given that severe malarial
anemia is thought to involve oxidative damage to and more rapid senescence of uninfected RBC, and that
the 202/A- enzyme variant is thought to degrade rapidly as RBC age, this explanation is quite attractive.
In fact, variant enzyme stability may be related to RBC survival via a synergistic feedforward mechanism
where G6PD deficiency predisposes to oxidant damage in RBC, which then leads to faster degradation of
any residual active G6PD protein, and thus hastens senescence and destruction by splenic macrophages.
Consistent with this idea is the observation that hallmarks of senescence, including enhanced binding
of autologous IgG and complement C3, as well as increased extracellular exposure of phosphatidylserine

groups on the cell membrane, are increased in oxidatively-stressed G6PD deficient RBC [150, 75].

An alternate, and even simpler explanation invokes SMA case classification. The hemoglobin concen-
tration (Hb) that defines SMA according to the WHO is 5 g/dL, a threshold that might be easier for
a G6PD-deficient child with malaria to meet if infection is superimposed upon a mild chronic anemia,
which itself could be the result of not only oxidative stress in the red cell, but also differences in other

factors that predispose to anemia, e.g. iron metabolism or hookworm susceptibility [28].

Finally, it is also possible that erythropoiesis may be diminished in G6PD deficient individuals, perhaps

by diminishing production of erythroid precursor responsiveness to erythropoietin, though one might
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intuitively expect the opposite to be true as a compensatory mechanism to mitigate chronic subclinical
hemolysis in such individuals. Interestingly, experiments done using mouse embryonic stem cells wholly-
deficient in G6PD activity demonstrates that G6PD activity is indispensable in order for erythroid
precursors to avoid apoptosis secondary to oxidative damage generated by newly formed hemoglobin

[283)].

Protection conferred by G6PD deficiency against CM The protection conferred against CM is
somewhat perplexing when one considers the biological function of G6PD throughout the body. In fact,
there are many reasons why one might assume the opposite to be true, namely that G6PD deficiency
should confer risk to CM. For example, G6PD activity and NADPH are necessary for the activities of
nitric oxide synthase (NOS) and heme oxygenase, two enzymes whose activities are thought to be impor-
tant in limiting the severity of malarial illness. For example, heme oxygenase activity is known to protect
against CM in mice via production of carbon monoxide which limits the oxidation of cell-free hemoglobin
and the release of the pro-oxidant heme moiety [87]. Likewise, low nitric oxide bioavailability has been
linked to CM pathogenesis in rodents and humans [284, 285], and increased plasma levels of asymmetric
dimethylarginine (ADMA), an endogenous inhibitor of NOS, were recently found to be associated with

severe malaria in Indonesian adults [286].

In spite of the aforementioned reasons why G6PD deficiency might serve to exacerbate CM, there has
been a consistent protective effect observed in all three association studies conducted [138, 39, 19], in three
different populations, using three different G6PD typing methods (see Chapter 7 for a full discussion).
While several mechanisms could plausibly mediate this effect given the role of G6PD in fundamental
physiological processes, I consider two strong possibilities below, one at the level of the deficient red cell,

and the other in the deficient phagocyte.

In the G6PD deficient red cell, limited bioavailability of glutathione might impact the ability of the
parasite to properly export PfEMP1 to the cell surface, which would not only impact the ability of the
parasite to evade the host immune system via sequestration, but also limit the ability of the parasite
to adhere to cerebral microvascular endothelium and form rosettes with uninfected RBC. A more rapid
immune response would limit parasite density and the accumulated pathophysiological effects of a per-
sistent infection [10], while weaker adhesion properties for infected RBC (iRBC) would serve to diminish
the degree of endothelial and coagulation pathway activation and the immunopathogenesis thought to

be contributory to CM [154].
In the same vein, the immunopathogenesis of CM might also be limited by impaired G6PD function

in phagocytic cells, principally macrophages. In order to lyse iRBC and free merozoites, macrophages

generate reactive oxygen species (ROS) such as superoxide and peroxynitrite via NADPH oxidase and
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inducible NOS (iNOS), respectively. With less NADPH available, less ROS will be produced, and fewer
off-target effects that contribute to systemic immune activation will result. While a severely impaired
respiratory burst is detrimental to clearing infection [84], and poor systemic bioavailability of NO limits
vascular reactivity [80], it is possible that a tempered respiratory burst might actually be beneficial in
limiting endothelial activation, platelet and white cell recruitment, fibrin deposition, etc. Indeed, evi-
dence from cardiovascular research suggests that deficient G6PD activity and limited NADPH oxidase
activity in macrophages might be linked to decreased atherosclerotic plaque formation and decreased

risk for cardiovascular disease [85, 107, 108].
8.2.2.3 The absence of sex-specific differences in association

While previous association studies of severe malaria have claimed sex-specific protective effects, the
study presented here, which is the first to conduct formal hypothesis tests for differences in allelic odds
ratios between males and females, found no significant differences for any of the deficiency alleles tested.
Additionally, as detailed in Chapter 7, the claims of previous investigators such as Bienzle et al. [136]
and Guindo et al. [19] regarding female- and male-specific protection, respectively, must be viewed
cautiously in light of specific methodological issues and incongruities found in each study. Furthermore,
undue focus on sex specificity leads to gender-stratified association testing which is inherently half as
powerful in addressing the main question relating to the malaria protection hypothesis, namely whether
an association between G6PD deficiency and severe malaria exists. Indeed, Clayton recommends that
sex-stratified testing be avoided on the X chromosome, provided that males and females do not differ in
mean allele frequency and that a genetic model where female heterozygotes are treated as intermediate
between both genotypic extremes is plausible [189]. Here, both conditions are met, as male and female
allele frequencies are similar for all deficiency SNPs, and the biochemical phenotype data presented
in Chapter 5 validates the assumptions of our genetic model, where female heterozygotes demonstrate
G6PD enzyme activity intermediate between wild-type and deficient individuals. Finally, it is worth
mentioning that the false positive rate of sex-specificity claims in association studies is extraordinarily

high as documented in a meta-analysis by Patsopoulos et al. [144].

8.3 Future directions — toward a better understanding of the
functional genetics of G6PD deficiency

In the next ten years, there will be a considerable increase in the amount of genetic variation data
available throughout the genome, and as the cost of sequencing continues to drop, it will likely become
cost-effective to obtain whole genome sequence for all individuals in a genome-wide association study.
Similarly, more and more collaborative work will be done in the form of disease- and task-specific con-
sortia, such as MalariaGEN and the Worldwide Antimalarial Resistance Network (WWARN). Taken
together, these developments will generate massive amounts of data, and have the potential to solve out-

standing scientific puzzles, such as the one considered in this dissertation. Perhaps with the combination
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of whole-genome sequence data and the large sample sizes possible in consortia, it could even become

trivial to identify novel loci associated with protection from disease.

Even assuming such an optimistic scenario, what would remain outstanding is the missing link between
genetics and clinical outcomes, namely the molecular mechanisms that underlie disease association, and
how such knowledge can be translated into clinical application. Sickle cell trait provides an informative
case-in-point. While the malaria-protective effect was identified nearly sixty years ago, and studies using
a variety of experimental and natural systems suggest that it is some combination of decreased parasite
viability and virulence, as well as host adaptation that is responsible for protection, it remains unclear
today what the relative contribution of these different molecular mechanisms are, and none have been

exploited to inform antimalarial drug design or the development of supportive therapy.

For G6PD deficiency, the problem may be even more challenging, for all the reasons that have been
discussed thus far, including allelic heterogeneity, differential biochemical penetrance, as well as conflict-

ing results from both clinical association studies and in vitro mechanistic work.

8.3.1 New avenues in exploring molecular phenotypes

Studying G6PD deficiency is of interest to malaria researchers not only because of the malaria protection
hypothesis, but also because of important drug sensitivity reactions that occur with administration of
certain antimalarials, most notably primaquine. As mass primaquine administration has been discussed
recently as a means to concurrently reduce P. vivaxr and P. falciparum transmission as part of malaria
elimination campaigns, the high prevalence of G6PD deficiency in many malaria-endemic regions be-
comes an important issue of global public health. As much remains unclear about who is susceptible to
primaquine-induced hemolysis, further research will be necessary in different populations to determine
the risk conferred by varying degrees of enzyme deficiency, and whether any informative genetic modifiers
of that risk can be identified that would increase the specificity of genetic testing. It would also be worth
testing the positive predictive value of various biochemical assays as they may be more cost-effective in

a resource-poor setting where multiple deficiency alleles coexist.

Repeating the experiment A necessary first step in understanding the work presented in Chapter
5 will be to simply repeat the experiment, in a different part of Africa, with different environmental ex-
posures and genetic backgrounds, and importantly, one where other G6PD deficiency alleles are present.
An ideal first location would be the Gambia, where three deficiency alleles of varying biochemical pen-
etrance are present at greater than 1% frequency, and where three of the large case-control studies of
severe malaria at G6PD have now been conducted. Together with the Kenyan data, a pooled meta-
analysis would be even better powered to detect subtle effects that impact G6PD activity. It would be

especially intriguing to repeat this study in southeast Asia or Oceania, regions with even greater known
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functional allelic heterogeneity, to see if G6PD activity there is similarly mediated by the independent

effects of multiple variants, both coding and noncoding, at the locus.

Refining our understanding of functional genetics In the Kenyan study, it is likely that the
causal alleles underlying the minor determinants of G6PD were not part of the present study, as de-
scribed earlier. Additionally, in our work, as well as in other studies conducted in east Africa [243],
some phenotypically G6PD deficient individuals were wild-type at the 202/A- SNP. To identify sources
of outstanding unexplained variation in our data, one useful future experiment will be simply to add
more complete genetic data to the Kenyan enzyme activity data set. One simple, cost-effective way to
better resolve signals near the locus itself would be via imputation of untyped SNPs using whole genome
sequence data for the HapMap Luhya as a reference panel. Whole-genome genotyping or sequencing data
would be even more useful, as G6PD activity is likely to be determined by the independent and additive
effects of multiple loci given the number of biochemical pathways (e.g. nitric oxide generation, reduction
of glutathione) and known endogenous regulators (e.g. p53 [76], DHEA [75]) with which it interacts.
Also, assuming that G6PD enzyme activity is related to thermal instability in the aging erythrocyte, it
may be that factors that affect RBC lifespan, such as oxidant stress or reticuloendothelial system func-

tion, would impact gross activity, and these could only be fully elucidated via a whole-genome approach.

It will also be useful to conduct future work that considers other molecular phenotypes related to GGPD
deficiency. For example, the cytofluorometric assay presented in chapter 6 decomposes gross, population-
level G6PD activity in hemolysate to that present in individual RBC, a gain in information content that
might provide valuable insight relevant to RBC senescence and variable enzyme activity in female het-
erozygotes. Other metabolites will also be important to examine, especially glutathione, given that it is
a critical driver of demand for G6PD activity in the RBC and is easily assayed using dichlorofluorescein
[287]. Additionally, studying G6PD activity in nucleated cells will be useful, especially hepatocytes and
macrophages, given their roles in neonatal jaundice and malaria. While it has been reported that the
G6PD activity of nucleated cells in a 202/A- individual is roughly similar to that of wild-type [97, 288],
these studies have generally been conducted at steady state (i.e. basal activity state) and in only a few
individuals. Larger studies examining G6PD activity in hepatocytes and macrophages under conditions
of stress, e.g. conditions that mimic the bilirubin conjugation load in a newborn, or the respiratory burst
stimulated by IFN-v, will be useful in order to understand the impact of G6PD enzyme deficiency in

important nucleated cells that contribute to common pathophysiology.

Predicting risk of hemolysis The practical importance to modeling the genetic basis for variation
in molecular phenotypes such as G6PD activity has to do with assessing individual and population risk
of hemolytic events given environmental and infectious agent pressure. For example, if primaquine is
to be mass administered in a local malaria elimination campaign, it is important to be able to assess

and closely monitor those with the greatest likelihood of developing drug-related complications. One
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simple genetic approach would be to conduct a prospective cohort study looking at the ability of one
or more SNPs to predict the likelihood of hemolysis. An ideal genetic assay would need to be sensitive
enough to predict most hemolytic events, but specific enough to avoid undue burden on health systems
infrastructure. A complementary laboratory approach would be to develop better, more productive in
vitro assays of primaquine sensitivity in variant RBC, one that identifies and assays the key biomolecular
harbingers of hemolysis. Finally, animal models using a humanized liver might also be informative as
they would better mimic the temporal course of oxidant insult from certain drug metabolites in a living

host.

8.3.2 Further investigations into clinical phenotypes

Finally, solving the question of the molecular mechanism of protection may require new technologies and
new ways of thinking about G6PD. As the enzyme is found throughout the body, and its activity is im-
portant for numerous metabolic pathways, it will be important for researchers to consider mechanisms of
protection that do not involve the red blood cell. While the finding that G6PD deficiency is differentially
associated with SMA and CM suggests that the molecular mechanism(s) underlying protection conferred
by G6PD deficiency might differ from that of sickle cell trait, ‘SMA’ and ‘CM’ are merely useful clinical
categories that, while important, belie the clinical heterogeneity and pathophysiological complexity of

severe malaria.

Replication studies As with the molecular phenotype work in Chapter 5, the first important step in
contextualizing the Gambian association study will be to conduct similar studies in other populations, to
see if any consistent patterns emerge. While we know from examination of past studies of severe malaria
that protection from CM has been consistent in association studies of G6PD deficiency, it is nonetheless
critical to replicate this observation using a standardized study design including, when possible, cord
blood controls, and precise case definitions that vary minimally across study sites. A large multi-centre
replication study also allows for the statistical power to address risk conferred to SMA. As differences
in environmental exposures, especially malaria endemicity, are known to impact the presentation of
severe malaria, it is possible that there will be between-study heterogeneity in effect size and direction,
though one would expect a strong and authentic effect to be relatively consistent for a given clinical
subphenotype. As a protective effect has yet to be demonstrated in east Africa, that would be an ideal
location in which to do the first replication study. Finally, a gold standard study to causally implicate
G6PD deficiency in protection from severe malaria would involve assessment of the effect of non-African
deficiency alleles on a non-African genetic background, in an area with a distinct set of environmental

exposures (e.g. southeast Asia).

Unraveling mechanism In seeking to understand the mechanistic aspects of protection, genetic vari-
ation data of more depth and breadth will be necessary, and whole genome sequencing data will likely be

best suited for this, as whole genome genotyping chips used in GWAS have insufficiently dense coverage
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near G6PD to efficiently tag any putative causal variant [174], especially given the low levels of LD found
in African populations. In my study in the Gambia, a definitive causal role for G6PD deficiency alleles
was not firmly established. Only with more dense genotyping data at and around the locus will the
association signals present be clarified. An additional benefit to whole genome variation data will be the
opportunity to investigate epistatic interactions between G6PD and other essential genes with which it

is known to interact, for example cell cycle regulator p53 [76] or nitric oxide synthase [83].

Building upon the work presented in Chapter 5, it would also be informative to couple G6PD enzyme ac-
tivity data with genetic data to predict clinical outcomes. Additionally, markers of poor clinical prognosis
such as lactate or bilirubin, or of nitric oxide bioavailability such as ADMA [286] or nitrite [285], would
add value to understanding disease pathogenesis of severe malaria and CM as it relates to G6PD. As dis-
cussed earlier, CM might also be associated with an overactive respiratory burst, and it would be useful
and facile to assess macrophage respiratory burst function in a G6PD deficient subject using a standard
clinical laboratory test such as the nitro-blue tetrazolium test [84]. With respect to SMA, reticulocyte
measurements made during and after an infection could be compared between G6PD deficient and nor-
mal individuals to ascertain the efficiency of erythropoietic drive, and markers of activated macrophage
function such as neopterin [24] could be useful in understanding the impact of hypersplenism to SMA in
G6PD deficiency subjects. What will also be important in the future is merging detailed clinical data
from quantitative biomarkers with proteomics or metabolomics data to provide a systems approach to
understanding disease pathogenesis. If indeed the ubiquity and housekeeping functions of G6PD make
it relevant to many pathways involved in severe malaria, then such systems approaches may prove to be

the most informative of all.

Experimental work that would be most useful in understanding the altered pathogenesis of severe malaria
in G6PD deficient individuals would include using a mouse model of experimental CM (ECM) using P.
chabaudi chabaudi, which shares many common features with human CM. Although a G6PD-null mouse
model is embryonic lethal, an allelic exchange strategy where a hypomorphic human G6PD allele (e.g.
202/A-) replaces the native mouse gene would be possible, and has already demonstrated utility in a
mouse ECM model expressing human sickle cell trait [87]. A rodent model would allow for invasive
experimentation that cannot ethically be performed in humans, for example biopsies of liver to assess
hepatocyte function and sporozoite replication efficiency, spleen to assess macrophage function, and bone
marrow to assess hematopoiesis. Another important line of experimental work would involve assessing
the PfEMP1-mediated virulence phenotypes of cytoadherence and rosetting in vitro using parasite field
isolates. As such adhesive phenotypes have been shown to be diminished in other oxidatively-stressed
RBC, e.g. HbS [155] and HbC [154], it will be useful to see if similar observations hold true for G6PD
deficient RBC.
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8.3.3 Final thoughts

Investigations of natural variation in glucose-6-phosphate dehydrogenase will likely continue to yield
interesting insights into physiologic and disease states. What is clear from the data presented in this
thesis is that no simple explanations exist for the link between genetics, molecular function, and clinical
sequelae. Further insights must be gained, from more detailed clinical and laboratory studies conducted
in different parts of the world, in order to better understand and predict the benefits and risks associated

with the world’s most common enzyme disorder.
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