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Abstract

Background: Up to 60% of women and children living in low- and middle-income
countries (LMICs) are anaemic. Food fortification and iron supplementation are the
most common measures employed to combat anaemia. However, these are not
effective treatments for anaemias caused by non-nutritional factors. Genome-wide
association studies (GWAS) mainly in Europeans and Asians have identified single
nucleotide polymorphisms (SNPs) within the hepcidin and iron regulatory genes that
are associated with the risk of anaemia. Several of these SNPs are in
the TMPRSS6 gene, which encodes matriptase-2, a protein that regulates the
expression of hepcidin. This thesis examined the impact of SNPs in the iron regulatory
genes previously reported in non-African populations, on the risk of anaemia and on
impaired oral iron absorption in Africans.

Methods: First, the literature was searched for genetic variants identified in the
hepcidin and iron regulatory genes, that are associated with low iron status. Second,
we investigated the effects of common TMPRSS6 and transferrin (TF) SNPs on iron
status in a cohort of healthy individuals from rural Gambia (n=1315). Third, a recall-
by-genotype (RbG) study was conducted to investigate the impact of carrying single
or multiple alleles at the common TMPRSS6 SNPs on oral iron absorption in healthy
individuals from rural Gambia.

Results: TMPRSS6 rs855791, rs4820268 and rs2235321, and TF rs3811647 are the
most common SNPs that associated with low iron status. We did not find effects of
any of the TMPRSS6 SNPs on the risk of anaemia. However, we found
that TMPRSS6 rs2235321 was associated with serum hepcidin concentration, with a
more substantial effect on individuals with low haemoglobin or ferritin.

Also, TF rs3811647 had a significant influence on transferrin and its binding capacity,
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with a single allele effect of 8-12%. In the RbG study, we did not find any effect of the
three TMPRSS6 SNPs on oral iron absorption. However, we found that each of
the TMPRSS6 SNPs affects hepcidin, with carriers of major alleles having higher
hepcidin compared to minor allele carriers. Also, we found that heterozygotes at both
rs2235321 and rs855791 did not alter their hepcidin concentration after an oral iron
dose, whereas, individuals in all the other genotype groups did.

Conclusions: This thesis confirms the previously observed association between
the TF rs3811647 and transferrin in other Africans and Europeans replicates in West
Africans. However, we could not demonstrate that the previous associations
between TMPRSS6 gene variants and iron status, exist in West Africans. This lack of
replication might be due to the high genetic diversity that exists in African populations.
We identified an effect of TMPRSS6 rs2235321 on serum hepcidin concentration. In
the RbG study, the three TMPRSS6 SNPs studied influenced serum hepcidin levels
but not oral iron absorption in healthy individuals. This finding suggests that there
might be an alternate pathway of iron regulation independent of hepcidin at the
enterocytes. These findings highlight the need to conduct more research on genetic
determinants of iron status in African populations. Investigating more genetic markers
and in different populations may provide a clearer insight into the role of genetic risk
factors on iron deficiency and anaemia in African populations. Identifying the role of
genetic risk factors of iron status may pave the way for the formulation of population-

specific anaemia control measures.

Key terms: Anaemia; Iron deficiency; SNPs; TMPRSSG6; TF; Hepcidin, Hepcidin

regulatory genes; African populations; iron absorption.
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Chapter 1:

Candidate’s contribution
and thesis structure
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1.1. Candidate’s contribution

Prior to starting my PhD, | have been working with the MRC International Nutrition
Group, which later became the Nutrition Theme at the MRC Unit The Gambia, for eight
years. | started as a laboratory technician and | rose to a Scientific Officer responsible
for performing hepcidin assay optimisation and validation. Over this period, | have
been involved in several research projects investigating the influences of iron and
hepcidin on various diseases. As a result, | developed strong interest in iron research.
This is why when this PhD opportunity was presented to me by Prof Andrew Prentice
and Dr Branwen Hennig (my initial supervisor) | saw it as a perfect opportunity for
developing my career in this cross-cutting field involving nutrition and genetics.

When | started the PhD, | did an extensive literature review on the topic and | made
significant changes to the initial study design. These changes include introducing
additional candidate genetic variants, optimising the study design and the idea of
investigating the cumulative effect of SNPs on iron status.

With the departure of my initial supervisor and coming of the new supervisory team
(Dr Susana Campino and Dr Carla Cerami) at the early stage of my PhD, | had to learn
with them to ensure that they were familiar with my PhD topic and plans.

| spearheaded the selection of the candidate gene variants for the main study, wrote
the study design and protocol, and presented the amended protocol at the MRCG
Scientific Coordinating Committee (SCC), submitted the ethics application to the
London School of Hygiene & Tropical Medicine via the online ethics portal (LEO
online) for ethics approval. | responded to the ethics questions with the support of my
supervisors, and resubmitted amended versions. Furthermore, | wrote the study

information sheets and all the standard operating procedure.
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| mobilised the study team (one nurse, 2 fieldworkers, one laboratory technician and
one data manager) in consultation with the respective section heads. Also, | managed
the purchasing of the study consumables and managed all the study supplies. |
planned and conducted the pilot study (September 2016 to January 2017). | worked
with the data manager to develop the study database. | selected the candidate SNPs
and identified the potential participants from the genotyped cohort. | coordinated all
the participant recruitment, follow-ups, study visits and all the study procedures.

| supervised sample collection, processing and storage. Also, | performed the hepcidin
analysis using an enzyme-linked immunosorbent assay (ELISA). | supervised iron
biomarkers’ analysis which was done by a member of the Keneba Laboratory platform
Team. | supervised data recording in the study forms and verified all forms before
handing over to the data management team for entry into the study database.

| curated all the study data and performed all the analysis and presented the results
to my supervisory team for review. | wrote all the manuscripts, managed co-authors’
comments and reviews, and incorporated them in the final manuscripts, and managed
journal submissions. | ensured that all the authors approved the final manuscripts

before submission for publication.

1.2. Thesis scope and composition

The purpose of this thesis was to investigate the genetic determinants of anaemia and
their effects on the response to oral iron supplementation in Africans. Anaemia is a
global health problem, and women and children living in low- and middle-come
countries are the most vulnerable . High burden of anaemia remains in these settings
despite decades of implementing anaemia control measures. Current control

measures have been mainly targeted at alleviating anaemia caused by nutritional iron
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deficiency 23. However, only about half of anaemia cases are attributed to nutritional
iron deficiency, and this varies across populations and geographical regions 5. The
aetiology of anaemia is complex, and the role of genetic risk factors has not been
thoroughly investigated, particularly in West African populations, where the burden of
anaemia is among the highest.

The discovery of hepcidin brought in a new understanding of iron biology and
metabolism 6. Subsequently, genome-wide association studies, mainly on European
and Asian populations, identified several genetic variants that are associated with
impaired iron status and the risk of anaemia "~'°. The studies constituting this thesis
were designed to investigate whether genetic variants in the hepcidin and iron
regulatory genes predispose healthy Africans to anaemia and whether such variants
would impede the response to oral iron supplementation. This work was made
possible by the existence of the Keneba Biobank at the MRCG at LSHTM, which
comprises of individuals with genotype and phenotype data. This resource enabled
the recall of participants for subsequent detailed investigations based on their
previously available genotype data. This thesis consists of chapters with published
papers incorporated into chapters and papers not published are yet presented in the

format they were submitted for publication.

The thesis structure is as follows:

Chapter 1: Candidate’s contribution and thesis structure

Chapter 2: This chapter explains the background and rationale for conducting the

PhD.

Page 17 of 264



Chapter 3: This chapter is a review paper on the genetic determinants of iron
imbalance among global populations. It also presents results of analysis of genetic
data from the 1000genomes project and the Keneba Biobank population. It describes
differences in allele frequencies and linkage disequilibrium and investigates signatures
of selection across global populations. This was done to enable the selection of
candidate gene SNPs for the subsequent studies. This is presented in a paper titled:
Differences in the frequency of genetic variants associated with iron imbalance among
global  populations, that has been published in PLOS ONE

(https://dx.plos.org/10.1371/journal.pone.0235141).

Chapter 4: This chapter is a research paper investigating the effects of common
TMPRSS6 and TF genes’ SNPs on iron status in healthy individuals of all ages, titled:
Association of common TMPRSS6 and TF gene SNPs with hepcidin and iron status
in healthy rural Gambians. This paper describes the effects of carrying single or
multiple risk alleles at the common TMPRSS6 and TF SNPs on the risk of anaemia.

This paper is has been submitted to Nature Scientific Reports.

Chapter 5: This chapter is the published protocol paper. This paper described the
background of the recall-by-genotype study. In this paper we presented the study
design, study location, ethical permissions, informed consent and confidentiality,
sample size estimation and the statistical analyses methods would be applied. The

paper is published in F1000 Research (https://f1000research.com/articles/8-701/v1).

Chapter 6: This chapter describes the results of the recall-by-genotype study. This
results have been written in a paper titled: Common variants in the transmembrane

protease serine 6 (TMPRSS6) gene alter hepcidin but not oral iron absorption in
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healthy Gambian adults: a recall-by-genotype study, and submitted to Current

Development in Nutrition.

Chapter 7: This chapter presents the summary discussion and conclusions including
limitations of the thesis. Furthermore, the public health implications and future

research needs are discussed.

Chapter 8: Appendices: This chapter consists of documentation of the study and

photos taken during the PhD.

1.3. Supervisory team
My supervisors for this PhD are Dr Susana Campino, ITD Faculty, LSHTM and Dr
Carla Cerami, Nutrition Theme, MRCG at LSHTM.

The Advisory committee members are: Prof Andrew Prentice and Dr Robert Butcher.

1.4. Funding

This PhD is funded by the UK Medical Research Council (MRC) and the UK
Department for International Development (DFID), under the MRC/DFID Concordat
agreement to the MRC International Nutrition Group (MRC-ING), grant MC-A760-

5QX00.
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Chapter 2:

General Introduction

Chapter description

This chapter discussed the rational for conducting, the literature review, and aims and

objectives the PhD thesis.
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2.1. Background and Rationale

Iron is an essential micronutrient required for most physiological processes in both
humans ' and microorganisms 2. In humans, the primary requirement for iron is
erythropoiesis, which consumes 60-70% of body iron 3. Iron is also required for DNA
synthesis, electron transport, cell proliferation and the maintenance of effective
immune system 24. Thus, reduced or inadequate iron availability in the body results in
impaired physiological function °.

Microorganisms also need iron for growth and proliferation 6. Therefore, excess body
iron favours pathogens as they utilise iron to grow and proliferate 2. Also, excess iron
in the body results in the generation of reactive oxygen species which can cause organ
damage ’. In contrast, a deficit in iron supply results in iron deficiency and anaemia,
which is also detrimental to health and wellbeing.

In order to avoid the consequences of either excess or deficit, the human body evolved
to maintain an optimum balance 7. However, despite effective iron regulatory
mechanisms, inevitably, iron imbalance occurs. Among the two iron imbalances,
anaemia (deficit in the supply of iron) is the most common nutrient disorder worldwide
8.

2.2. Epidemiology and impact of anaemia

Anaemia remains a global health concern that is responsible for approximately 8% of
all non-fatal health loss from disease °. In 2013, anaemia was estimated to affect 1.9
billion people worldwide °1°. Low- and middle-income countries (LMICs) carry 89% of
the global anaemia burden °. In sub-Saharan Africa, up to 60% of women of
reproductive age are anaemic (Figure 1A), and the same is true for children under
five years of age in this setting °. In Western and Central Africa, the prevalence of

anaemia in the general population reached 50% (Figure 1B). In the Gambia, a recent
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national nutritional status survey identified that 50.4% and 59.0% of pre-school
children have anaemia and iron deficiency, respectively ''. Also, in non-pregnant
woman of reproductive age, 50.9% and 41.4% are anaemic and iron deficient,
respectively ''. This indicates a high burden of anaemia in the Gambia, particularly in
population groups that are most vulnerable to the effects of anaemia.

Despite being amenable to cheap and widely available medicinal products (iron
preparations), the overall disease burden of anaemia is higher than cardiovascular
diseases, asthma and diabetes combined, resulting in 61.5 million yearly lost in
disability (YLD) °. Also, the Global Burden of Disease Study 2016 estimated that iron
deficiency anaemia (IDA) is the primary cause of YLD in women and it accounts for
one-in-five leading causes of the YLD burden °. Anaemia has devastating
consequences, particularly in young children, as it results in impaired cognitive
function, which in turn impacts educational attainment '2'3. During pregnancy,
anaemia can lead to adverse outcomes in both the mothers and newborns. Also,
anaemia can lead to impaired physical activity in adults, which affects working capacity
and economic productivity '4. In the elderly, anaemia leads to reduced cognition 31°

and poor outcomes of chronic diseases '°.
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Figure 1. Global estimates of anaemia prevalence.
(A) in pregnant women, 15 — 49 years in 2011 '" and (B) in all ages, 2013 "®
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2.3. Aetiology of anaemia

The aetiology of anaemia is complex and multifactoral. One of the significant causes
of anaemia is nutritional iron deficiency, which has been commonly attributed to
approximately 50% of cases °'9. However, this varies across populations. For
example, Petry and colleagues reported that in settings where the prevalence of
anaemia is higher than 40%, only 25% of cases are attributable to iron deficiency %°.
This suggests that about 75% of anaemias in such settings may be due to reasons
that are not purely nutritional iron deficiency. This information is essential in the fight
against anaemia as most of the anaemia control programmes are tailored towards
alleviating nutritional deficiency anaemia 2'. Other important causes of anemia are
micronutrient deficiencies, particularly iron, vitamin A, folate, and vitamin B12
deficiencies. Given the different factors that influence anaemia, adjusting for these
factors in different settings and populations are crucial to determine the true
prevalence of anaemia. For example, in high inflammation burden settings, adjusting
for biomarkers of inflammation would be useful when assessing anaemia.

Iron deficiency anaemia (IDA) usually results from a single or a combination of three
main factors: (a) inadequate daily iron intake and increased demand, particularly at
certain stages of life, including pregnancy and childhood; (b) chronic blood loss (e.g.
menstruation, ulcers or parasitic infections); and (c) impaired iron absorption and
utilization (e.g. which could be caused by genetic factors) 22,

Inadequate iron intake is one of the most common causes of IDA in SSA, particularly
in young children and women of reproductive age 2324, This is due to the consumption
of diets that are low in iron content or low bioavailable haem iron 24. Meat is a major
source of dietary iron; however, meat consumption is generally low in many African

societies due to high cost 25. Also, the consumption of foods that inhibit iron absorption
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such as tea reduces the iron absorption 2°. Although consumption of iron absorption
enhancers such as vitamin C promotes effective absorption, most African plant-based
foods such as cereals and legumes contain phytates that inhibit iron absorption 2526
Also, most beverages contain iron-binding phenolics that limit iron absorption 2°.
Therefore, in settings where the availability of iron-rich diet is low, increase demand
for iron in children and women of reproductive age may increase to prevalence of
anaemia in these groups.

In children, increase demand for iron occur due to rapid growth spurt, and thus,
inadequate supply of dietary iron to compensate for this need my result in iron
deficiency 27. Similarly, women of reproductive age have an increasing demand for
iron due to regular blood loss and childbirth 4. In settings where dietary in iron intake
is inadequate, women of reproductive may have a higher predisposition to iron
deficiency anaemia 282, Also, chronic blood loss can occur due to ulcers and parasitic
infections. Children are most vulnerable to parasitic infection such as soil-transmitted
helminths 8. Furthermore, acute and chronic infections/inflammations such as malaria
29 tuberculosis, HIV and cancers may increase the risk of anaemia and iron deficiency
anaemia °. Furthermore, respiratory infections in children impair iron absorption due
to increase in hepcidin levels *°.

Furthermore, genetic risk factors such as haemoglobinopathies (sickle cell and
thalassaemias) are known to reduce Hb levels 3'. Also, genetic defects in the DMT1
or the transmembrane protease serine 6 (TMPRSS6) (the gene that encodes
matriptase 2) genes are associated with impaired iron absorption 3233, DMT1 plays a
crucial role in iron absorption as it transfers dietary iron into the duodenal enterocytes
34_ Similarly, the TMPRSS6 gene is vital in iron absorption as it acts by suppressing

hepcidin, thereby allowing effective iron absorption 2. Therefore, genetic variations
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that lead to a loss-of-function of the genes that regulate iron absorption may
predispose to low iron status.

Although the influence of nutritional deficiencies and inflammation/infection on
anaemia has been widely investigated, the role of genetic risk factors has not received
adequate attention, particularly in West Africa. Given the high burden of anaemia in
Sub-Saharan Africa (SSA) and diverse genetic background of African populations
35,36 it is crucial to assess the impact of genetic risk factors on anaemia. This may aid

in identifying better anaemia control measures.

2.3.1. Anaemia definition criteria

The haemoglobin (Hb) threshold is used to define anaemia. At the population level,
measurement of Hb is the easiest and most reliable indication of anaemia 3. The
WHO set 12.0g/dL and 11.0g/dL as the threshold for defining anaemia in non-pregnant
and pregnant women respectively 8. However, these Hb cut-offs have been a subject
of controversy, due to the argument that the thresholds may not be applicable
universally 3°. This is attributed to the different population characteristics such as race,
ethnicity and geographical location. For example, African-Americans have been found
to have lower Hb levels compared to their White counterparts and these differences
remained even after controlling for racial differences 4°4'. This demonstrates that
applying the WHO criteria may increase the prevalence of anaemia in African-
Americans. Similarly, people living in higher altitudes usually have higher Hb 42,
therefore, applying the WHO threshold may lead to a lower prevalence of anaemia in
such settings 3.

In sub-Saharan Africa, the presence of infectious diseases may also influence

adaptation to low iron status “3. For example, iron deficiency is considered to be a
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protection against malaria 44, whereas, malaria is said to increases the risk of iron
deficiency °. This has led to the hypothesis that the anaemia burden can be reduced
by eliminating malaria 46. This demonstrates the need to consider setting and
population characteristics when determining anaemia prevalence using universal
thresholds. Thus, it has been proposed to adjust for population characteristics when
defining anaemia at the populations level 47, to avoid over-or under-estimation of

anaemia prevalence in a given population.

2.4. Anaemia control strategies

Iron supplementation is the routine anaemia treatment and prevention approach 4.
This measure is implemented alone or alongside food fortification programmes
targeted at vulnerable populations 2'48. Oral iron supplementation is generally
effective in anaemias caused by nutritional iron deficiency. Thus, the WHO
recommends daily or intermitted iron supplementation in pregnant women and
children under five years of age 4°-5'. This policy guidline is advanced based of the
evidence that intermittent iron supplementation has been associated with minimal side
effects 2. A comprehensive review by Penas-Rozas and colleagues found that both
intermittent and daily iron supplementation has similar outcomes in both mothers and
infants %2. Despite decades of rolling out these strategies, the burden of anaemia
remained high in low- and middle-income countries (LMICs), with Western Africa and
East Asia carrying the highest burden 3. Thus, reducing the burden of anaemia in the
most affected populations remains a priority for governments and international

organisations %4.
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Therefore, in a quest to reduce the anaemia burden in the vulnerable groups, in 2012,
the World Health Assembly resolved to take action to reduce by half the 2012 anaemia
prevalence among women of reproductive age, by the year 2025 %°. According to the
World Health Organisation (WHO), one of the strategies to achieve this goal is to
improve identification, measurement and understanding of anaemia among women of
reproductive age 4%, Consequently, the WHO recommended the implementation of
evidence-based, setting and population-specific strategies, while taking into account
the aetiology and prevalence of anaemia %. However, implementing this tailored
preventive and treatment strategies requires a clear understanding of the risk factors
and significant drivers of anaemia. This is particularly critical in populations where the
prevalence of anaemia remained high. Thus, it is crucial to gain a deeper
understanding of the genetic determinants of anaemia particularly in settings
characterised by a high burden of anaemia and disproportionately high genetic

diversity, such as in African populations.

2.5. The need for better intervention methods

Anaemia continues to be a recalcitrant global health problem that has gained
significant attention due to its consequences on human health and wellbeing 8. The
fight against anaemia is intense in LMICs because of the sustained high burden 7.
The most recent study on the global burden of anaemia ° and related studies 37:58-60
reported high disparities in the prevalence of anaemia between different geographical
locations and population. Also, there are within-country disparities among different
populations. For example, in the US, the National Health and Nutrition Examination
Surveys (NHANES) identified considerable differences in anaemia burden between

racial groups, with black women having more anaemia compared to white women 0.
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The search for better iron intervention strategies necessitates a deeper understanding
of the drivers of anaemia. The ambitious target commissioned by World Health
Assembly to reduce the 2012 anaemia burden in women of reproductive age by half
by 2025 ', brought the identification of the underlying genetic determinants of
anaemia to the forefront. ldentification of the genetic determinants of an ineffective
response to iron supplementation and those that predispose individuals or populations
to anaemia may help in developing population-specific or personalised interventions.
The discovery of hepcidin, the hormone that centrally regulates iron metabolism,
brought new insights into the understanding of iron homeostasis %2-%4. Additionally, the
recent explosion in genome-wide association studies (GWASs) enabled the discovery
of numerous single nucleotide polymorphisms (SNPs) within the hepcidin-iron axis
that are associated with impaired iron status -7, However, most of the studies on the
effects of SNPs within the hepcidin regulatory genes have been conducted in non-
African populations.

There have been calls to increase human genetic research in the African continent
68,69 The high genetic diversity among Africans motivated the interest to study genetics
determinants of diseases affecting Africans. Results from human genetic studies
conducted in Europeans are not readily transferrable to African populations for
multiple reasons: 1) Europeans only carry a subset of the global human genetic
diversity %; 2) There is variation between populations in their biological adaptations to
infectious diseases 8; 3) There are differences in allele frequencies of genetic variants
and differences in linkage disequilibrium of alleles across global populations 3¢. Thus,
it is crucial to conduct genetic studies in African populations to determine the effects

of common genetic variants on anaemia in Africans.
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2.6. The role of hepcidin in iron homeostasis

The discovery of hepcidin as the master regulator of iron metabolism brought new
insights into how body iron is regulated 7°. Hepcidin is a liver-synthesised 25-amino
acid hormone, which is encoded by the HAMP (hepcidin antimicrobial peptide) gene
71,72 Hepcidin acts by binding to ferroportin, the mammalian cellular iron transporter,
thereby inducing ferroportin’s internalisation and degradation 73. This action of
hepcidin regulates plasma iron levels by restricting iron transport from the gut and
mobilisation from storage sites (stores and reticuloendothelial iron release) & (Figure
2). Hepcidin deficiency leads to maximal levels of hight functional ferroportin, resulting
in increased iron absorption, release and transport in the blood 4. Conversely,
hepcidin excess leads to decreased ferroportin availability, which results in diminished
iron absorption 475 Figure 2. Hepcidin is synthesised in response to increased iron
stores, high plasma iron concentration and inflammation '. Reduced extracellular iron,
hypoxia and increased erythropoiesis, leads to diminished hepcidin transcription
(Figure 2). Conversely, elevated hepcidin levels prevent dietary iron absorption and
recycling from macrophages, and mobilisation from hepatocytes, leading to reduced

extracellular iron 7677,
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Figure 2. Hepcidin regulation of systemic iron distribution.

Adapted from Ganz and Nemeth 2012 8.

The three major signals that influences hepcidin activity: Extracellular and intracellular iron,
inflammation and erythropoiesis 8. Hepcidin is elevated in response to inflammation, increased
iron stores and high extracellular iron levels '. Conversely, increase erythropoietic drive lead
to reduced hepcidin levels to allow increase iron mobilisation from the storage sites (liver and

spleen), and absorption from the gut 7677

2.6.1. Hepcidin regulatory pathways

Hepcidin regulation of iron metabolism is mediated via three main molecular
pathways, through the interconnection of genes and proteins 8. The Janus associated
kinase (JAK)/ signal transducer and activator of transcription 3 (STAT3) and bone
morphogenetic protein (BMP)/ sons of mothers against decapentaplegic (SMAD)
signalling pathways promote hepcidin synthesis 8. In contrast, the hemochromatosis
protein (HFE) — transferrin receptor 2 (TfR2) pathway suppresses hepcidin synthesis
in response to elevate extracellular iron 7°. The JAK/STAT3 is activated in response

to inflammatory stimuli, which induces interleukin 6 (IL6) production &. Increase
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inflammation results in elevated IL6 which binds to its receptor (IL6R) thereby
activating JAK1 °. Consequently, activated JAK1 causes the phosphorylation of

STAT3 which moves to the nucleus to activate hepcidin production (Figure 3A).

The BMP/SMAD pathway is activated in response to increasing hepatic iron stores.
Increased hepatic cellular iron induces BMPG6 expression, which then interacts with
BMPR and HJV, forming a complex '. The BMP6/BMPR interaction activates the
SMAD pathway (Figure 3B). The SMAD pathway involves phosphorylation of
regulatory SMAD1, 5 and 8 (PSMADs). The phosphorylated SMADs (pSMADs)
complexed with SMAD4, and subsequent translocation of this complex to the nucleus
results in the activation of hepcidin gene expression (Figure 3B). Furthermore, within
the BMP/SMAD pathway, transmembrane protease serine 6 (TMPRSS6) (also
referred to as matriptase 2) cleaves HJV to form a soluble HJV (sHJV), which inhibits
BMP-induced hepcidin expression, as HJV is required for BMP/BMPR complex
formation 8'. Thus, TMPRSS6 acts as a negative regulator of hepcidin through its
interaction with HJV within the BMP/SMAD pathway. TMPRSS6 exerts its action in
response to extracellular iron (Figure 3B). During increased iron stores, TMPRSS6
activity is reduced, allowing the BMP/SMAD pathway to continue which promotes
hepcidin synthesis. Consequently, hepcidin elevation curtails iron absorption and
release from storage sites 74. Inversely, when extracellular iron levels are reduced,
TMPRSS6 activity is increased to displace HJV, which in turn interferes with the
BMP/SMAD pathway to suppress hepcidin transcription (Figure 3B). This action of
TMPRSS6 on hepcidin promotes iron absorption from the enterocytes and release

from storage sites 2.
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The HFE/TfR2 pathway is activated when transferrin saturation increases and Tf-Fe?*
displaces HFE from TfR1 8. HFE then interacts with TfR2 to form the HFE/TfR2
complex 8. Consequently, this complex activates hepcidin transcription via the
HJV/BMP/SMAD and or extracellular signal-regulated kinase (ERK) — mitogen-
associated protein kinase (MAPK) signalling pathways through a mechanism which is
yet to be fully understood (Figure 3C) 8.

Hepcidin induction during iron overload reduces circulating plasma iron by restricting
absorption and release of stored iron 7476 Similarly, hepcidin elevation during
infection/inflammation promotes the reduction of iron availability to invading
pathogens, a mechanism known as bacteriostatic hypoferremic response to
infection/inflammation 8. This mechanism is referred to as an evolutionary innate
immune response to prevent worsening of infection 8. Therefore, impaired hepcidin

regulation has a vital role in modulating iron imbalance.
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Figure 3. The molecular pathways governing hepcidin regulation of hepcidin
transcription.

Adapted and modified from Ganz and Nemeth, 2015 "°.

Three main molecular pathways have been described to be involved in modulating hepcidin
transcription: JAK/STAT3, BMP/SMAD and HFE/TfR2 signalling pathways 3. In the
inflammatory pathway (A), IL6 is induced in response to inflammatory stimuli, thereby
activating the JAK/STAT3 pathway, which then triggers hepcidin production 84. Similarly, in
the BMP/SMAD pathway (B) increased hepatic cellular iron induces BMP6 expression, which
then interacts with BMPR and HJV, forming a complex. TMPRSS6 and furin cleave HJV to
form a soluble HJV (sHJV), which inhibits BMP-induced hepcidin expression, as HJV is
required for BMP/BMPR complex formation 3. The BMP/BMPR activates the SMAD pathway.
The SMAD pathway involves phosphorylation of SMAD1, 5 and 8 (pSMADs). The formation
of pPSMADs/SMAD4 complex and subsequent translocation of this complex to the nucleus
results in the activation of hepcidin gene expression %% (C) The HFE/TfR2 pathway is
activated when transferrin saturation increases and Tf-Fe?" displaces HFE from TfR1. HFE
then interacts with TfR2 to form the HFE/TfR2 complex ®. Consequently, this complex
activates hepcidin transcription via the HJV/BMP/SMAD and or ERK/MAPK signalling

pathways through a mechanism which is yet to be fully understood 8.
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IL6, interleukin-6; IL6R, IL6 receptor; JAK, Janus associated kinase; STAT, signal transducer
and activator of transcription; BMP, bone morphogenetic protein; BMPR, BMP receptor;
TMPRSS6, transmembrane protease serine 6; HJV, hemojuvelin; SMAD, sons of mothers
against decapentaplegic; pSMAD, phosphorylated SMAD; TfR, transferrin receptor; HFE,
human haemochromatosis protein; ERK, extracellular signal-regulated kinase.

The hepcidin-iron relationship has been implicated in numerous iron-related
pathologies, which are attributed to dysregulation of the hepcidin-iron axis . Hepcidin
excess is associated with anaemia due to inhibited iron absorption and decreased
release from storage compartments 8. Conversely, hepcidin suppression leads to
haemochromatosis, characterised by the accumulation of excess iron in vital organs
4. Haemochromatosis arises from decreased hepcidin synthesis, which promotes
excess intestinal iron absorption, recycling and mobilisation of iron from old red cells

and macrophages, thereby increasing extracellular iron 83

Different stimuli promote either increase or decrease in hepcidin expression (Figure
3). Each of the two extremes can result in iron-related pathologies 8. Altered hepcidin
expression is associated with iron pathologies. Among the two principal iron
pathologies considered to be mediated by impairment of the hepcidin regulatory
genes, anaemia is the most common in sub-Saharan Africa (SSA) %22, In iron
deficiency anaemia (IDA), hepcidin is generally low, whereas, in anaemia of chronic
disease (ACD) or inflammation, hepcidin is either normal or elevated 8. These has led
to the proposal that hepcidin levels can be used as a specific diagnostic marker to
distinguish between IDA and ACD 90-92,

In addition to being a potential diagnostic marker, manipulation of hepcidin has been

proposed to be a treatment of iron-related pathologies °. For example, hepcidin
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antagonists have the potential to treat anaemias due to inappropriately elevated
hepcidin %. Conversely, hepcidin agonists are proposed for use in treating diseases
of loading anaemias 8°. Research into the usability of hepcidin as treatment of iron

pathologies are currently under at various stages 3.

2.6.2. Transmembrane protease serine 6 (TMPRSS6) regulation of hepcidin

The role of TMPRSS6 (matriptase-2), a type 2 serine protease in regulating iron
homeostasis was first discovered in mice which lacked this protease 25%. The mice
presented with anaemia due to elevated levels of hepcidin and impaired intestinal iron
absorption . Further in vitro studies demonstrated that TMPRSS6 exerts its function
by suppressing BMP6 stimulation of hepcidin transcription through cell surface
proteolytic cleavage of the HJV, the BMP6 co-receptor °’. Subsequently, human
studies elucidated the role of TMPRSS6 in modulating iron homeostasis through its
interaction with hepcidin 8'. Impaired TMPRSS6 function has been associated with
iron deficiency and several single nucleotide polymorphisms (SNP) in the TMPRSS6

gene has been associated with iron-refractory iron deficiency (IRIDA) 98:33.99,

The TMPRSS6 gene has 18 exons 6%, and rs855791, rs2235321 and rs4820268 are
the most commonly reported SNPs. The TMPRSS6 rs8557891 is a non-synonymous
SNPs on exon 17, which is caused by a G to A change leading to amino acid change
from alanine to valine at the catalytic domain 6%, TMPRSS6 rs855791 has been
found to modulate hepcidin transcription in vitro %, TMPRSS6 rs2235321 and
rs4820268 are synonymous SNPs located on exon 13 and 17, respectively 3. How
these two synonymous SNPs affect TMPRSS6 activity is unknown. Although non-

coding variants and synonymous SNPs were previously not known to influence
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phenotype, recent findings demonstrate that such variants may influence splicing or
slow down the translation, and RNA transcription and regulation 197.192_ Therefore,
given the role of TMPRSS6 in hepcidin regulation of iron homeostasis and its
association with iron deficiency and impaired iron absorption, it is important to
investigate the impact of the SNPs in this gene and those in other genes in the hepcidin

regulatory pathway, in modulating low iron status in Africans.

2.7. Anaemia in the context of Gambia

The Gambia is situated at the coast of West Africa, and it is surrounded on three sides
by Senegal, except on the Atlantic Ocean (Figure 4). The country has a population of
2.2 million as of October 2018, with a growth rate at 3.2% per year 93, More than half
of the population (approximately 63.6%) is below 25 years age and 52% of the

population is between 15 and 59 years old %3.
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Figure 4. A map of Africa showing the location of the Gambia 7%4.

The Gambia is classified as a low-income and food-deficit country %5, with tourism
and agriculture as the principal foreign exchange-earners 1%, The predominant staple
foods are rice and millet. Rice is regularly eaten in the urban areas, whereas millet is
the main dish in most rural communities '°°. These foods are complemented with other
cereals such as maize, sorhgum and Digitaria exilis (locally called Findi or Fonio) .
In urban areas, the typical lunch dish is rice, whilst bread is mainly consumed for
dinner and breakfast '%7. All the main dishes are served with sauces made with oil or
peanut butter paste and either fish or meat and other vegetables '%°. Meat

consumption is generally low, and fish is the primary source of protein . Recently,
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there has been a massive increase in imported chicken, and this is increasingly
consumed instead of fish or meat 1°°.

The Gambia is among the countries with the highest anaemia prevalence %. In 2012,
a National Health Survey was conducted, which reported that more than 60% and
73% women of reproductive age and children under five years old, are anaemic
respectively 1%, Also, a recent National Micronutrient Survey (MNS) reported that 50%
of children under five years of age and non-pregnant women of reproductive age were
anaemic ''. From the MNS study, the prevalence of iron deficiency was 59% and 41%
pre-school children and non-pregnant women of reproductive age respectively were
iron deficient . Although the prevalence of anaemia appears to decline, it remains a
significant public health concern.

Due to the high anaemia prevalence, particularly among the most vulnerable
populations, there have been various control programmes in place '°8. The anaemia
control programmes include routine and intermittent iron supplementation for pregnant
women and children 19, Also, food fortification programmes are implemented, and
children are regularly dewormed to prevent worm infestation . The flour is the
common staples that is fortified with vitamins 1°°, but new biofortified crops have been
introduced in the country targeting rural communities ''°. These biofortified crops
include vitamin A rich sweet potato and maize, and iron rich beans "' and pearl millet
112_

Despite, decades of implementing anaemia control strategies particularly iron
supplementation, the prevalence of anaemia remains high, particularly among the
vulnerable groups (women of reproductive age and pre-school children). Therefore, it
is crucial to investigate the underlying causes of anaemia in The Gambia and in similar

settings to improve future iron intervention strategies.
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2.8. The need to investigate the genetic influences of anaemia

The discovery of hepcidin and its related regulatory proteins renewed the interest in
understanding the genetic influences of iron related pathologies 78113, Dysregulation
of the TMPRSS6 genes is one of the most commonly studied genetic determinants of
anaemia, due to its association with iron-refractory iron deficiency anaemia (IRIDA)
66,114.115  |RIDA has been described mainly in non-African populations 3366116
However, given the high prevalence of anaemia in Africans, it is relevant to investigate
the influence of these known genetic variants associated with anaemia in African
populations.

Also, apart from TMPRSS6, defects in other iron regulatory genes such as SCL11A2,
SLC40A1 and transferrin (TF) have been linked to impaired iron status 4''7. SLC11A2
encodes the divalent metal transporter 1 (DMT1) protein which is involved in iron
transport across the duodenum in the duodenal enterocytes 32118, In mice models,
impairment of SLC11A2 has been associated with microcytic anaemia due to impaired
iron absorption 119120, Subsequently, human studies revealed the association between
SLC11A2 variants and microcytic anaemia 322!, Similarly, defects in SLC40A1 (the
gene that encodes ferroportin) is associated with increased hepatic iron accumulation,
accompanied by microcytic anaemia in Africans 122123, This happens due the inability
of hepcidin to downregulate ferroportin, which leads to inappropriate iron transport .
Also, defects in the transferrin gene (TF) has been associated with
hypotranferrinaemia, which leads to iron-loading '?*. Therefore, it is possible that
genetic variants in genes involved in iron regulation could cause a range of degrees
of iron deficiency and anaemia.

The majority of the early studies on genetic influences of iron status were conducted

in European populations 125127, Most of these studies focused on identifying the
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genetic influences of iron overload syndromes 128129 including studies on hereditary
hemochromatosis (HH). HH is a rare disorder that mainly affects populations of
European ancestry and primarily caused by a rare genetic defect in the HFE gene "%,
Recently, there has been an increased interest in understanding the genetic influences
of low iron status. Several studies have observed associations between genetic
variants and iron status biomarkers '3'-133,  Consistently, studies have implicated
TMPRSS6 (the gene that encodes matriptase-2) as one of the genes that modulate
iron status 100134135 Numerous SNPs in the TMPRSS6 gene have been linked to
abnormal iron biomarkers and haematological traits, including serum iron
concentrations, transferrin saturation, haemoglobin, erythrocyte count and mean
corpuscular volume 82/136-139,

Despite the growing interest in understanding genetic influences of anaemia and low
iron status, there is a scarcity of data in this regard on Africans populations. This is
particularly essential given that African populations have disproportionately high
genetic diversity. Furthermore, it is particularly incredible to conduct genetic studies of
anaemia and iron deficiency in African populations to examine whether the genetic
effects observed in Europeans and Asian are replicable. Also, given the environmental
factors that favour anaemia in Africans, including diet with low bioavailable iron,
infectious diseases (e.g. malaria), it is necessary to determine the impact of host
genetic factors in modulating iron status. Understanding the genetic determinants of
anaemia and iron deficiency in African populations may help to improve future iron

intervention strategies.
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2.9. Importance of the MRCG Keneba Biobank

The Keneba Biobank at MRCG at LSHTM is a collection of biological samples and
phenotype data from the residents of the Kiang West district, located in the Lower
River Region of The Gambia '%°, Figure 5. This district has a population of
approximately 16,000 people distributed among 36 villages. The Kiang West
Demographic Surveillance System (KWDSS) at the MRCG Keneba was established
in 2004. Since then, the KWDSS has been monitoring and recording migration and
vital statistics (e.g. birth, deaths) for the entire population of this district.

The Biobank was established in 2012, and it utilises the KWDSS to recruit study
participants. The Keneba Biobank has already recruited 11,5000 individuals. From
these, 3116 individuals have been genotyped using the lllumina Human Exome array,
providing data on 80K SNPs. The KWDSS, in conjunction with the Keneba Biobank,
offers a unique platform for studies involving the whole of the rural population of Kiang

West, and enables ‘recall’ of study participants for genetic studies.
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2.10. Aims and Objectives
The aim of this PhD was to investigate the role of genetic variants in the human
hepcidin and iron regulatory genes on the risk anaemia and impaired response to oral
supplementation in Africans.
The objectives of this PhD are:
a) To identify the genetic variants within the iron and hepcidin regulatory genes
that influence iron status in global populations.
b) To investigate the effects of common genetic variants in the iron regulatory
genes on iron status in health rural Gambians.
c) To examine the impact of TMPRSS6 SNPs on oral iron absorption in healthy

population from rural Gambia using a recall-by-genotype approach.
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Chapter 3:

Differences in allele
frequencies of genetic
variants associated with
iron imbalance among
global populations

Chapter description:

This chapter presents the results of narative review paper and the assessment of the
differences in allele frequencies of single nucleotide polymorphisms (SNP) associated
with iron imbalance across global populations. This research paper has been

published in PLOS ONE. https://dx.plos.org/10.1371/journal.pone.0235141
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Abstract

Iron deficiency anaemia is a major health problem affecting approximately 1.2 billion
people worldwide. Young children, women of reproductive age and pregnant
women living in sub-Saharan Africa are the most vulnerable. It is estimated that iron
deficiency accounts for half of anaemia cases. Apart from nutritional deficiency,
infection, inflammation and genetic factors are the major drivers of anaemia. However,
the role of genetic risk factors has not been thoroughly investigated. This is particularly
relevant in African populations, as they carry high genetic diversity and have a high
prevalence of anaemia. Multiple genetic variations in iron regulatory genes have been
linked to impaired iron status. Here we conducted a literature review to identify genetic
variants associated with iron imbalance among global populations. We compare their
allele frequencies and risk scores and we investigated population-specific selection
among populations of varying geographic origin using data from the Keneba Biobank
representing individuals in rural Gambia and the 1000 Genomes Project. We identified
a significant lack of data on the genetic determinants of iron status in sub-Saharan
Africa. Most of the studies on genetic determinants of iron status have been conducted
in Europeans. Also, we identified population differences in allele frequencies in
candidate putative genetic risk factors. Given the disproportionately high genetic
diversity in African populations coupled with their high prevalence of iron deficiency,
there is need to investigate the genetic influences of low iron status in Sub-Saharan
Africa. The resulting insights may inform the future implementation of iron intervention

strategies.

Key words: Anaemia, Iron deficiency, iron, Genetic variants, iron imbalances, African

populations.
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Introduction

Iron deficiency anaemia (IDA) is a major health problem affecting approximately 1.2
billion people worldwide [1]. It was estimated to account for the 7" leading cause of
disability worldwide in 2017 [2]. IDA is regarded as the dominant cause of anaemia,
accounting for approximately 60% of the global anaemia burden[3]. Pre-school
children and women of childbearing age in low- and middle-income countries are the
most vulnerable [3,4], particularly those living in sub-Saharan Africa, where anaemia
prevalence in the general population exceeds 40% [3]. This high prevalence of IDA
persists despite the existence of aggressive iron supplementation programmes for

vulnerable populations (women of childbearing age and children) [5-71].

Although iron supplementation can be effective in nutritional IDA, it is ineffective in
non-nutritional IDA, particularly those caused by genetic factors [8]. Therefore, the
identification of the major drivers of IDA in sub-Saharan Africa is required to inform
new strategies. The discovery of hepcidin and other proteins involved in iron regulation
have led to the identification of genetic factors associated with altered iron
homeostasis [9—11]. Several genetic variants within the iron regulatory genes have
been associated with imbalances in iron homeostasis, which could lead either to iron
deficiency or overload [12—-16]. Genetic variants leading to excess body iron occur
mainly in the haemochromatosis (HFE) gene but are also seen in hepcidin (hepcidin
antimicrobial peptide (Hamp)), transferrin receptor 2 (TFR2), solute carrier family 40
member 1 (SLC40A1), haemojuvelin (HJV) and transferrin (TF) genes [9-11]. These
loci have important functions in the iron homeostasis pathways. For example, hepcidin
regulates iron absorption and release [17]. Genetic polymorphisms in genes involved

in the hepcidin suppressive pathway such as TMPRSS6 (transmembrane protease
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serine 6), have been associated with low iron status [18—20] and a condition described
as iron-refractory iron deficiency anaemia (IRIDA) [18-21]. Individuals with IRIDA
have a hereditary form of anaemia that does not respond to oral iron supplementation
[22,23]. Although IRIDA is quite rare, it may be at the extreme end of a broad
continuum of disease, since TMPRSS6 genetic variants can lead to different degrees
of iron deficiency and anaemia [18-20]. In addition, SNPs in the TF gene, also
important in iron transport to cells, have also been reported to affect iron status and
lead to low iron status [24—26]. Furthermore, SNPs in the divalent metal transporter 1
(DMTT), the duodenal apical iron transporter encoded by the SLC11A2 gene have
been associated with an unusual syndrome characterized by microcytic anaemia and

a paradoxical iron overload [27,28].

A genome-wide association study (GWAS) investigating genetic determinants of
relevant haematological traits and iron status have identified variants in TF and HFE,
which explain approximately 40% of variation in serum transferrin levels [26]. Also,
GWASSs have identified genetic variants in TMPRSS6 associated with alterations of
serum iron status, erythrocyte volume [29], and haemoglobin levels [20]. African
populations have been greatly under-represented in such studies. A GWAS using an
African population cohort replicated only the association of two SNPs in TMPRSS6
with lowered haemoglobin concentration, and one SNP in TF with increased ferritin
concentrations [30]. Differences in the frequencies of risk alleles and linkage
disequilibrium patterns might explain the limited replication of association results
between European, Asian and African populations. Hence, there is a need to

investigate population-specific genetic variants that may affect iron status.
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Here, we conducted a review of the literature to identify genetic variants that have
been associated with iron imbalances, with a special focus on SNPs in TMPRSSE6,
HAMP, TF, TFR2, SLC40A1 and HFE genes. We investigated the geographical
distribution of studies and assessed the differences in allele frequency of these
polymorphisms and their linkage disequilibrium patterns across global populations.
We use genetic data from our Keneba Biobank in rural Gambia and from the 1000
Genomes Project. We also explored the possibility of natural selection acting on these
genes and any resulting population-specific selection, as measured through large
differences in allele frequencies between geographic regions. As part of this, we
sought to summarize the geographical distribution of genetic determinants of iron
status. The resulting insights may assist in designing future genetic association
studies that are geared towards identifying population-specific genetic risk factors
affecting iron status and, ultimately, guiding population-specific iron intervention

strategies.

Methods

Selection of SNPs

A literature search was conducted using the Human Genetic Epidemiology (HUGE)
navigator, a database of published population-based human genetic epidemiology
studies. This review was complemented using the PubMed site with search terms:
“‘anaemia”, “iron”, “iron overload”, “iron deficiency anaemia”, “iron imbalance”,
“‘hepcidin”, “genome-wide association study”, “GWAS”, “haematology traits”, and
‘haemochromatosis”. The search was conducted on articles published between 01
January 1999 to 31 October 2018. The assessment process included examining titles

and abstracts of studies and excluding duplicates. Articles were included if they were:

Page 67 of 264



(1) original research papers conducted in humans; (2) tested for an association
between at least one SNP in the genes commonly linked to dysregulated iron status
(TMPRSS6, HAMP, TF, TFR2, SLC40A1 and HFE) or iron status measures. These
include iron status biomarkers (serum iron, transferrin, ferritin, soluble transferrin
receptor, transferrin saturation, total iron binding capacity, unsaturated iron binding
capacity and hepcidin) alone or in combination with haematology traits (haemoglobin,
red blood cells, hematocrit, mean corpuscular haemoglobin and mean corpuscular
hemoglobin concentration). Animal studies, case reports, commentaries and articles
not written in English were excluded. Rare variants reported in a single individual or
family were discarded. Information on genomic and gene location, allele ancestry,
minor allele variant and the predicted consequence of each SNP were obtained from
the Ensembl dataset (release 98) [31] and the dbSNP nucleotide variation database

[32].

Genotype data and statistical analysis

We obtained genotype data from the Keneba at MRCG at LSHTM [33] (n=3,116
healthy Gambian individuals) and from the 1000 Genomes project [n=2,504; 26
populations categorised into African (AFR, n=661), European (EUR, n=503),
American (AMR, n=347), East Asian (EAS, n=504) and South Asian (SAS, n=489)]
[34]. Genotyping of the Keneba Biobank populations was performed using the Infinium
240K Human Exome Beadchip (v1.0 and v1.1). Genotype calling was performed using

data-driven clustering (Genome Studio, lllumina, CA, USA).

We assessed the differences in allele frequencies for SNPs with genotype calls in both

the Keneba Gambian and the pan-African populations in the 1000 Genomes Project.
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Linkage disequilibrium (LD) measures (D’ and r?) were calculated using the R package
Genetics [35]. The correlation between minor allele frequencies across populations
was calculated using the Pearson's correlation coefficient in the R package corrplot.

We calculated the allele risk score for each individual by aggregating the number of
risk alleles an individual carried. To do this, from each SNP, the risk allele was
assigned 1 and alternate allele assigned 0. For the genotype of each SNP, an
individual was given either O (wildtype), 1 (heterozygote) or 2 (homozygote for the risk
allele). Using this information, we determined the allele risk scores across populations
for both low and high iron SNPs. For 23 SNPs it was not possible to identify the
associated alleles (e.g. just a “A/T” label) or classify the direction of association (e.g.
absence of regression coefficients). Also, for some SNPs (TF rs3811658 and
rs1880669, and TMPRSS6 rs2072860 and rs2111833) (S1 Table) we found
contradictory information about their association with iron biomarkers between
studies. They were all excluded from risk allele analysis. Statistic differences in the
distribution of risk alleles between populations were calculated using a Wilcoxon rank
sum test in the R statistical package [36]. To allow for multiple comparisons, a

Bonferroni correction was applied.

The minor allele frequency (MAF), observed and expected heterozygosities and
measures of population differentiation (global and pairwise Fst to assess differences
in allele frequencies) were calculated from the genotype data for all iron-associated
SNPs using a combination of the R packages Adegenet [37], Hierfstat [38] and Pegas
[39]. Weir & Cockerham Fst values were calculated and range from 0 to 1, where a
zero value implies that the two populations are interbreeding, and a value of one

means that the two populations do not share any genetic diversity. Population Branch
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Statistic (PBS) values were calculated using the Fst data from the comparison of three
populations (AFR-EUR, AFR-SAS, EUR-SAS) according to methods described
elsewhere [40]. To evaluate the significance of the observed Fst and PBS values, the
results were compared with the empirical distribution of genome-wide SNPs reported
by others using individuals from several geographical locations and including data

from the HapMap and HGDP [41-45].

Statistical differences between MAFs were analysed using the two-proportion Z-Test
in R. The integrated Haplotype Score (iHS) [46,47] statistic was investigated using
Haplotter (http://haplotter.uchicago.edu/)[48] and HGDP selection browsers

(http://hgdp.uchicago.edu/cgi-bin/gbrowse/HGDP/) at the individual genes and

surrounding regions.

Ethics Statement

The Keneba Biobank Project received ethical approval from the MRCG at LSHTM
Scientific Coordinating Committee and the MRCG at LSHTM/ Gambia Government
Joints Ethics Committee (SCC1185). Written informed consent was obtained from

each participant.

Results

Genetic variants associated with iron imbalances

A total of 64 studies were selected that contained data on the effects of genetic
polymorphisms on the variations in iron or haematological parameters (S1 Table). The
majority of the studies (59/64) were conducted in Europe, Asia and the USA (Fig 1,

S2 Table). Only five studies were conducted in Africa, two in Rwanda [49,50], one in
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Zimbabwe [51], one in South Africa [52] and one meta-analysis across Kenya,
Tanzania and South Africa [30]. Across the 64 studies, 50 SNPs were identified in six
genes (TMPRSS6, HAMP, TF, TFR2, SLC40A1 and HFE) (S1 Table). More than half
of these SNPs were found to be associated with variation in iron or in other
haematological parameters in more than one country (29 SNPs, 58%). Of these 29
SNPs, 79.3% were reported in more than one ethnic group (S2 Table). Nine SNPs lead
to a missense mutation causing an amino acid change, four SNPs had synonymous
variants, and the remaining SNPs are in intronic (n=32), regulatory or intergenic

regions (n=>5).
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Figure 1. Geographical locations of the sixty-four studies that reported genetic
variants associated with iron imbalance. Nine studies involved multi-ethnic
populations. AUS, Australia; EUR, Europe; SAS, South Asia.
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The highest number of SNPs were identified in the TMPRSS6 gene region (n=23),
where the majority were associated with IRIDA, iron deficiency or indicators of low iron
status (S1 Table). The most commonly reported TMPRSS6 SNP was rs855791,
followed by rs4820268, rs2235321 and rs2235324, all associated with biomarkers of
low iron status. These SNPs have been mainly reported in non-African populations.
Three TMPRSS6 SNPs (rs5756504, rs5756506 and rs1421312) were also associated

with biomarkers indicating elevated iron status (S1 Table).

The TF gene had the second highest number of SNPs related to either low or high iron
status (n=18). The most common of these (rs3811647) was reported by ten studies
(S1 Table). This variant has been mainly associated with elevated transferrin and total
iron binding capacity levels [26,53,54]. For the SLC40A1 gene, three SNPs were
selected that led to alterations in iron status measures and severity of
haemochromatosis [50,51,55-57]. One SNP was identified in HAMP (rs10421768)
[30,55,58-60] and one in TFR2 (rs7385804) (6,7,33,34,37,38), both of which were
found to be associated with increases in haemoglobin and alterations serum in ferritin
concentrations [30,55,56,58,61-63]. For the HFE gene, we found four SNPs that have
been associated with alterations in haemoglobin and/or an increase in the genetic risk
of hereditary haemochromatosis [13,14,19,20,24,26,29,56,62,64—74]. The most
commonly reported HFE variant is rs1800562 (C282Y) [13,19,24,26,29,71,72], which
has been widely associated with the severe form of hereditary haemochromatosis in
European descents.

Global geographic distribution of allele frequencies

We investigated the allele frequencies of the 50 SNPs across data from the Keneba

Biobank at the MRCG at LSHTM in The Gambia (n= 3,116) and the 1000 Genome
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project (n= 2,504) [34]. The 1000 Genomes project includes data from African (AFR,
n=661; including from The Gambia), European (EUR, n=503), American (AMR,
n=347), East Asian (EAS, n=504) and South Asian (SAS, n=487) populations. Only
thirteen of the 50 SNPs in the TF, TMPRSS6, HFE and SLC40A1 genes, were
available in the Keneba Biobank, because not all the SNPs were on the Exome chip
that was used for genotyping this population. When we compared the allele
frequencies of the SNPs with data from The Gambians in the Keneba Biobank with
the pan-African populations in the 1000 Genomes project, we observed minimal

differences (Fig 2).
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Figure 2. Minor Allele frequencies (MAF) of 13 SNPs across African populations.
Comparing MAF between the two Gambian datasets, Yoruba (YRI) from Nigeria and
overall African populations included in the 1000 Genomes Project. The minor alleles
were defined by the 1000 Genomes Project.
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For the majority of SNPs, the MAFs in the African populations were very different to
other worldwide populations (Fig 3 and Fig 4). The greatest allele frequency
differences were observed in rs1439816 in SLC40A17, and in several SNPs in
TMPRSS6 (including rs855791 and rs855788). The intronic variant rs1439816 in the
SLC40A1 gene has a MAF of ~20% in the non-African populations but reaches >73%
frequency in Africa (81 Table). The missense variant A736V (TMPRSS6 rs855791) is
the most reported SNP associated with iron deficiency and has a MAF of ~50% across
all non-African populations, but in Africa it only reaches 10% (7% in the MRCG Keneba
Biobank population) (Fig 4). The intronic variant rs855788 in TMPRSS6 has a MAF of
~30% across non-African populations, contrasting with a frequency in excess of 86%

in the African populations (Fig 4).
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Figure 3. Correlation of minor allele frequencies between different geographic
regions. Correlation coefficients were obtained by pairwise comparisons of each of
the 50 SNPs identified across two populations. They are coloured according to the
value using a gradient from white (representing 0 for no correlation) to dark blue (1 for
perfect correlation). The minor allele variant was defined by the 1000 Genomes
Project. AFR, African; EUR, European; AMR, American; EAS, East Asian; SAS, South

Asian.
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Figure 4. The differences in minor allele frequencies of SNPs in the six genes investigated, across different geographic regions. The
comparisons were made between Africans and other global populations (A) Africa vs. Europe; (B) Africa vs. South Asia; (C) Africa
vs. East Asia; (D) Africa vs. America. The thick grey lines indicated borders between SNPs in different genes: HAMP, SLC40A1,
TMPRSSG6, TF, HFE and TFR2. The minor alleles were defined according to the 1000 Genomes Project database [34]. AFR, African;
EUR, European; AMR, American; EAS, East Asian; SAS, South Asian.
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From the selected SNPs, several in African (n=10 SNPs) and East Asian (n=11 SNPs)
populations have fixed ancestral alleles or low MAF (<5%) (Fig 4). These SNPs
include four missense variants, with the lowest overall MAF or with fixed ancestral
alleles in several populations (associated with low iron: TMPRSS6 rs78174698 and
TF rs1799899; associated with increased serum ferritin:. SLC40A1 rs11568350;
associated with haemochromatosis: HFE rs1800562). The TMPRSS6 rs78174698
(P555S) MAF is low overall (<2%) across most populations, except in South Asia
where the minor allele is >10%. The minor allele for rs1799899 (G277S) is rare in
Africa and East Asia (<0.2%), and only reaches >4% MAF in European, American and
South Asian populations. For SLC40A 1 rs11568350 (Q248H), the minor allele reaches
5% in Africans, including in both The Gambian populations in the two datasets
analysed. In the other global populations, the ancestral allele is almost fixed. The
variant A allele of rs1800562 (C282Y) has the highest frequency in European
populations (4.3% and 5.3% in Caucasians from Europe in the 1000 Genome Project
and in the HapMap CEU population, which have ancestry from Northern and Western
Europe, respectively). The frequency of this variant is extremely low in Africans (0.2%
in the 1000 Genomes project) and it was not detected (MAF=0) in the Keneba Biobank
population.

We also investigated the population-specific linkage disequilibrium (LD) patterns
between SNPs in the candidate genes. There were blocks of high LD in the non-
African population, and the overall levels of LD were lower in the African populations
(Fig 5, Fig S1), including in The Gambia. In contrast, the SNPs in the TF gene still

showed a pattern of high LD in the African populations.
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Figure 5. Linkage disequilibrium (LD) plots in SNPs in HAMP, SLC40A1, TMPRSSE6,
TF, HFE and TFR2 genes. LD plot showing r? values in SNPS associated with iron

imbalances in: (A) African populations, (B) European populations and (C) Gambian

population in the Keneba Biobank.

Distribution and frequency of iron imbalance risk alleles

To investigate if any population had an over- or under-representation of risk alleles
leading to iron imbalances, we first classified the alleles as protective or susceptible
based on previous associations with low or high iron status or related biomarkers (S1
Table). A total of 23 SNPs were included in the risk allele analysis (see Methods for
exclusion criteria). Eleven SNPs had alleles that were clearly associated with low iron,

iron deficiency anaemia and/or IRIDA (SNPs in TMPRSS6 (rs855791, rs2235321,
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rs2235324, rs4820268, rs2413450, rs228916, rs228918 and rs228921) and TF

(rs3811647, rs1799899 and rs8177253) (S1 Table).

The South and East Asian populations had the highest number of low iron risk alleles,
whereas, Africans had the lowest and were significantly different from the other
populations (Fig 6A, P <0.0001). The American and European populations had similar
number of low iron risk alleles, but lower than the Asian populations (P <0.0001) (Fig

6A).
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Figure 6. Distribution of the number of low iron risk alleles across global populations.
(A) Distribution of the number of low iron risk alleles in eleven SNPs associated with
low iron status across five populations. (B) Distribution of the number of low iron risk
alleles in six SNPs with genotype data in the MRC Keneba Biobank population.
Designation of the allele (risk or not) was determined by their previously published
information as presented in S1 and S2 Tables. AFR, African; EUR, European; AMR,
American; EAS, East Asian; SAS, South Asian.
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Out of the eleven SNPs we found to be associated with low iron, it was only possible
to compare six using the Keneba Biobank data, as data on the remaining SNPs were
not available. The number of low iron risk alleles of the Gambians in the Keneba
Biobank and the overall Africans in the 1000 Genomes were similar (Fig 6B).
However, the low iron risk alleles in the Gambian and overall African populations were

significantly lower compared to the other populations (P < 2x10-'6) (Fig 6B).

Twelve SNPs were clearly associated with high iron or related biomarker (SNPs in
HAMP, TMPRSS6, TF, SLC40A1, TRF2 and close to HFE) with their risk alleles
indicated (S1 Table). Three out of these twelve high iron associated SNPs were in or
close to the HFE gene (rs1799945, rs1800562 and rs198846). These three SNPs were
associated with haemochromatosis. Since haemochromatosis is predominantly
common in those of European descent and rare in other populations, we analysed
these SNPs separately. The European populations have the highest number of high

iron risk alleles, significantly different from the other populations (P < 0.00850) (Fig 7).
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Figure 7. Distribution of the number of risk alleles for haemochromatosis among
global populations. Designation of the risk allele was determined by previously
published information as presented in S1 and S2 Tables. AFR, African; EUR,
European; AMR, American; EAS, East Asian; SAS, South Asian.

Data for two of the SNPs (rs1799945 and rs1800562) were available for the Keneba
Biobank population, but the frequency of risk alleles was low (1% and 0%,
respectively). Therefore, we could not compare the frequencies of risk alleles of these
SNPs between the Keneba Biobank population and the 1000 Genomes project
populations. Furthermore, we compared the frequencies of the high iron risk alleles of
the remaining nine SNPs associated with elevated iron status in other genes. The
African population in the 1000 Genomes Project had a significantly lower number of
high iron risk alleles than the other populations (P <0.0001) (Fig 8A). The distributions
between the other populations were similar. From these nine SNPs, genotype data for
three SNPs (TMPRSS6 rs5756506, TF rs1799852 and SLC40A71 rs11568350
(Q248H) were available for the Gambians in the Keneba Biobank. When we compare

the frequencies of the high iron risk alleles at these three SNPs across populations
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(Fig 8A), Gambians in the Keneba Biobank and pan-African populations have the

lowest number of combined risk alleles for high iron (Fig 8B).
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Figure 8. Distribution of the number of high iron risk alleles across global populations.
(A) Distribution of the number of high iron risk alleles across five populations. (B)
Distribution of the number of high iron risk alleles in three SNPs in the MRC Keneba
Biobank (Gambian) and other populations. Designation of the allele (risk or not) was
determined by their previously published information as presented in S1 and S2
Tables. AFR, African; EUR, European; AMR, American; EAS, East Asian; SAS, South
Asian.
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Global population differentiation

We calculated the global and pairwise fixation index (Fsr) across the 5 populations to
assess population divergence for all iron-associated SNPs. The overall Fst across the
populations was 0.076. The pairwise Fsr between the continental groups shows that
African versus non-African populations had the greatest allele frequency differentiation

(Fst>0.09; Table 1).

Table 1. Pairwise Fsr values between populations

EUR EAS AMR SAS
EAS 0.0317
AMR 0.0248 0.0232
SAS 0.0263 0.0154 0.0130
AFR 0.0992 0.1465 0.1507 0.1425

AFR, African; EUR, European; AMR, American; EAS, East Asian; SAS, South Asian;

Fsr fixation index.

We then investigated the individual SNPs driving the differentiation between African
and other populations (Fig 9). The variants with the highest Fsr (>0.3) and highest
allele frequency differences were rs1439816 in SLC40A1 and rs855791, rs855788
and rs5756506 in TMPRSS6 (Fig 9). The average Fsr values for the set of SNPs in
each population was less than 0.065. The highest Fsr values we observed lay within
the top 5% of the distribution of empirical global Fst values described by others (95%

percentile Fst > 0.28) [43—45].
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We also calculated the Population Branch Statistic (PBS) values, an Fsr-based test
involving the comparison of three populations, to investigate if the differentiation
between populations could be driven by positive selection [40]. We used African,
European and South Asian populations and observed that the PBS analysis reaffirms
the Fsrt results. In particular, the highest PBS values were present in: SLC40A1
(rs1439816: AFR=0.27, EUR=0.05, SAS=0.0) and TMPRSS6 (rs855791: AFR=0.16,
EUR=0.0, SAS=0.07; rs855788: AFR=0.29, EUR=0, SAS=0.04; rs5756506:
AFR=0.25, EUR=0.0, SAS=0.07) (S3 Table). These values are above the top five-
percentile threshold of genome-wide PBS values (PBS> 0.156) described by others

[41,42].

Finally, we investigated if any signals of recent positive selection could be detected in
these genes by using the Integrated Haplotype Score (iHS) values from the
Haplotter and HGDP selection browsers. The iHS statistic is based on the LD
surrounding a positively selected allele compared with the LD around the alternative
variant in the same position [46]. A positive iHS score (iHS > 2) means that the
haplotypes on the ancestral allele background are longer than those with the derived
allele [46]. A negative iHS score (iHS < -2) means that the haplotypes on the derived
allele background are longer and are under selection. No clear evidence of selection
was shown in the genomic regions containing HAMP, TMPRSS6, TF and TRF2
(IHS<1). However, values of iHS scores close to 2 were found for the regions
containing SLC40A1 (e.g. rs1439816: iHS =1.8 (East Asian-Hapmap ASN), iHS=2
(European HapMap CEU) and HFE (e.g. rs198846: iHS=1.8 ASN), suggesting a high

frequency of longer haplotypes with the ancestral allele. Other studies have suggested
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that the HEF locus could be under positive selection in both European and Asian

populations [75].

Discussion

In this study we identified a significant lack of data on the genetic influences of iron
status in African populations. This finding highlights a critical gap since African
populations have high genetic diversity, and information from other populations may
not be transferable to Africans [76,77]. African-specific studies on the genetic
influences of iron status will help increase our understanding of the role played by

genetic risk factors in the prevalence of anaemia in sub-Saharan Africa.

We used genotype data of populations from the Keneba Biobank at MRCG at LSHTM,
The Gambia [33] and the 1000 Genome project [34] to describe the minor allele
frequencies and differences in risk alleles in SNPs associated with iron imbalances or
iron biomarkers. The allele frequencies of the available SNPs from the Gambian
participants in the Keneba Biobank population were very similar to the Gambian
population in the 1000 Genomes project. Both the Keneba Biobank population and
1000 Genomes Project included Gambians from the same ethnic group the Mandinka
[33,34], which is the largest ethnic group in The Gambia. However, several
other ethnic groups live in The Gambia, including Fula and Wolof ethic groups [78].
Variability in disease risk and nutrition status between the Fula and the Mandinka
ethnic groups has been reported [79]. This finding is consistent with the inter-
population genetic variability within African populations, which may also influence

differences in disease susceptibility. Thus, future work could investigate the genetic
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diversity in the genes related to iron imbalances in non-Mandinka ethnic groups in The

Gambia to determine their possible effect on impaired iron status.

Substantial differences in minor allele frequencies were observed when comparing the
African versus non-African populations. The major differences occur in SNPs in
SLC40A1 and TMPRSS6 genes. SLC40A1 encodes ferroportin, a transmembrane
transport protein which is the only known mammalian iron exporter [80]. The SLC40A1
Q248H variant (rs11568350) is rare globally except in populations of African ancestry
populations, where it reaches frequencies of ~5% [34]. The Q248H variant is
associated with increased serum ferritin, decreased hepcidin concentrations and the
risk of iron-loading in African populations [57,81]. Also, SLC40A1 Q248H is associated
with modest protection against anaemia and iron deficiency in African children [51,82].
We found significant differences in allelic frequencies for variants in the
TMPRSS6 gene which encodes for Matriptase-2, a type Il transmembrane serine
protease that negatively regulates hepcidin synthesis [23,83]. Impaired matriptase-2
activity leads to inappropriately raised hepcidin levels [84,85], which results in
restricted iron absorption and release from storage sites [17]. Several SNPs in
TMPRSS6 had allele frequencies that are significantly different between African and
non-African populations. These variants include rs855791, which has a low MAF
(<10%) in African populations and reaches more than 35% in other populations.
TMPRSS6 rs855791 is associated with iron deficiency anaemia and IRIDA, with
elevated hepcidin, reduced iron and reduced haemoglobin indices [20,21,84,86,87].
Differences in allele frequencies between continents have been described in many

other genetic markers across the genome using data from the 1000 Genomes project
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[88,89] Therefore, the observed large allele frequency differences in SNPs associated

with iron differences could be the result of demographic differences.

To understand if the differences in the observed allele frequencies could lead to
differences in over- or under-representation of risk alleles leading to iron imbalances,
we explored the frequencies of the combined risk alleles across the genes. We found
that African populations, including the Gambian population from the Keneba Biobank,
had a significantly lower number of alleles associated with the risk of anaemia or low
iron. Similarly, we observed a lower number of risk alleles associated with high iron,
or iron overload in Africans. This observation is likely because most of the studies
were conducted in non-African populations. However, it is also possible that these
differences are due to natural selection processes to balance the environmental risk
factors to which African populations are exposed. For example, malnutrition and
infections (e.g. helminths and malaria parasites) can lead to anaemia or limit iron
overload which can increase susceptibility to certain infections (e.g bacterial). It is
possible that the allele frequency differences between populations we described have
occurred through founder effects as humans migrated out of Africa rather than through
selective pressure. Possible signals of selection have only been observed for one SNP
in SLC40A1 and three SNPS in TMPRSS6, which have the highest Fsr and PBS

values in Africa.

Our study has limitations. These include the potential for bias in the SNPs selection
from the literature as there is an overrepresentation of studies related to genetics of
iron imbalances in European and Asian populations. Also, it was difficult to ascertain

the risk allele for several variants either because they were not described by the
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original study and/or the different studies used different genotyping platforms. In
addition, although some risk alleles have been confirmed in more than one ethnic
group (46% of the SNPs), for other SNPs it is possible that the alleles have different
effects across populations and this could affect the risk allele analysis. Overall, our
study highlights a major gap in genetic studies in Africa and the need to perform

genetic studies in African populations.

We also observed a lower linkage disequilibrium between SNPs in African
populations. For example, the TMPRSS6 rs4820268 is in strong LD with TMPRSS6
rs855791 in Europeans [90], but we found that these two SNPs are in weak LD in the
Keneba Biobank population. This should be taken into account when performing
association studies and selecting tag SNPs. In this setting, it may be easier to fine-
scale map “causal” variants, but more difficult to identify the novel putative loci in a
GWAS. Also, as iron imbalances can be due to multiple factors, it is critical to
complement genetic studies with detailed meta-data collection, including detailed
nutritional status, iron biomarkers, and clinical histories. Alternatively the effects of the
variants can be studied prospectively using recall-by-genotype methods [91] that can
also interrogate the dynamic responses to, for instance, the administration of iron
supplements. Follow-up GWAS and candidate gene studies will be important to
understand the genetic underpinning the geographic variation in the prevalence of iron

imbalances disorders.

In conclusion, this study identified a substantial disparity in allele frequencies of
genetic variants associated with iron, between Africans and other populations. We

also, identified the scarcity of data on the genetic influences of iron status in Africa.
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Given the high burden of iron deficiency in sub-Saharan Africa, particularly in child-
bearing women and children, comprehensive mapping of the genetic influences on
iron status may help lay the foundation for future studies and assist in developing

future iron intervention strategies.

Supporting information
The 1000 Genomes data is publicly available (www.internationalgenome.org). The
Keneba Biobank genotyping data for the 13 SNPs used in this study is available in

Table S4.

Supporting information captions

Fig S1: Linkage disequilibrium (LD) plots in SNPs in HAMP, SLC40A1,
TMPRSS6, TF, HFE and TFR2 genes. LD plot showing D prime values in SNPs
associated with iron imbalances in (A) African populations, (B) European populations

and (C) Gambian population in the Keneba Biobank.

S1 Table: Details of the fifty SNPs identified in the six genes that are associated

with iron imbalance

S2 Table: Details of populations where each SNP was reported and the

associated phenotypes

S3 Table: Population Branch Statistic (PBS) values involving the comparison of

three populations.

S4 Table: Genotyping data for 13 SNPs for the Gambian population in the
Keneba Biobank
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S1 Table: Details of the fifty SNPs identified in the six genes that are associated with iron imbalance

SNPs Loci Type of Minor | Major | Risk | Effect Minor Allele Frequency References
variant Allele | Allele | allele | on
(amino acid serum
change) iron!
1000 Genomes HapMap Keneba
Biobank
Global | AF GWD | EUR | EAS | SAS | AMR YRI CEU
(Al R
(Al
rs10421768 | HAMP intron variant | G A A High 0.16 019 | 026 | 0.24 | 0.03 | 0.20 0.14 0.21 0.13 NA (1-4)
rs1799945 HFE missense G C G High 0.07 0.01 | 0.00 | 0.17 | 0.03 | 0.07 0.12 0.01 0.13 0.01 (5-17)
variant (aa:
H/D)
rs1800562 HFE Missense A G A High 0.01 0.00 | 0.00 | 0.04 | 0.00 | 0.00 0.02 0.00 0.05 0 (13,15,16,18—
variant 20)
(C282Y)
rs198846 close to Intron variant | A G A High 0.11 0.12 | 0.05 | 0.18 | 0.02 | 0.07 0.14 0.21 0.16 NA (21,22)
HFE
rs129128 close to Intron variant | C T C High 0.07 0.01 | 0.00 | 0.16 | 0.03 | 0.09 0.11 0.01 0.14 NA (23)
HFE
rs744653 close to regulatory C T T Modera 0.14 0.21 | 0.18 0.16 0.04 0.19 0.08 0.18 0.15 NA (5)
SLC40A1 | region tes HH?
variant
rs1439816 SLC40A1 | intron variant | C G G Modera 0.34 0.73 | 0.74 | 0.16 | 0.18 | 0.25 0.23 0.76 0.17 NA 4)
tes HH?
rs11568350 | SLC40A1 | Missense A C A High 0.01 0.05 | 0.06 | 0.00 | 0.00 | 0.00 0.00 0.05 0.00 0.05 (24-26)
(Q248H) variant
(Q248H)
rs2280673 close to intron variant | A C NA Low 0.49 0.41 | 0.38 0.37 0.61 0.56 0.47 0.40 0.34 NA (18)
TF RAB6B
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Table S1 Continued

SNPs Loci Type of Minor | Major | Risk Effect on Minor Allele Frequency Referenc

variant Allele | Allele | allele | serum es

(amino acid iron!

change)

1000 Genomes HapMap Keneba
Biobank
Global | AFR GWD | EUR | EAS SAS | AMR | YRI | CEU
(Al (Al
rs1867504 TF Intron variant | A G A High 0.42 0.22 0.24 0.49 0.50 0.52 043 | 048 0.23 NA (2)
rs9872999 TF Intron variant | C T NA High 0.33 0.35 0.39 0.47 0.26 0.25 0.30 NA | NA NA (12)
rs8177179 TF Intron variant | G A A Moderates 0.34 0.36 0.40 0.47 0.26 0.26 0.30 | 0.28 0.42 NA (5)
HH?

rs1799852 TF Synonymous | A G A High 0.14 0.05 0.10 0.14 0.22 0.19 0.14 | 0.06 0.06 0.07 (2,13,18,

variant 20,27)

(L247L)
rs12493168 | TF G A NA Low 0.07 0.01 0.00 0.13 0.00 0.08 0.21 | 0.01 0.17 NA (27)
rs1799899 TF Missense A G A Conflict® 0.03 0.00 0.00 0.07 0.00 0.05 0.04 | 0.00 0.04 NA (28,29)
(G277S) variant

(G277S)
rs3811658 TF Intron variant | T C T Conflict® 0.32 0.12 0.10 0.35 0.43 0.41 0.39 | 0.01 0.37 NA (2,27,30)
rs8177248 TF intron variant | T C NA Low 0.31 0.08 0.07 0.35 0.43 0.41 0.39 | 0.04 0.36 NA (30)
rs8177253 TF intron variant | T C T Low 0.35 0.22 0.15 0.35 0.43 0.41 0.40 | 0.22 0.36 NA (12)
rs1405023 TF intron variant | C T NA High 0.44 0.62 0.62 0.44 0.33 0.38 0.35 | NA NA NA (27)
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Table S1 Continued

SNPs Loci Type of Minor | Major | Risk Effect on Minor Allele Frequency References
variant Allele | Allele | allele serum
(amino iron!
acid
change)
1000 Genomes HapMap Keneba
Biobank
Globa | AFR GWD | EUR EAS SAS AMR | YRI | CEU
I (All) | (All)
rs1880669 TF intron T C NA Conflict? 0.50 0.65 0.66 0.39 0.50 0.44 0.44 | 0.70 0.39 NA (27,30,31)
variant
rs3811647 TF intron A G A Low 0.34 0.19 0.15 0.35 0.42 0.41 0.39 | 0.17 | 0.36 0.14 (6,12,13,18,27,
variant 32-36)
rs1358024 TF intron T C NA Low 0.19 0.01 0.00 0.19 0.39 0.27 0.17 | 0.00 0.18 NA (18,27,30,33)
variant
rs1525892 TF intron A G A Conflict? 0.36 0.26 0.23 0.35 0.47 0.41 0.40 | 0.37 0.23 NA (2,30,33)
variant
rs1049296 TF Missense T C NA High 0.16 0.06 0.02 0.14 0.26 0.23 0.12 | 0.07 0.16 0.01 (27)
variant
(S589P)
rs7638018 TF intron G A NA Low 0.33 0.15 0.14 0.35 0.42 0.41 0.40 | 0.15 0.36 NA (30)
variant
rs1830084 TF 3 prime T Uncertain Low 0.32 0.11 0.08 0.34 0.46 0.40 0.40 | 0.13 0.35 NA (12,30)
UTR variant risk
allele*
rs7385804 TFR2 Intron C A C Conflict? 0.31 0.33 0.30 0.38 0.24 0.32 0.29 | 0.35 0.38 NA (2,5,6,31,32,37)
variant
rs2235321 TMPRSS6 | Synonymou | A G A Low 0.36 0.41 0.44 0.42 0.41 0.26 0.21 | 0.38 0.39 0.44 (38—40)
s variant
(Y739Y)
rs855791 TMPRSS6 | Missense A G A Low 0.40 0.10 0.10 0.39 0.57 0.54 049 | 0.12 0.41 0.07 (5,8,10,15—
variant 17,21,22,32,36,
(A736V) 39,41-59)
rs78174698 | TMPRSS6 | missense A G NA Low 0.03 0.01 0.02 0.00 0.01 0.12 0.00 | 0.02 0.00 0.01 (43)
variant
(P555S)
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Table S1 Continued

SNPs Loci Type of Minor | Major | Risk | Effect on Minor Allele Frequency References

variant Allele | Allele | allele | serum

(amino acid iron!

change)

1000 Genomes HapMap Keneba
Biobank
Global | AFR GWD | EU | EAS SAS AMR | YRI CEU
(Al (Al R

rs5756504 | TMPRSS6 | Intronvariant | T C T High 0.43 0.67 0.65 | 040 | 042 0.26 0.24 0.71 0.33 NA (22,56,57,60)
rs5756506 | TMPRSS6 | Intronvariant | C G C High 0.47 0.83 0.82 | 040 | 043 0.26 0.26 0.85 0.35 0.84 (27,37,47)
rs4820268 | TMPRSS6 | Missense G A G Low 0.46 0.28 0.27 | 042 | 0.56 0.57 0.53 0.21 0.48 0.27 (2,6,21,22,32,3

variant 9,42,47,57,61,6

(D521E) 2)
rs2413450 | TMPRSS6 | Intronvariant | T C T Low 0.42 0.12 0.12 | 041 | 0.56 0.56 0.52 0.12 0.48 0.17 (2,47,53,63)
rs2072860 | TMPRSS6 | Intronvariant | G A NA Conflict? 0.46 0.28 0.27 | 042 | 057 0.57 0.53 NA NA NA (12,43)
rs9610643 | TMPRSS6 | Intron variant | A G NA Low 0.38 0.60 0.59 | 0.33 | 040 0.23 0.22 NA NA NA (43)
rs855788 TMPRSS6 | intron variant | A G NA High 0.49 0.90 0.86 | 0.44 | 0.30 0.35 0.27 0.95 0.31 NA (57)
rs2543519 | TMPRSS6 | Intron variant | G A NA Low 0.25 0.40 043 | 021 | 017 0.25 0.14 0.36 0.21 NA (39,43)
rs2111833 | TMPRSS6 | Synonymous | T C T Conflict? 0.31 0.38 0.31 | 0.39 | 0.31 0.24 0.20 0.42 0.34 NA (4) (30)

variant (S>S)
rs2235324 | TMPRSS6 | Missense G A G Low 0.39 0.40 043 | 043 | 040 0.37 0.33 0.43 0.35 0.45 (38—

variant 40,47,51,57)

(K253E)
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Table S1 Continued

SNPs Loci Type of Minor | Major | Risk Effect Minor Allele Frequency References
variant Allele | Allele | allele on
(amino acid serum
change) iron’
1000 Genomes HapMap Keneba
Biobank
Global | AFR | GWD | EUR EAS SAS AMR | YRI CEU
(Al (Al
rs1421312 TMPRSS6 | intron variant | G A NA High 0.47 0.60 | 0.58 0.42 0.40 0.50 0.35 0.62 0.47 NA (30,57)
rs5756512 TMPRSS6 | intronvariant | T C NA Low 0.33 0.28 | 0.26 0.42 0.33 0.36 0.23 NA | NA NA (43)
rs2160906 TMPRSS6 | Intron variant | A G NA Low 0.13 0.06 | 0.05 0.19 0.18 0.14 0.12 0.05 0.20 NA (36)
rs732756 TMPRSS6 | Intron variant | C T NA Low 0.14 0.08 | 0.08 0.19 0.18 0.14 0.12 0.06 0.20 NA (43)
rs228904 TMPRSS6 | Intron variant | G A NA High 0.14 0.08 | 0.08 0.19 0.18 0.14 0.12 0.06 0.20 NA (57)
rs11704654 | TMPRSS6 | Synonymous | T C NA Low 0.15 0.15 | 0.14 0.19 0.13 0.16 0.11 0.16 0.25 NA (39,42)
variant
(P33P)
rs5756516 TMPRSS6 | Intronvariant | T C NA Low 0.32 0.30 | 0.27 0.42 0.33 0.20 0.35 0.31 0.43 NA (43)
rs228916 TMPRSS6 | 5prime UTR | C T T Low 0.07 0.03 | 0.00 0.11 0.00 0.09 0.18 0.03 0.08 NA (5)
variant
rs228921 TMPRSS6 | Intergenic G A G Low 0.41 0.40 | 0.40 0.41 0.43 0.48 0.31 NA 0.40 NA (21,35)
2kb variant
Upstream
Variant
rs228918 TMPRSS6: | Intergenic A G G Low 0.41 0.40 | 0.40 0.41 0.43 0.49 0.31 0.34 0.47 NA (2,21)
2kb variant-
Upstream
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' The documented effect of each SNP on iron status, based on its influence on iron biomarkers. High: Indicates SNPs that have been associated
with elevated iron status as shown by at least iron biomarker signifying elevated iron status. Low indicates SNPs associated with decreased iron
status, determined by at least one biomarker signifying low iron.

2The only information available about this SNPs is that they modulate hemochromatosis.

3 We found contradictory information about the effects of these SNPs on iron status. Different papers reported direction of effects of these SNPs
on iron status.

NA indicates SNPs that we could not establish the risk allele because it was not stated by the respective studies that reported the SNPs. In the
Keneba Biobank, NA indicates SNPs whose genotype data was not present in the Biobank population.

“Indicates a SNP in which the effect of the risk allele has not been clearly described in the paper it was reported.

The phenotype associated with the risk allele

AFR, Africans; AMR, Americans; CEU, Utah residents with Northern and Western European ancestry from the CEPH collection; EAS, East
Asians; EUR, Europeans; GWD, Gambians from Western Division; HAMP, hepcidin antimicrobial peptide; Hb, haemoglobin; HCT, haematocrit;
HFE, High fe; HH, hereditary hemochromatosis; IDA, iron deficiency anaemia; MCH, mean corpuscular haemoglobin; NA, not available; SAS,
South Asians; Sl, serum iron; SLC40A1, solute carrier family 40 member 1; SNP, single nucleotide polymorphism; sTfR, soluble transferrin
receptor; TF, transferrin; TMPRSS6, transmembrane protease serine 6; UTR, untranslated region; YRI, Yoruba in Nigeria.
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Table S2. Details of populations where each SNP was reported and the associated phenotypes

SNPs Gene Minor | Major | Risk Study/ first author Location/ Population/ Associated trait? Reference®
allele | allele | Allele Ethnicity’
rs10421768 | HAMP G A A Javaheri-Kermani et al., Iran Associated with elevated 3)
2014 serum iron and low hepcidin
levels
rs10421768 | HAMP G A A Andreani et al., 2009 Italy Associated with elevated (1)
liver iron concentration and
raised serum ferritin levels
rs10421768 | HAMP G A A Radio et al., 2016 Italy Homozygotes and (4)
heterozygotes has
signicficantly reduced
transferrin levels
rs10421768 | HAMP G A A Gichohi-Wainaina et al., Kenyans, Tanzanians, S. | Significant increased in Hbin | (2)
2016 Africans and African- Kenyans only
Americans
rs1049296 TF T C NA Constantine et al., 2009 European ancestry Reduced TSAT and serum (27)
transferrin
rs11568350 | SLC40A1 A C A Masaisa et al., 2012 Rwanda Associated with low hepcidin | (25)
(Q248H) and transferrin, and elevated
serum ferritin
rs11568350 | SLC40A1 A C A Kasvosve et al., 2018 Zimbabwe Associated with elevated (24)
(Q248H) ferritin levels and protection
against IDA
rs11568350 | SLC40A1 A C A Rivers et al., 2007 African-Americans Associated with elevated (26)
(Q248H) serum ferritin in men
rs11704654 TMPRSS6 | T C NA Delbini et al., 2010 Italy Associated with iron (39)
deficiency
rs11704654 TMPRSS6 | T C NA Kloss-Brandstatter et al., | Netherlands Associated with increased (42)
2012 serum iron and ferritin
rs12493168 TF G A NA Constantine et al., 2009 European ancestry Elevated serum transferritin (27)
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Table S2 continued

2016

with lower serum ferritin

SNPs Gene Minor | Major | Risk Study/ first author Location/ Population/ Associated trait? Reference®
allele allele | Allele Ethnicity’
rs129128 HFE C T C Lietal., 2015 USA Elevated serum iron (12)
rs1358024 TF T C NA Constantine et al., 2009 European ancestry Elevated serum (27)
transferritin
rs1358024 TF T C NA Benyamin et al., 2009 Aurtralians Affects serum transferrin (18)
concentrations, but
direction of effect was not
stated
rs1405023 TF C T NA Constantine et al., 2009 European ancestry Reduced serum transferrin | (27)
levels
rs1421312 TMPRSS6 G A NA McLaren et al., 2012 Whites, African-Americans, | Increased serum iron and (30)
Hispanics and Asians (US TSAT, and decreased
& Canada) sTfR in Whites
rs1421312 TMPRSS6 G A NA Tanaka et al., 2010 Italy and USA Significantly associated (57)
with reduced iron status
rs1439816 SLC40A1 C G G Radio et al., 2016 Italy Moderates hereditary (4)
hemochromatosis
rs1525892 TF A G A Gichohi-Wainaina et al., Kenyans, Tanzanians, S. Marginally significant 2)
2016 Africans and African- higher ferritin
Americans concentrations
rs1525892 TF A G A McLaren et al., 2012 Whites, African-Americans, | Elevated TIBC in all the (30)
Hispanics and Asians (US populations
& Canada)
rs1799852 TF A G A Gichohi-Wainaina et al., South Africa The A allele is associated 2)
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Table S2 continued

SNPs Gene Minor | Major | Risk Study/ first author Location/ Population/ Associated trait? Reference®
allele | allele | Allele Ethnicity’
rs1799852 TF A G A Benyamin, et al., 2009 Australian of European Decreased transferrin, increased | (18)
ancestry serum iron, ferritin and TSAT
rs1799852 TF A G A Blanco-Rojo et al., 2011 | Spain Reduced serum transferrin (13)
levels
rs1799852 TF A G A Constantine et al., 2009 | European ancestry Reduced serum transferrin (27)
levels
rs1799899 TF A G A Sarria et al., 2007 Spain No significant differences in iron | (28)
(G277S) biomarkers between genotypes
rs1799899 HFE A G A Lee et al., 2001 European ancestry The variant allele predispose to | (29)
(G277S) iron deficiency
rs1799945 HFE G C G Pichler et al., 2011 Italy and USA Reduced serum iron (6)
(H63D)
rs1799945 HFE G C G Athiyarath et al., 2015 India The G allele was significantly (10)
(H63D) associated with adequate
response to iron
supplementation
rs1799945 HFE G C G Blanco-Rojo et al., 2011 | Spain Reduced serum transferrin (13)
(H63D) levels
rs1799945 HFE G C G Galesloot et al., 2013 Netherlands Significantly associated with iron | (15)
(H63D) and TSAT
rs1799945 HFE G C G De Falco et al., 2018 Italy associated with elevated Hb, (16)
(H63D) MCV, serum iron and ferritin
levels
rs1799945 HFE G C G Mast et al., 2012 Multicenter: USA Increased iron stores 9)
(H63D)
rs1799945 HFE G C G Sgrensen et al., 2015 Denmark The C alleles are associated (8)
(H63D) with iron deficiency in women
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Table S2 continued

SNPs Gene Minor | Major | Risk Study/ first author Location/ Population/ Associated trait? Reference®
allele | allele | Allele Ethnicity’

rs1799945 HFE G C G Whitfield et al., 2000 Australia Associated with high iron stores (11)

(H63D)

rs1799945 HFE G C G Benyamin et al., 2014 European ancestry Reduced serum iron, TSAT and (5)

(H63D) ferritin, and elevated transferrin

rs1799945 HFE G C G Lietal., 2015 USA Elevated serum iron (12)

(H63D)

rs1799945 HFE G C G Pichler et al., 2013 European Ancestry Increased iron stores 17)

(H63D) populations

rs1799945 HFE G C G Blanco-Rojo et al., 2014 | European ancestry Associated with protection against | (20)

(H63D) iron deficiency

rs1799945 HFE G C G Garewal et al., 2005 India No effect on iron status 7)

(H63D)

rs1799945 HFE G C G Beutler et al., 2003 European ancestry Elevated Hb, TSAT, ferritin and (14)

(H63D) lower anaemia prevalence

rs1799945 HFE G C G Jackson et al., 2001 UK: Wales Elevated serum ferritin, TSAT and | (64)

(H63D) Hb, and reduced UIBC

rs1800562 HFE A G A Benyamin, et al., 2009 Australian of European Increased serum iron, ferritin and (18)

(C282Y) ancestry TSAT, decreased transferrin

rs1800562 HFE A G A Kullo et al., 2010 USA Elevated MCH (22)

(C282Y)

rs1800562 HFE A G A Blanco-Rojo et al., 2011 | Spain Reduced serum transferrin levels (13)

(C282Y)

rs1800562 HFE A G A Galesloot et al., 2013 Netherlands Significantly associated with (15)

(C282Y) ferritin, iron, TSAT and TIBC

rs1800562 HFE A G A Benyamin et al., 2009 Aurtralians Reduced transferrin, raised serum | (36)

(C282Y) iron, TSAT, ferritin, Hb and MCV
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Table S2 continued

SNPs Gene Minor | Major | Risk Study/ first author Location/ Population/ Associated trait? Reference®

allele | allele | Allele Ethnicity’
rs1800562 HFE A G A Seiki et al., 2018 Japanese Elevated MCV, Hb (60)
(C282Y)
rs1800562 HFE A G A Gordeuk et al., 2017 Multi-ethnic: USA and Associated with elevated ferritin (19)
(C282Y) Canada levels
rs1800562 HFE A G A De Falco et al., 2018 Italians Carriage of C282Y was higher in (16)
(C282Y) celiac disease cases in than in

controls.

rs1800562 HFE A G A Sgrensen et al., 2015 Denmark The G allele is associated with (8)
(C282Y) lower iron stores
rs1800562 HFE A G A Whitfield et al., 2000 Australians Associated with high iron stores (11)
(C282Y)
rs1800562 HFE A G A Benyamin et al., 2014 European ancestry Elevated iron, TSAT and ferritin, (5)
(C282Y) and reduced tranferrin
rs1800562 HFE A G A Lietal., 2015 USA Elevated ferritin and low TIBC (12)
(C282Y)
rs1800562 HFE A G A Pichler et al., 2013 European Ancestry Increased iron stores 17)
(C282Y) population
rs1800562 HFE A G A Traglia et al., 2011 Italians Elevated ferritin and decreased (45)
(C282Y) hepcidi/ferritin ration
rs1800562 HFE A G A Koller et al., 2016 European-American Associated with TIBC (34)
(C282Y) (USA)
rs1800562 HFE A G G Bedard et al., 2018 UK G alleles associated with reduced | (55)
(C282Y) iron stores
rs1800562 HFE A G A McLaren et al., 2011 GWAS on Americans of Decreased TIBC and UIBC (33)
(C282Y) European ancestry
rs1800562 HFE A G A Beutler et al., 2003 European ancestry Elevated Hb, TSAT, ferritin and (14)
(C282Y) lower anaemia prevalence
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Table S2 continued

SNPs Gene Minor | Major | Risk Study/ first author Location/ Population/ Associated trait? Reference®
allele | allele | Allele Ethnicity’
rs1800562 HFE A G A Jackson et al., 2001 UK: Wales Elevated serum ferritin, TSAT (64)
(C282Y) and Hb, and reduced UIBC;
compound heterozygotes of
H63D and C282Y has has
high iron stores
rs1830084 TF T A A Benyamin, et al., 2009 Australian of European increased transferrin (18)
ancestry
rs1830084 TF T A T Li et al,, 2015 USA Elevated TIBC (12)
rs1867504 TF A G A Gichohi-Wainaina et al., Kenyans, Tanzanians, S. Elevated ferritin levels 2)
2016 Africans and African-
Americans
rs1880669 TF T C NA McLaren et al., 2012 Whites, African- Elevated TIBC in all the (30)
Americans, Hispanics and | populations
Asians (US & Canada)
rs1880669 TF Constantine et al., 2009 | European ancestry Reduced serum transferrin (27)
T C NA levels
rs1880669 TF A Piao et al., 2017 Chinese adolescents A allele is associated with (31)
T C highet sTfR
rs198846 HFE A G A Kullo et al., 2010 USA Elevated MCV and MCH (22)
rs198846 HFE A G A Chambers et al., 2009 European and Indian The major allele (G) are (21)
Ancestry associated with lower Hb
concentration
rs2072860 TMPRSS6 | G A NA Bhathia et al., 2017 India Associated with IRIDA (43)
rs2072860 TMPRSS6 | G A A Lietal., 2015 USA Elevated serum iron (12)
rs2111833 TMPRSS6 | T C T McLaren et al., 2012 Whites, African- Increased serum iron and (30)
Americans, Hispanics and | TSAT in Whites
Asians (US & Canada)
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Table S2 Continued

2015

levels in combination with rs228918

SNPs Gene Minor | Major | Risk Study/ first author Location/ Population/ Associated trait? Reference®
allele | allele | Allele Ethnicity’
rs2111833 TMPRSS6 | T C T Radio et al., 2016 Italy No significant differences in iron (4)
biomarkers between genotypes
rs2160906 TMPRSS6 | A G NA Tanaka et al., 2010 Italy and USA Significantly associated with reduced | (57)
iron status
rs2235321 TMPRSS6 | A G A Lee etal., 2012 White Americans Decreased TSAT (38)
rs2235321 TMPRSS6 | A G A Delbini et al., 2010 Italy Associated with iron deficiency (39)
rs2235321 TMPRSS6 | A G A Poggiali et al., 2015 Italy Associated with iron deficiecy (40)
rs2235324 TMPRSS6 | G A G Lee et al., 2012 White Americans Elevated TSAT (38)
rs2235324 TMPRSS6 | G A G Beutler et al., 2010 Caucasians Associated with iron deficiency (51)
rs2235324 TMPRSS6 | G A NA Delbini et al., 2010 Italy Associated with iron deficiency (39)
rs2235324 TMPRSS6 | G A NA Tanaka et al., 2010 Italy and USA Significantly associated with reduced | (57)
iron status
rs2235324 TMPRSS6 | G A NA Poggiali et al., 2015 Italy Associated with iron deficiecy (40)
rs2280673 TF A C NA Benyamin, et al., 2009 Australian of European Elevated transferrin, decrease TSAT | (18)
decent and ferritin
rs228904 TMPRSS6 | G A NA Tanaka et al., 2010 Italy and USA Significantly associated with elevated | (57)
iron status
rs228916 TMPRSS6 | C T T Benyamin et al., 2014 European ancestry Reduced serum iron (5)
rs228918 TMPRSS6 | A G C Chambers et al., 2009 European and Indian Associated with decreased Hb (21)
Ancestry levels, increased sTfR and low
serum iron
rs228918 TMPRSS6 | A G G Gichohi-Wainaina et al., | Kenyans, Tanzanians, S. Reduced Hb 2)
2016 Africans and African-
Americans
rs228921 TMPRSS6 | G A G Chambers et al., 2009 European and Indian Associated with low iron status (21)
Ancestry
rs228921 TMPRSS6 | G A G Gichohi-Wainaina et al., | South Africa Higher sTfR and lower serum iron (35)
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Table S2 Continued

ancentry

SNPs Gene Minor | Major | Risk Study/ first author Location/ Population/ Associated trait? Reference®
allele | allele | Allele Ethnicity’
rs2413450 TMPRSS6 | T C T Batar et al., 2018 Turkish Associated with elevated TIBC (47)
rs2413450 TMPRSS6 A Gichohi-Wainaina et al., Kenyans, Tanzanians, S. Reduced Hb 2)
T C 2016 Africans and African-
Americans
rs2413450 TMPRSS6 | T C T Guo et al., 2016 Estonian Elevated MCH (63)
rs2413450 TMPRSS6 | T C T Ganesh et al, 2009 European ancestry Reduced MCV, MCH and HCT (53)
rs2543519 TMPRSS6 | G A NA Bhathia et al., 2017 India Associated with IRIDA (43)
rs2543519 TMPRSS6 | G A NA Delbini et al., 2010 Italians Associated with iron deficiency (39)
rs3811647 TF Benyamin, et al., 2009 Australian of European Increased transferrin (18)
A G A dancestry
rs3811647 TF A G A Pichler et al., 2011 Italy and USA Elevated transferrin concentration | (6)
rs3811647 TF Blanco-Rojo et al., 2011 | Spain Elevated serum transferritin (13)
A G A
rs3811647 TF Constantine et al., 2009 | European ancestry Elevated serum transferritin (27)
A G A
rs3811647 TF An et al., 2012 Han Chinese Reduced Hb, increased transferrin | (32)
A G A and TIBC
rs3811647 TF A G A Benyamin et al., 2009 Aurtralians Raised serum iron and transferrin | (18)
rs3811647 TF A G A Gichohi-Wainaina et al., | South Africa Heterozygotes are associated with | (35)
2015 lower sTfR and higher iron stores;
homozygotes of both extremes
have similar levels of sTfR and
body iron stores
rs3811647 TF A G A Li et al,, 2015 USA Elevated TIBC (12)
rs3811647 TF Koller et al., 2016 European-American Associated with TIBC serum iron (34)
A G A (USA)
rs3811647 TF McLaren et al., 2011 Americans of European Decreased TIBC and UIBC (33)
A G A
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Table S2 Continued

associated with increased
serum iron and MCV, reduced
RDW

SNPs Gene Minor | Major | Risk Study/ first author Location/ Population/ Associated trait? Reference®
allele | allele | Allele Ethnicity’
rs3811658 TF T C NA McLaren et al., 2012 Whites, African-Americans, Elevated TIBC in all the (30)
Hispanics and Asians (US & populations
Canada)
rs3811658 TF T Gichohi-Wainaina et al., Kenyans, Tanzanians, S. Increased Hb 2)
T C 2016 Africans and African-
Americans
rs3811658 TF NA Constantine et al., 2009 | European ancestry Increased transferrin (27)
T C
rs4820268 TMPRSS6 | G A G Benyamin, et al., 2009 Australian of European Decreased serum iron and (18)
ancestry TSAT
rs4820268 TMPRSS6 | G A G Pichler et al., 2011 Italy and USA Decreased serum iron, Hb, (6)
MCV, MCH and ferritin;
increased TF, sTfR and
sTfR/ferritin index
rs4820268 TMPRSS6 | G A G Kullo et al., 2010 USA Associated with reduced MCH | (22)
and MCHC
rs4820268 TMPRSS6 | G A G Constantine et al., 2009 | European ancestry Lower TSAT and serum iron (27)
rs4820268 TMPRSS6 | G A NA Chambers et al., 2009 European and Indian Associated with decreased Hb | (21)
Ancestry levels, increased sTfR and low
serum iron
rs4820268 TMPRSS6 | G A NA Delbini et al., 2010 Italians Associated with iron deficiency | (39)
rs4820268 TMPRSS6 | G A NA Tanaka et al., 2010 Italy and USA The C allele is significantly (57)

127



Table S2 Continued

SNPs Gene Minor | Major | Risk Study/ first author Location/ Population/ Associated trait? Reference®
allele | allele | Allele Ethnicity’
rs4820268 TMPRSS6 | G A G An et al.,, 2012 Han Chinese Low Hb, serum iron, TSAT. (32)
Associated with the risk of IDA
rs4820268 TMPRSS6 | G A NA Jietal., 2018 Australia Associated with reduced ferritin | (62)
levels
rs4820268 TMPRSS6 | G A NA Poggiali et al., 2015 Italy Associated with iron deficiecy (40)
rs4820268 TMPRSS6 | G A NA Gan et al., 2012 Chinese Associated with low Hb and (46)
ferritin
rs4820268 TMPRSS6 | G A A Lietal., 2015 USA Elevated serum iron and TSAT (12)
rs4820268 TMPRSS6 | G A G Piao et al., 2017 Chinese adolescents G alleles associated with lower (31)
serum ferritin
rs4820268 TMPRSS6 | G A G Gichohi-Wainaina et al., Kenyans, Tanzanians, S. Reduced Hb 2)
2016 Africans and African-
Americans
rs5756504 TMPRSS6 | T C T Kullo et al., 2010 USA Elevated MCH (22)
rs5756504 TMPRSS6 NA Tanaka et al., 2010 Italy and USA The T allele Asscoiated with (57)
T C significant increase in serum
iron levels
rs5756504 TMPRSS6 T Seiki et al., 2018 Japanese Associated with elevated MCV, (60)
T c MCH and MCHC
rs5756504 TMPRSS6 NA Kamatani et al., 2010 Japanese The T allele are asscoiated with | (56)
T C elevated Hb
rs5756506 TMPRSS6 c s NA Constantine et al., 2009 | European ancestry increase serum iron and TSAT (27)
rs5756506 TMPRSS6 | c G C Seiki et al., 2018 Japanese Elevated MCH, Hb (60)
rs5756506 TMPRSS6 NA Batar et al., 2018 Turkey Associated with elevated Hb (47)
c G and HCT
rs5756512 TMPRSS6 | T c NA Bhathia et al., 2017 India Associated with IRIDA (43)
rs5756516 TMPRSS6 | T C NA Bhathia et al., 2017 India Associated with IRIDA (43)
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Table S2 Continued

SNPs Gene Minor | Major | Risk Study/ first author Location/ Population/ Associated trait? Reference®
allele | allele | Allele Ethnicity’
rs732756 TMPRSS6 | C T NA Bhathia et al., 2017 India Associated with IRIDA (43)
rs7385804 TFR2 C A C Pichler et al., 2011 Italy and USA Increased serum iron (6)
rs7385804 TFR2 C A C Benyamin et al., 2014 European ancestry Elevated iron, TSAT and ferritin, (5)
and reduced tranferrin
rs7385804 TFR2 C A C Soranzo et al., 2009 Europeans and South Elevated RBC (37)
Asians
rs7385804 TFR2 C A C An et al., 2012 Han Chinese Lower TSAT and serum iron (32)
rs7385804 TFR2 C A C Gichohi-Wainaina et al., | Kenyans, Tanzanians, S. | Increased ferritin in Kenyans (2)
2016 Africans and African-
Americans
rs744653 SLC40A1 C T T Benyamin et al., 2014 European ancestry Moderated HH via elevated (5)
transferrin and reduced TSAT, and
ferritin levels
rs7638018 TF G A NA McLaren et al., 2012 Whites, African- Increased TIBC in all the (30)
Americans, Hispanics and | populations
Asians (US & Canada)
rs78174698 | TMPRSS6 | A G NA Bhathia et al., 2017 India Associated with IRIDA (43)
rs8177179 TF G A A Benyamin et al., 2014 European ancestry Reduced transferrin (5)
rs8177248 TF T C NA McLaren et al., 2012 Whites, African- increased TIBC in all the (30)
Americans, Hispanics and | populations
Asians (US & Canada)
rs732756 TMPRSS6 | C T NA Bhathia et al., 2017 India Associated with IRIDA (12)
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Table S2 Continued

serum iron and TSAT

SNPs Gene Minor | Major | Risk Study/ first author Location/ Population/ Associated trait? Reference®
allele | allele | Allele Ethnicity’
rs855788 TMPRSS6 Tanaka et al., 2010 Italy and USA Significantly associated with (57)
NA elevated iron status

rs855791 TMPRSS6 | A G A Lee et al., 2012 White Americans No significant assciation with (38)
outcome variables

rs855791 TMPRSS6 | A G T Pei et al., 2014 Taiwan Associated with IDA; C alleles (50)
protective against IDA

rs855791 TMPRSS6 | A G A Athiyarath et al., 2015 India Significantly associated with (10)
higher levels of serum iron

rs855791 TMPRSS6 | A G A Kullo et al., 2010 USA Significantly associated with (22)
decreased MCV, MCH and
MCHC

rs855791 TMPRSS6 | A G A Valenti et al., 2012 Italians Lower MCV, ferritin and (58)
elevated hepcidin

rs855791 TMPRSS6 | A G A Beutler et al., 2010 European ancestry Associated with iron deficiency (51)

rs855791 TMPRSS6 | A G A Pelusi et al., 2013 Italy Associated with elevated (52)
hepcidin; low MCV

rs855791 TMPRSS6 | A G A Chambers et al., 2009 European and Indian Associated with decreased Hb (21)

Ancestry levels, increased sTfR and low

serum iron

rs855791 TMPRSS6 | A G NA Bhathia et al., 2017 India Associated with IRIDA (43)

rs855791 TMPRSS6 | A G NA Delbini et al., 2010 Italy Associated with iron deficiency (39)

rs855791 TMPRSS6 | A G NA Tanaka et al., 2010 Italy and USA The A allele is significantly (57)
associated with increased serum
iron and Hb, MCV, reduced
RDW

rs855791 TMPRSS6 | A G NA Galesloot et al., 2013 Netherlands Significantly associated with (15)

130



Table S2 continued

ferritin, and elevated tranferrin

SNPs Gene Minor | Major | Risk Study/ first author Location/ Population/ Associated trait? Reference®
allele | allele | Allele Ethnicity’

rs855791 TMPRSS6 | A G A An et al.,, 2012 Han Chinese Low Hb, serum iron, TSAT. (32)
Associated with the risk of IDA

rs855791 TMPRSS6 | A G A Benyamin et al., 2009 Aurtralians Reduced serum iron, TSAT, ferritin, | (18)
Hb and MCV, and raised transferrin

rs855791 TMPRSS6 | A G A van der Harst et al., Europeans and South Elevated MCH (54)

2012 Asians

rs855791 TMPRSS6 | A G NA Kamatani et al., 2010 Japanese The G alleles are associated with (56)
elevated MCV, MCH and MCHC

rs855791 TMPRSS6 | A G NA Batar et al., 2018 Turkey Associated with increased RBC (47)
count

rs855791 TMPRSS6 | A G NA Poggiali et al., 2015 Italy Associated with low Hb, MCV and (40)
MCH

rs855791 TMPRSS6 | A G NA Gan et al., 2012 Chinese Associated with low Hb and ferritin | (46)

rs855791 TMPRSS6 | A G A Nai et al., 2011 USA Associated with elevated hepcidin, | (48)
hepcidin/TSAT ratio,
hepcidin/ferritin ratio, and low
TSAT and serum iron

rs855791 TMPRSS6 | A G A Cheng et al., 2014 Australia G alleles associated with higher (59)
serum iron and lower hepcidin at
baseline

rs855791 TMPRSS6 | A G NA De Falco et al., 2018 Italy Significanty associated with IDA (16)

rs855791 TMPRSS6 | A G T Sorensen et al., 2015 Denmark The T allele is associated with (8)
lower iron stores in men

rs855791 TMPRSS6 | A G A Benyamin et al., 2014 European ancestry Reduced serum iron, TSAT and (5)
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Table S2 continued

SNPs Gene Minor | Major | Risk Study/ first author Location/ Population/ Associated trait? Reference®
allele | allele | Allele Ethnicity’
rs855791 TMPRSS6 | A G A Pichler et al., 2013 European Ancestry Protective against iron 17)
populations overload

rs855791 TMPRSS6 | A G A Traglia et al., 2011 Italians Non-statistical significant (45)
increase in hepcidin/ferritin
ratio and non-significant
decrease in hepcidin and
ferritin

rs855791 TMPRSS6 | A G A Danquah et al., 2014 Rwanda Non-significantly associated (49)
with low Hb

rs855791 TMPRSS6 | A G A Bedard et al., 2018 UK Associated with reduced iron (55)
stores

rs9610643 TMPRSS6 | A G NA Bhathia et al., 2017 India Associated with IRIDA (43)

rs9872999 TF C T NA Li et al,, 2015 USA Reduced TIBC (12)

Hb, haemoglobin; HCT, haematocrit; HFE, High fe; HH, hereditary hemochromatosis; IDA, iron deficiency anaemia; MCH, mean corpuscular haemoglobin; NA, not available;

SAS, South Asians; Sl, serum iron; SLC40A1, solute carrier family 40 member 1; SNP, single nucleotide polymorphism; sTfR, soluble transferrin receptor

NA indicates SNPs that we could not establish the risk allele because it was not stated by the respective studies that reported the SNPs.

"The population or the study location where the study that reported each SNP was conducted.
°The phenotype that was reported
3The study that reported each SNP
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Table S3: Population Branch Statistic (PBS) values involving the comparison of
three populations.

SNP PBS-AFR PBS-EUR PBS-SAS

rs10421768 0.001 0.003 0.000
rs744653 0.001 0.003 0.000
rs11568350 0.021 0.000 0.000
rs1439816 0.266 0.051 0.000
rs2235321 0.000 0.003 0.027
rs855791 0.163 0.000 0.071
rs78174698 0.000 0.011 0.051
rs5756504 0.109 0.000 0.060
rs5756506 0.249 0.000 0.078
rs4820268 0.045 0.000 0.043
rs2413450 0.116 0.000 0.057
rs2072860 0.098 0.000 0.035
rs9610643 0.098 0.000 0.035
rs855788 0.286 0.000 0.042
rs2543519 0.031 0.009 0.000
rs2111833 0.000 0.002 0.025
rs2235324 0.000 0.001 0.002
rs1421312 0.017 0.013 0.000
rs5756512 0.011 0.010 0.000
rs2160906 0.026 0.013 0.000
rs732756 0.017 0.012 0.000
rs228904 0.016 0.012 0.000
rs11704654 0.001 0.002 0.000
rs5756516 0.000 0.030 0.027
rs228916 0.027 0.006 0.000
rs228918 0.001 0.000 0.006
rs228921 0.001 0.000 0.006
rs1867504 0.089 0.000 0.009
rs9872999 0.000 0.029 0.026
rs8177179 0.000 0.024 0.022
rs12493168 0.047 0.019 0.000
rs1799852 0.034 0.000 0.017
rs1799899 0.033 0.005 0.000
rs3811658 0.093 0.000 0.021
rs8177248 0.130 0.000 0.024
rs8177253 0.032 0.000 0.014
rs1405023 0.040 0.000 0.013

rs1880669 0.054 0.013 0.000
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rs3811647 0.042 0.000 0.014
rs1358024 0.125 0.000 0.033
rs1525892 0.014 0.000 0.010
rs1049296 0.032 0.000 0.028
rs7638018 0.071 0.000 0.019
rs1830084 0.093 0.000 0.019
rs2280673 0.000 0.010 0.027
rs1799945 0.043 0.043 0.000
rs1800562 0.001 0.020 0.000
rs198846 0.000 0.013 0.012
rs129128 0.052 0.026 0.000
rs7385804 0.000 0.003 0.000

Average 0.053 0.008 0.017

(AFR=Africa, EUR- Europe, SAS=South Asia)
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Chapter 4:

Association between
common TMPRSS6 and TF
gene variants with hepcidin

and iron status in healthy
rural Gambians

Chapter description:

This chapter presents the results of the cross-sectional study of the effects of common

TMPRSS6 and TF SNPs on hepcidin and iron status in healthy Gambians.
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4.1. Abstract

Background: Genome-wide association studies in Europeans and Asians have
identified numerous variants in the transmembrane protease serine 6 (TMPRSS6) and
transferrin (TF) genes that are associated with changes in iron status.

Aims: We sought to investigate the effects of common TMPRSS6 and TF gene SNPs
on iron status indicators in a cohort of healthy Africans from rural Gambia.

Methods: We measured iron biomarkers and haematology traits on individuals
participating in the Keneba Biobank with genotype data on TMPRSS6 (rs2235321,
rs855791, rs4820268, rs2235324, rs2413450 and rs5756506) and TF (rs3811647 and
rs1799852), n=1316. After controlling for inflammation, age and sex, we analysed the
effects of carrying either single or multiple iron-lowering alleles on iron status.
Results: TMPRSS6 rs2235321 was significantly associated with plasma hepcidin
concentrations (AA genotypes having lower hepcidin levels; F ratio 3.7, P=0.014) with
greater impact in individuals with low haemoglobin or ferritin. No
other TMPRSS6 variant affected influenced plasma hepcidin levels. None of
the TMPRSS6 variants nor a TMPRSS6 allele risk score affected other iron
biomarkers or haematological traits. TF rs3811647 AA carriers had 21% higher
transferrin (F ratio 16.0, P<0.0001), 24% higher unsaturated iron-binding capacity (F
ratio 12.8, P<0.0001) and 25% lower transferrin saturation (TSAT) (F ratio 4.3,
P<0.0001) compared to GG carriers. There was no association between
either TF SNP and any haematological traits or iron biomarkers.

Conclusions: We identified an association between TMPRSS6 rs2235321 and
plasma hepcidin levels and replicated the previous findings on the effects of
TF rs3811647 on transferrin and iron binding capacity. However, the effects are subtle

and contribute little to population variance. Further genetic and functional studies,
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including polymorphisms frequent in Africa populations, are needed to identify markers
for genetically stratified approaches to prevention or treatment of iron deficiency
anaemia.

Keywords: Genetic variations; TMPRSS6, TF, iron status, risk alleles
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4.2. Introduction

The discovery of hepcidin and the molecular mechanisms modulating its function in
iron metabolism have brought new insights into how iron is regulated in the human
body 2. Subsequently, several genome-wide studies (GWASs) have revealed single
nucleotide polymorphism (SNPs) in genes involved in hepcidin regulatory pathways,
that are associated with impaired iron status 3-5. The most common SNPs associated
with low iron status are in the TMPRSS6 gene, encoding the matriptase-2 protein 6-8.
TMPRSS6 suppresses hepcidin synthesis, and its impaired function has been
associated with inappropriately high hepcidin, which restricts iron absorption by the
duodenum and iron mobilisation from storage 210, Impaired TMPRSS6 activity has
been implicated in the development of iron-refractory iron deficiency anaemia (IRIDA)
8.

So far, more than 50 SNPs within the TMPRSS6 gene have been reported to be
associated with impaired iron status. The most commonly reported SNPs are
rs855791 and rs4820268 and rs2235321 3411-14 However, most studies linking
TMPRSS6 SNPs and low iron status were conducted in Europeans and Asians.
Genetic variations in the TMPRSS6 gene has been linked to variations in iron status
indicators in different populations across the world, including in India 2, Turkey '® and
Australia 6.

Also, SNPs in the transferrin (TF) gene have been associated with altered iron status
7-19 The most common TF SNP associated with the risk of iron deficiency is
rs3811647 720-22_This SNP is associated with low iron status in different populations
globally, including in African populations 23. However, little information exists on the
effects of TF SNPs on low iron status, particularly in settings with high anaemia

burden.
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Despite efforts to identify genetic risk factors for anaemia, very few such studies have
been reported from sub-Saharan Africa. Exceptions are one study on the effects of
TMPRSS6, TF, and tumour necrosis factor (TNF)- alpha on iron status in Black
South African Women 22 and a similar study on the effects of TF and TMPRSS6 SNPs
on haematological phenotypes in four African ancestry cohorts (Kenyans, Tanzanians,
South Africans and African Americans) ?4. To the best of our knowledge, no study has
been done in West Africa to assess the effects of genetic variants in hepcidin and iron
regulatory genes on low iron status. This is particularly important given that West
Africa is one of the regions with the highest prevalence of anaemia 2°. In this study,
we investigated the association between common SNPs in the TMPRSS6 and TF

genes, and iron indicators in healthy individuals from the rural Gambia.

4.3. Subjects and Methods

Study populations and sample collection

This study utilised a cohort of healthy individuals, enrolled in the Keneba Biobank at
MRCG@LSHTM 26. Based on the availability of genotype data, we studied 1316
individuals aged 1 to 87 years (54.2% females). Each participant was interviewed and
had a basic health examination, and those with significant health conditions excluded.
After an overnight fast, a venous blood sample was collected in EDTA and lithium
heparin tubes. DNA was extracted from cell pellets using standard procedures and
stored at -70°C. Plasma samples from lithium heparin anticoagulant were stored at -

70°C freezers until analysis.
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Haematology measurements

Full blood count (FBC) was performed within 4 hours of sample collection using a
Medonic M-Series automated haematology analyser (Boule Medical, Sweden) and
results analysed for haemoglobin (Hb), mean corpuscular volume (MCV), mean
corpuscular haemoglobin (MCH), mean corpuscular Hb concentration (MCHC), red

cell distribution width (RDW), red blood cell number (RBC) and haematocrit (Hct).

Biomarker measurements

Iron biomarkers [serum iron, transferrin, ferritin, unsaturated iron-binding capacity
(UIBC), soluble transferrin receptor (sTfR) and the inflammation marker C-reactive
protein (CRP)] were measured using an automated biochemistry analyser (COBAS
Integra 400 Plus; Roche Diagnostics). For all the biochemistry analysis, a single 500l
plasma aliquot was used to measure all the iron parameters. The analyser was
calibrated using commercial calibrators for each parameter. Also, to ensure quality
and reliable results, commercially available standards were analysed alongside the
samples. Haemolysed samples are excluded from the analysis. Plasma total iron-
binding capacity (TIBC) and transferrin saturation (TSAT) were calculated from UIBC

and plasma iron (TIBC = plasma iron + UIBC) and TSAT= [plasma iron/TIBC] X 100).

Hepcidin quantification

Plasma hepcidin was quantified using a competitive ELISA (Bachem Hepcidin-25
[human], EIA kit; Peninsula Laboratories International), with a detection range of
0.049-25 ng/mL, as previously described ?’. Hepcidin was measured in duplicates and
the mean of the two reads was calculated. Samples with a coefficient of variation (CV)

greater than 10% were repeated. Concentrations were read at 450nm wavelength
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using a MultiskanTM FC Microplate Photometer (Thermofisher Scientific).
Concentrations were interpolated from a 4-parameter curve fitted from a 2-fold, 10-
point serial dilution made from a manufacturer-provided standard peptide. The
concentrations were calculated using the Skanlt Software (Thermofisher Scientific).
Samples outside the standard curve were re-analyzed at a higher dilution, and the

final concentration was calculated based on the dilution factor.

Genotyping

This study population was genotyped using the lllumina Infinium 240K Human Exome
Beadchip (v1.0 and v1.1), as previously described 28, in which 848 SNPs were
genotyped. Genotype calling was performed using data-driven clustering (Genome
Studio, lllumina, CA, USA). The TMPRSS6 rs2235321, rs855791, rs4820268,
rs2235324, rs2413450 and rs5756506, and TF rs3811647 and rs1799852 were
selected for inclusion in this study based on their previously published association with
iron status.

Genotype combinations and allele risk scores

For both the TMPRSS6 and TF SNPs, we generated genotype combinations and allele
risk scores (ARS) by summing up the genotypes and the number of risk alleles
respectively, from all the SNPs an individual carried. Risk alleles were defined as the
alleles that are previously reported to be associated with low iron at each SNP. For
each SNP, genotypes were assigned 0,1 or 2, with risk alleles assigned 1 and the
alternate allele assigned 0. Thus, homozygous for the risk allele scored 2 and
homozygous for non-risk alleles were scored 0, Table S1 (TMPRSS6 SNPs) and

Table S2 (TF SNPs).
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A total of 94 genotype combinations from the six TMPRSS6 SNPs were found in our
population (Table S3). We investigated the effects of individual TMPRSS6 and TF
SNPs on all the iron biomarkers and haematology phenotypes. In addition, based on
the functional role of TMPRSS6 on hepcidin regulation, and its effects on iron status,
we investigated the effects of TMPRSS6 ARS on hepcidin. Similarly, we assessed the

effects of TF SNPs’ genotype combinations and TF ARS on transferrin level.

Statistical analysis

The effects of genetic variants (genotypes of single SNPs or combinations of multiple
SNPs) on iron biomarkers were determined by linear modelling with iron and
haematological traits as response variables and genotype as dependent variables.
Age, sex, inflammation (CRP) were added as covariates where indicated. We tested
the effects each SNP individually and in combinations on iron biomarkers. Hepcidin,
ferritin and CRP were log transformed. We added log ferritin as a covariate when
analysing the effects of genotype on plasma hepcidin because TMPRSS6 modulates
the interaction between iron status and hepcidin gene expression. Furthermore, we
stratified the study population based on haemoglobin and ferritin levels and
determined the effects of genotype on each sub-population. For each sub-population,
we used analysis of variance (ANOVA) to determine the effects of individual SNPs on
iron biomarkers. Bonferroni correction was applied to account for multiple testing. The
statistical analyses were conducted using R statistical software 2° and DataDesk

Version 7.0.2 (Data Description Inc, Ithaca).
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The study was approved by the MRCG@LSHTM / Gambia Government Ethics

Committee (SCC1185). A written informed consent was obtained from each study

participant.

4.4. Results

Baseline characteristics of the study population are presented in Table 1. Due mostly

to out-migration of males there was a slight sex bias (54.2% were female). There were

significant differences between the sexes in age, RBC count and RBC indices, serum

iron and transferrin.

Table 2. Demographic characteristics of the study population

Variables All (n=1316) Males (n=595) Female (n=721) P-value
Age, median 9 (1, 87) 11.5(1,79) 19.7 (1, 87) 0.000
(range)

Gender, M/F (%) 45.8/54.2 - - -

Hb (g/dl) 11.6 (6.5, 16.0) 11.6 (8.2, 16.0) 11.6 (6.5, 15.3) 0.056
RBC (x10112) 4.20 (2.41, 5.62) 4.30 (2.90, 5.61) 4.21 (2.41, 5.65) 0.000
MCV (fl) 78.9 (561.3,103.2) 78.2(51.3,103.2) 79.6 (62.7,97.9) 0.000
Haematocrit (%) 33.0 (20.1,48.10) 32.9(24.3, 48.1) 33.1(20.1, 44.9) 0.374
RDW (%) 14.6 (12.7, 27.4) 14.6 (12.8, 24.0) 14.5 (12.7, 27.4) 0.320
MCH (pg) 27.6 (16.2, 34.9) 27.4 (16.2,34.2) 27.9 (17.3, 34.9) 0.005
MCHC (g/dl) 34.9 (28.9, 37.2) 35.1(29.9,37.2) 34.8 (28.9,37.1) 0.024
Serum iron 12.15(0.60, 52.40) 11.85 (1.7, 28.9) 12.50 (0.6, 52.4) 0.005
(umolll)

Hepcidin (ng/ml) 8.86 (0.11, 103.78) 8.70 (0.17, 94.64) 9.00 (0.11, 103.78) 0.780
TSAT (%) 20.73 (2.84,75.72) 20.07 (2.84,57.51) 21.42(4.31,75.72) 0.114
Transferrin (g/l) 2.75(0.01, 4.77) 2.74 (0.00, 4.21) 2.77 (0.00, 4.77) 0.009
TIBC (umol/l) 60.4 (1.4, 129.3) 60.0 (20.5, 129.3) 60.8 (1.4, 123.0) 0.028
UIBC (umol/l) 47.3 (0.8, 120.8) 47.3 (11.8, 120.8) 47.2 (0.8, 113.4) 0.642
Ferritin (ug/l) 26.9 (0.10 (166.8)  27.7 (0.2, 161.7) 25.3 (0.1, 166.8) 0.063
sTfR (mg/L) 493 (0.70,19.77)  4.84 (0.79, 14.11) 4.41 (0.00, 19.77) 0.083
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CRP (mg/l) 1.19(0.0,40.26)  1.11(0.00,40.26)  1.23 (0.00, 32.24) 0.083

Data are presented in median (ranges), except gender.

CRP, C-reactive protein; Hb, haemoglobin; MCV. Mean corpuscular volume; MCH, mean
corpuscular haemoglobin; MCHC, mean corpuscular Hb concentration; RDW, red cell
distribution width; RBC, red blood cells; ; sTfR, soluble transferrin receptor; TIBC, total iron-
binding capacity; UIBC unsaturated iron-binding capacity; TSAT, transferrin saturation.

TMPRSS6 variants

All the SNPs investigated were in Hardy-Weinberg Equilibrium. Also, all were in low
linkage disequilibrium (LD) in this study population, except rs4820268 and rs2413450
which have r?=0.7 (Figure 1). Among the SNPs we investigated, TMPRSS6
rs2235324 had the highest minor allele frequency (MAF) in our study population
(45%), and TMPRSS6 rs855791 and TF rs1799852 had the lowest MAF (7% each) 8.
There was no detectable influence of sex on any associations, so sex was discarded
from the models. None of the TMPRSS6 SNPs studied showed any association with
any of the iron status markers (ferritin, serum iron, transferrin, TSAT, sTfR, TIBC or
UIBC) or haematological variables (Hb, MCV, MCH, MCHC, RDW, RBC or Hct) or
with CRP. However, hepcidin levels varied significantly by rs2235321 genotype
(Figure 2A) with lower hepcidin in the AA homozygotes, 19% than GG carriers (F ratio
3.70, P=0.014). Note that Bonferroni correction for having analysed 6 SNPs would
render the rs2235321 of marginal significance. These trends were stronger in subjects
with lower Hb (Figure 2B) and lower ferritin levels (Figures 2C). The other SNPs had
no detectable influence on hepcidin.

Despite the lack of significant association with 5 of the 6 SNPs, we investigated
whether allele risk score (ARS) was a significant predictor of hepcidin by using
published data on the direction of association to allocate a score of 0, 1 or 2 to allele

combinations for each SNP and summing the scores across all SNPs (Figure 3).
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ANOVA across all ARS revealed no association with plasma hepcidin (F-ratio = 1.01,

p=0.458).

TF variants

The two TF SNPs were also tested in combination and individually. Rs1799852
showed no association with any outcomes. However, rs3811647 was strongly
associated with transferrin levels (Figure 4A) with or without the inclusion of sex and
age as co-variables (F ratio 16.0, P<0.0001). There was an apparent allele dose effect
with  AA homozygotes having 21% higher transferrin than GG. TIBC (partially
computed from transferrin) was similarly affected with a 16% higher value for the AA
genotype (F ratio 14.0, P<0.0001). UIBC, which is directly measured rather than
computed, showed the same pattern (Figure 4B) with 24% higher values in individuals
carrying AA (F ratio 12.8, P<0.0001). Serum iron was not significantly associated with
the rs3811647 genotype. So, on account of the raised TIBC and transferrin, TSAT was
lower in the AA group (by 25%, with a single allele effect of 12.5%) (F ratio 4.3,
P<0.0001) (Figure 4C). The transferrin, UIBC and TSAT associations were robust
when we separated the subjects into above and below the median ferritin value
(Figures 4A, B & C). None of the other iron markers was affected nor was there any

influence on any of the haematological markers, hepcidin or CRP.
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4.5. Discussion

Based upon prior GWAS studies, pathway analysis, availability on the lllumina Exome
Array, and having a high minor allele frequency in our Gambian population we studied
the effect of six candidate SNPs in TMPRSS6 and two in TF on multiple indices of iron
and haematological status in 1316 individuals from 1 to 87 years age, from the Keneba
Biobank at the MRCG @ LSHTM, in the Gambia. We found weak evidence that one
TMPRSS6 SNP (rs2235321) had lower hepcidin levels in the variant (AA)
homozygotes with an indication of an allele dose effect. One TF variant (rs3811647)
showed increased serum transferrin levels, TIBC and UIBC levels in the AA
homozygotes and lower levels of TSAT.

In this population, none of the other variants was significantly associated with any of
the iron, haematological, hepcidin or inflammation markers. Applying an allele risk
score approach to the 6 TMPRSS6 variants also yielded no detectable association
with any outcomes.

In a separate recall-by-genotype (RbG) study within adults in this same populations,
we have assessed fasting hepcidin levels together with iron absorption and changes
in plasma hepcidin at two and five hours after an oral dose of 130 mg elemental iron
as ferrous sulphate (Jallow et al.,, in preparation). We recruited individuals
homozygous for the variant forms of rs2235321 (n=35) and rs4820268 (n=29) from a
panel of 1695 pre-genotyped individuals and compared them to individuals that are
wildtype for all of the three variants (n=39). There were no individuals homozygous for
the variant allele of rs855791, so we compared heterozygotes (n=28) against the
reference group. As in the current study, carriers of the rs2235321 GG genotype had
higher fasting hepcidin than AA (GG vs AA, 9.50 vs 6.60ng/ml, p = 0.035). But contrary

to the current study we also found a difference for rs4820268 (AA vs GG, 9.50 vs
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3.27ng/mL, p=0.002) and a difference between heterozygotes and wildtype for
rs855791 (GG vs AG, 9.50 vs 4.96ng/mL, p=0.015). These differences are likely
because subjects in the reference group of our recall-by-genotype study were selected
as being wildtype at all three SNPs.

Most previous research on the effects of our candidate SNPs were conducted in non-
African populations, and there is no prior data on West Africans. The associations we
observed differ from results obtained in other populations. TMPRSS6 rs855791 is a
non-synonymous SNP that has been widely reported to influence iron parameters and
to be associated with the risk of IDA in Europeans '#'° and Asians 23%, We found no
such associations.

The TMPRSS6 rs2235321 is a synonymous variant which has been reported to
associate with benign microcytic anaemia 3'. We did not find any other reported
associations. Our data confirm a null effect on hepcidin even in a population with high
levels of anaemia and low iron status. A meta-analysis of GWAS on the genetic
determinants of hepcidin did not identify any TMPRSS6 SNP that is significantly
associated with hepcidin concentration '3. It is important to notice that our candidate
gene approach demonstrated a relatively small effect of TMPRSS6 rs2235321 on
hepcidin (single allele effect of 9.5%), and this needs to be considered when designing
GWAS.

TF rs3811647 is an intron variant on the transferrin gene with extensive prior evidence
for functional effects. In discovery and replication GWAS analyses of cohorts from Italy
and the USA, Pichler et al. 3 confirmed the association between rs3811647 and
transferrin levels. In a subsequent GWAS analysis, Mclaren et al. '® showed that TF
rs3811647 is associated with elevated serum TIBC. Also, Blanco-Rojo et al. ?'

demonstrated that rs3811647 influenced transferrin gene expression in liver.
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Previously, Benyamin et al. showed that three variants in TF (rs3811647, rs1799852
and rs2280673) plus the HFE C282Y mutation explained ~40% of genetic variation in
serum transferrin (p = 7.8 x 1072%) 7. Our data are suggestive of an allele dose-
response relationship with a single allele effect of 9.5% for transferrin levels (higher
with the A variant) and a reverse effect of about 12.5% for TSAT.

Other investigators have reported associations between the TF rs1799852 and iron
status. In a study of female black South Africans, Gichohi and colleagues reported
that heterozygotes at TF rs1799852 (AG) had lower iron status (low serum ferritin and
body iron, and higher sTfR concentrations) than the homozygotes (AA) 23. This
suggested that rs1799852 AA might be protective against low iron status. Similarly,
Benyamin and colleagues reported that the TF rs1799852 was associated with lower
transferrin concentration and the risk of haemochromatosis 3. Furthermore, Blanco-
Rojo and colleagues '8 reported that the TF rs1799852 A allele was associated with
low serum transferrin concentration, and it compensated for the effect of rs3811647 A
allele on the risk of IDA. The authors further suggested that carrying TF rs3811467 G
allele simultaneously with rs1799852 A allele and HFE C282Y and H63D might be
protective against low iron status as they increase the susceptibility to iron overload
'8, In the present study, we could not include the HFE C282Y and H63D variants,
because their MAF in Gambians is extremely low (0.4% and 0% respectively) 34. Our
failure to replicate the prior findings for rs1799852 may be ascribed to the fact that we
had only nine individuals homozygous for the A allele. However, in contrast to the
South African data 2 , we also found no evidence for differences in any of the iron
markers between rs1799852 GG (n=854) and AG (n=117).

This study has strengths and weaknesses. We used highly standardised laboratory

assays to measure seven markers of iron status, seven haematological traits, plus
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hepcidin and CRP. The sample size was large in the context of candidate gene
studies, and we spanned the age range 1-87y (with appropriate adjustment for age
and sex in the analyses). The population generally has marginal iron status and high
levels of anaemia which might better expose underlying genetic effects. We were
limited to the six TMPRSS6 and two TF SNPs available on the exome chip. By
definition, these SNPs had been curated onto the chip because of prior evidence of
functionality. A limitation is that for some of the SNPs (notably rs1799852 discussed
above) we had very few individuals homozygous for the variant allele.

In conducting this study, our initial objective was to explore whether common genetic
variants in iron regulatory pathways might have a significant influence on the risk of
iron deficiency and iron-deficiency anaemia in African populations. The objective was
to provide evidence to inform actionable therapeutic or preventive approaches based
on genetic screening. Despite selecting the variants with some strong prior evidence
of functionality, our data indicate that such a stratified medicine approach would not
be warranted at least in African population. Even where we observed associations
(effects of TMPRSS6 rs2235321 on plasma hepcidin, and TF rs3811647 on iron
transporting capacity and TSAT), the single allele effect sizes approximated 10%, and
there were few people homozygous for the variant allele. Furthermore, there may be
inherent compensatory mechanisms because none of the variants had any effect on
other markers of iron or haematological status. In summary, the overall population
attributable risk conferred by these known genetic factors is negligible. As these
variants were mainly studied in European and Asian populations, it is possible that
other genetic variants in these genes will be more informative for iron studies in African
populations, and this needs to be addressed to develop genetically stratified

approaches to prevention or treatment of iron deficiency anaemia.
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4.9. Figure legends
Fig 1 Linkage disequilibrium analysis between SNPs investigated in this study
Fig 2 Influence of TMPRSS6 rs2235321 on plasma hepcidin levels
A. All data (GG n=416, GA n=586, AA n=262). ANOVA P for trend = 0.004.
B. Sample divided into high and low Hb (<11.5g/dL). High Hb (GG n=245, GA
n=344, AA n=162). ANOVA P for trend = 0.02. Low Hb (GG n=171, GA
n=242, AA n=100). ANOVA P for trend = 0.0002.
C. Sample divided above and below median ferritin (<26ng/ml). High ferritin
(GG n=247, GAn=313, AAn=155). ANOVA P for trend = 0.0004. Low ferritin

(GG n=169, GA n=273, AA n=107). ANOVA P for trend = NS.

Fig 3 Influence of TMPRSS6 allele risk score on plasma hepcidin

Error bars = standard errors (SE)

Fig 4 Influence of TF rs3811647 and rs1799852 on plasma iron binding capacity
and TSAT
A. Transferrin rs3811647 All data (GG n=720, GA n=215, AA n=24). ANOVA
P for trend <0.0001. Sample divided above and below median ferritin
(<26.9ng/ml). High ferritin (GG n=360, GA n=108, AA n=15). ANOVA P for
trend <0.0001. Low ferritin (GG n=360, GA n=107, AAn=11). ANOVA P for
trend = <0.0001. rs1799852 All data (GG n=839, GA n=116, AA n=4).
ANOVA P for trend = NS.
B. UIBC rs3811647 All data (GG n=985, GA n=301, AA n=28). ANOVA P for
trend <0.0001. Sample divided above and below median ferritin (<26ng/ml).

High ferritin (GG n=474, GA n=147, AA n=16). ANOVA P for trend < 0.0001.
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Low ferritin (GG n=511, GA n=154, AA n=12). ANOVA P for trend < 0.0001.
rs1799852 All data (GG n=1139, GA n=116, AA n=9). ANOVA P for trend =
NS.

. TSAT rs3811647 All data (GG n=720, GA n=215, AA n=24). ANOVA P for
trend < 0.0001. Sample divided above and below median ferritin (<26ng/ml).
High ferritin (GG n=360, GA n=108, AA n=15). ANOVA P for trend < 0.0001.
Low ferritin (GG n=360, GA n=107, AA n=11). ANOVA P for trend < 0.0001.
rs1799852 All data (GG n=839, GA n=116, AA n=4). ANOVA P for trend =

NS.
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4.11. Supplemental Data
Association of common TMPRSS6 and TF gene variants with hepcidin and iron status

in healthy rural Gambians.

Momodou W. Jallow, Susana Campino, Andrew M. Prentice and Carla Cerami

Supplemental information

Supplemental Table S1. Allele configuration of the allele risk score from the 6 TMPRSS6
SNPs

SNP rs2235321 rs855791 rs4820268 rs2235324 rs2413450 rs5756506 Total
Risk
score

major/minor  G/A G/A AIG AIG G/A G/IC

Risk allele® A A A G G C

normal allele G G G A A G

Risk A/A (2) A/A (2) A/A (2) GIG (2) GIG (2) C/C (2) 12

genotype

(ARS)

normal group G/G (2) G/IG(0) GI/IG(0) A/A (0) A/A (0) G/G (0) 0

ARS, allele risk score

* Allele linked to low iron status from the previously-published studies
Bolded letters are the alleles associated with the risk of low iron status.

Supplemental Table S2. Details of the allele configuration for the allele risk score from the 2
TF SNPs

SNP rs1799852 rs3811647 Genotype combination ARS N
major/minor  G/A G/A

Risk allele® G A

WT/WT GG GG GG/GG 2 825
Het/Het AG AG AG/AG 2 10
Homo/Homo AA AA AA/AA 2 0
WT/Homo GG AA GG/AA 4 27
Homo/WT AA GG AA/GG 0 9
Het/WT AG GG AG/GG 1 154
WT/Het GG AG GG/AG 3 290
Het/Homo AG AA AG/AA 3 1
Homo/Het AA AG AA/AG 1 0
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* Allele linked to low iron status from previously-published studies; bolded letters indicates risk
alleles

Supplemental Table S3. A list of all the 94 genotype combinations generated from
the 6 TMPRSS6 SNPs

Genotype group N TMPRSS6 SNP ARS
GG/GG/GG/AA/AAIGG 18
GG/GG/GG/AA/AG/IGG 16
GG/GG/GG/GA/AAIGG 10
GG/GG/GA/AAIAG/IGG 26
GG/GG/GG/GA/IAG/IGG 20
AG/GG/GG/AA/AGIGG 4
AG/GG/GG/GA/AAIGG 4
GG/AG/GG/AA/IAAICG 3
GG/GG/GG/GG/AAIGG 3

2

1

1

GG/GG/GG/IGG/AAIGG
GG/GG/GG/AAIGG/IGG
GG/GG/GG/GA/AAICG
AG/GG/IGA/AA/IAG/IGG 72
GG/GG/GA/AA/AG/ICG 16
GG/GG/GA/AAIGG/GG 16
GG/GG/GA/GA/AGIGG 12
AA/GG/GG/AA/IAG/IGG 1
AG/GG/GA/INA/AG/INA 1
AG/GG/GG/GA/AG/IGG 1
GG/AG/GA/AA/AG/IGG 1
GG/AG/GG/GA/AAICG 1
AG/GG/GAIGA/AG/IGG 81
GG/GG/GA/GA/AG/ICG 52
AG/GG/GA/AAIGG/IGG 29
GG/AG/GA/GA/AG/IGG 20
GG/GG/AA/AAIGG/IGG 14
GG/GG/GA/GAIGG/IGG 9
GG/GG/GA/AAIGG/ICG 6
AG/AG/GG/AA/AG/ICG 2
AG/GG/GG/GA/GG/IGG 2
GG/GG/GA/GG/AG/IGG 2
GG/GG/GG/IGG/GG/IGG 2
AA/GG/GA/AAIAG/GG 1
GG/GG/GG/IGG/AG/ICG 1

A DA B DDA DDA DSDDDEDOOOWOOWWWWWWNDNDNDDNMNDNDNDNDNDDMNMNDNDN-~L -~O
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Supplemental Table S3 cont.

Genotype group N TMPRSS6 SNP ARS
AG/GG/AA/AAIGG/IGG 42
AG/GG/GAIGA/IGG/IGG 42
GG/GG/GA/GA/GG/CG
AG/GG/GAIGG/AG/IGG
GG/GG/GA/GG/AG/CG
GG/GG/AAIGAIGG/GG
AA/GG/GA/AAIGG/IGG
AG/AG/GA/AA/AG/CG
GG/AG/GA/GA/AGI/CG
GG/GG/AA/AAIGG/CG
GG/AG/GA/IGAIGG/GG
AA/GG/GA/GA/AGIGG
AG/GG/GA/AA/IGG/ICG
GG/GG/GAIGG/GG/IGG
AG/AG/GA/GA/AGIGG
AG/GG/GAI/GA/AGICG
GG/AG/AA/AAIGG/IGG
GG/AG/GA/AAIAG/CC
NA/GG/AA/GAIGG/GG
AA/GG/AA/AAIGG/GG
AG/GG/AAIGA/IGGIGG
AG/GG/AA/AA/IGG/ICG
GG/GG/AA/IGAIGG/CG
GG/AG/AA/GAIGG/GG
AG/GG/GAIGG/GG/GG
AA/GG/GA/GA/GGIGG
GG/GG/GA/GG/GG/CG
GG/AG/GA/IGG/IGG/GG
AA/GG/GA/GG/AGIGG
AG/AG/GA/GA/AGICG
AG/GG/GAIGA/IGG/CG
GG/AG/GA/IGAIGG/CG
GG/GG/AA/AAIGG/CC
AG/AG/GA/GA/GG/IGG
AG/GG/GAIGG/AGICG

= N
o O

=) A A A A NDW W oo 01 N
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Supplemental Table S3 cont.

Genotype group TMPRSS6 SNP ARS

N
GG/AG/GA/GA/AG/CC 1

1

1

GG/GG/AA/IGGIGG/IGG
NA/GG/AA/GAIGG/CG
AA/GG/AAIGAIGG/GG 123
AG/GG/AAIGAIGG/CG 62
AG/AG/AAIGAIGG/GG 32
AG/GG/AAIGG/GG/IGG 19
GG/GG/AA/GAIGG/CC 8
GG/GG/AA/GG/GG/ICG 6
GG/AG/AA/GAIGG/CG 4
GG/AG/AA/IGG/IGG/IGG 2
AG/GG/AAIGG/GG/CG 50
AA/GG/AAIGG/GG/IGG 46
AG/AG/AAIGG/GG/GG 30
GG/GG/AA/GG/GG/ICC 14
GG/AG/AA/GGIGG/CG
AG/AG/AAIGAIGG/CG
GG/AG/GA/IGG/AGIGG
GG/AA/AA/GGIGG/IGG
GG/AG/AA/GG/GG/CC
AG/AG/AAIGG/GG/CG
AG/GG/AAIGG/GG/CC
AA/GG/AAIGG/GG/CG
GG/AA/AA/GGIGG/CG
GG/AA/AA/GGI/GG/CC

w
= O © © © © 0 W W 00 W W 0 O NNNNNNNNO OO

W =2 =2 NN~ =

Abbreviations: ARS, allele risk score

Legend: NA, genotypes that were not available for that particular SNP in the
combination.

TMPRSS6 SNP ARS, number of alleles associated with low iron within a genotyoe
combination
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Supplemental Table S4. The effects of TMPRSS6 allele risk score on hepcidin,
controlling for age, sex and CRP

TMPRSS6 N Mean Std. error Beta P-value
ARS* Hepcidin

(ng/ml)
0 18 13.4 3.66 Reference group
1 26 8.6 4.48 -4.80 0.285
2 61 10.8 3.89 -2.64 0.498
3 123 11.7 3.66 -1.68 0.645
4 221 10.9 3.55 -2.49 0.483
5 185 9.0 3.58 -4.39 0.220
6 253 9.2 3.54 -4.26 0.229
7 254 10.4 3.54 -3.04 0.390
8 160 9.8 3.61 -3.61 0.317
9 12 13.6 5.41 0.16 0.977
10 3 3.5 9.04 -9.96 0.270

* Number of risk alleles based on Table S1
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Chapter 5:

A recall-by-genotype study
on polymorphisms in the
TMPRSS6 gene and oral
iIron absorption: a study
protocol
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This chapter presents the recall-by-genotype study protocol which is published in

F1000 Research.
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Abstract Invited Reviewers
Background: Oral iron supplementation is commonly used to treat and 1 2
prevent anaemia. The transmembrane protease serine 6 gene (TMPRSS6),

which encodes matriptase 2, is a negative regulator of hepcidin, the key version 1 ? ?
controller of iron homeostasis. Genome-wide association studies (GWAS) published report report
have identified several single nucleotide polymorphisms (SNPs) in the 21 May 2019

TMPRSS6 gene that are associated with an increased risk of
iron-deficiency anaemia. We will investigate the in vivo effects of three

previously reported TMPRSSE6 variants (rs855791, rs4820268 and 1 Dale Nyholt .27, Queensland University of
rs2235321) on oral iron absorption in non-anaemic volunteers in The Technology, Brisbane, Australia
Gambia. Hamzeh MESRIAN TANHA, QUT, Brisbane,

Methods: A recall-by-genotype study design will be employed.
Pre-genotyped participants will be recruited from the West African
BioResouce (WABR), which currently contains over 3000 genotyped 2 Alida Melse-Boonstra ' * ', Wageningen
individuals. Male and female volunteers will be selected based on
polymorphisms (rs855791, rs4820268 and rs2235321) in the TMPRSS6
gene in the Gambian population. The effects of a single variant allele at one
SNP and the additive effect of two or three variant alleles from either two or  any reports and responses or comments on the
all three SNPs will be investigated. Study participants will be given a single
oral dose of 400mg ferrous sulfate, and blood samples will be collected at
baseline, two hours and five hours post supplementation. Differences in
iron absorption between genotype groups will be assessed by measuring
the increase in serum iron concentration at five hours post iron ingestion.
Discussion: This study will increase understanding of the role of genetic
variations in TMPRSSE6 on oral iron absorption in subjects of West African
origin. This will test for the biological basis for the association of each of the
three TMPRSS6 variants with iron absorption. This may help in guiding
future iron intervention strategies, particularly in populations with a high
frequency of these SNPs and a high frequency of anaemia.

Study registration: ClinicalTrials.gov NCT03341338 14/11/17.

Australia

University & Research, Wageningen, The
Netherlands

article can be found at the end of the article.

Keywords
recall-by-genotype, iron supplementation; anaemia; TMPRSS6; hepcidin
regulatory genes; genetic variants.
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Abbreviations

AGP: alpha-1-acid glycoprotein, CRP: c-reactive protein,
EDTA: ecthelenediametelenetatraacetic acid, FBC: full blood
count, G6PD: glucose-6-phosphate dehydrogenase, GWAS:
genome-wide association study, Hb: haemoglobin, IRIDA:
iron-refractory iron deficiency anaemia, KWLPS: Kiang West
Longitudinal Population Study; LSHTM: London School of
Hygiene & Tropical Medicine, MAF: minor allele frequency,
MRCG: Medical Research Council The Gambia, SNP: single
nucleotide polymorphism, sT{R: soluble transferrin receptor,
TMPRSS6: transmembrane protease serine 6, TSAT: transferrin
saturation, UIBC: unsaturated iron binding capacity, WABR:
West Africa BioResource, WK: West Kiang

Introduction

Despite aggressive implementation of iron supplementation
programs, either alone or in combination with food-based
supplementation, the prevalence of anaemia remains high in
low- and middle-income countries’”. The World Health
Organisation (WHO) has set 2050 as a target date by which the
current anaemia burden will be reduced by half. In order to
achieve this goal, it will be important to identify the major
drivers of anaemia.

The transmembrane protease serine 6 gene (TMPRSS6), which
encodes for matriptase-2, is one of the negative regulators of
hepcidin®, the key iron homeostasis regulator’. When serum
iron levels are low, matripase-2 suppresses hepcidin expression,
allowing more iron from the diet to be absorbed through the
intestines into the bloodstream™. A single nucleotide poly-
morphism (SNP) in the TMPRSS6 gene can lead to decreased
expression or inactivation of matripase-2’, which would then
lead to inappropriately elevated hepcidin levels, inhibited iron
absorption and would thereby result in an increased risk of
anaemia’,

Multiple SNPs in the TMPRSS6 gene have been linked to
iron-refractory iron deficiency anaemia (IRIDA), a hereditary
anaemia that is not responsive to oral iron supplementation”. In
addition, many SNPs in TMPRSS6 (including rs855791, rsd4820268
and rs3345321) have been linked to an increased risk of iron
deficiency anaemia (IDA) in genome-wide association studies
(GWAS)~"". In Caucasian populations, rs855791 has been
reported to be in strong linkage disequilibrium (LD) with
rs4820268 (r’=0.83) and rs2235321 (r’=0.44)". Similarly, in
Asian populations, rs855791 is reported to be in high LD with
154820268 (r=0.65)"".

The minor allele frequency (MAF) of these SNPs varies between
racial and ethnic groups. In African populations, the MAF of
rs855791 is lower (10%) than in East Asians (57%), South
Asians (54%) and Europeans (39%)". Similarly, the MAF of
rs4820268 is lower in Africans (28%) compared to Europe-
ans (42%), whereas, the MAF of rs2235321 in Africans (41%)
is similar to that of the European population (42%)". The
effects of these SNPs (rs855791, rs4820268 and r2235321)
on iron absorption and hepcidin levels in Subsaharan African
populations has not been studied.
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We hypothesize that the variant alleles at these SNPs may
impair iron absorption and may be partially responsible for the
disproportionately high anaemia prevalence in sub-Saharan
Africa. Here, we propose to investigate effects of these three
TMPRSS6 SNPs on oral iron absorption in Gambian adults.

We anticipate that this study will provide a biological insight
into the association of these three TMPRSS6 variants with
anaemia.

Protocol

Study objectives and outcome measures

The primary objective of this study is to assess the impact of
single and multiple copies of variant alleles of the TMPRSS6
SNPs (rs855791, rs4820268 and rs2235321) on oral iron
absorption. The primary outcome measure will be the change
in serum iron concentration before and five hours after a single
400 mg dose of ferrous sulfate iron given orally (Figure 1).

Secondary endpoints related to the primary objective are:

(1) Increase in transferrin saturation (TSAT) above bascline
after a single oral 400 mg dose of ferrous sulfate iron.

(2) Increase in serum unbound iron binding capacity (UIBC)
above baseline after a single oral 400 mg dose of ferrous sul-
fate iron.

(3) Increase in serum hepcidin levels above baseline after a
single oral 400 mg dose of ferrous sulfate iron.

(4) Ferritin, haemoglobin, mean corpuscular volume (MCV) and
soluble transferrin receptor (STFR) at baseline, as measures of
iron status.

(5) White blood cell count (WBC), granulocyte count, C-reactive
protein (CRP) and alpha-1-acid glycoprotein (AGP) at base-
line, as measures of the inflammatory state.

(6) Sickle cell haemoglobin and glucose 6-phosphatase deficiency
(G6PD) status at baseline to assess potential confounding
effects of these two genetic conditions, which are common in
this population.

Study design

We will employ a recall-by-genotype study design, in which
participant selection will be based on TMPRSS6 SNPs reported
to be associated with the risk of iron-deficiency anaemia:
rs855791, rs4820268 and rs2235321'%"*"". We will utilize the
West African BioResouce (WABR), which contains the Kiang
West Longitudinal Population Study (KWLPS) as the basis
for selection of pre-genotyped participants'™®.

Study site

The proposed study will be conducted within the population
of West Kiang (WK) District, in the Lower River Region of
The Gambia, and study procedures will be conducted at the
Medical Research Council The Gambia (MRCG) at London
School of Hygiene & Tropical Medicine (LSHTM), Keneba
Field Station'”. Individuals that are eligible for the study
but have moved to the coastal region of The Gambia will be
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Figure 1.Time line showing oral iron absorption test.

followed-up by a fieldworker and study procedures will be
conducted at the MRCG Fajara site. Participants currently residing
in WK will be prioritised.

Participants

A total of 300 participants (male and female) will be recruited.
Participants will be chosen based on three TMPRSS6 SNPs
(rs855791, rsd820268 and rs2235321), from which we will
generate nine genotype combinations, as detailed in Table 1. This
will allow the investigation of the effect of ecach SNP individually
and in combination. Composite genotype group 3 is the control
group with no variant alleles. Due to the low MAF of rs855791
in our study population, we are unable to include homozygotes
for the variant allele. This limited the selection of genotype
combinations, and only nine combinations had sufficient
participants to include in the study.

For inclusion, participants must be 18 years and above, in
good physical health, have available genotype data, be able
to fast overnight prior to the study visit and be able to give
informed consent. Individuals will be excluded from the study
if they have any signs of infection at the time of enrolment,
are severely anaemic (Hb <7 g/dl), pregnant or breastfeeding, or
have a positive malaria test at screening.

Sample size calculation
The total sample size will be 300. This will include approximately
62 wild type subjects and an average of 31 in each of the eight

Blood draw
{2 hour)
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Blood draw
{5 hour)

variant genotype groups. This study size will be able to detect
a 12% mean decrease in serum iron at five hours after oral
iron supplementation between the wild type and the variant
genotype groups with 90% power and a type 1 error of 0 in this
study.

Study procedures

Potential participants with the candidate composite genotypes
of interest will be selected from the study database by the prin-
cipal investigator, and contact details (including address and
phone number) will be extracted from the WK Demographic
Surveillance System'® by the study data manager. Participants will
be contacted either in person or by telephone. Participants who
provide informed consent will be invited to the study site where
the rest of the study procedures will be conducted, as summarised
in Figure 2.

Each participant will be given a single dose of 400mg ferrous
sulfate oral iron (2x 200mg ferrous sulfate tablets), equiva-
lent to 130mg elemental iron. To ensure that the iron tablets
are taken, a nurse will observe and record the time injestion.
Participants will be asked to stay at the study site until the
study is completed, which is after collecting the five hour post
supplementation blood sample (Figure 1).

All data generated from this study will be anonymised by

allocating a unique study ID to each participant. Screening,
enrolment and sample collection details will be collected in
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Table 1. Genotype combinations based on rs2235321, rs855791 and rs4820268 on the

TMPRSS6 gene.
Genotype Rs2235321 Rs855791 Rs4820268 No. of
group combination wildtype/variant wildtype/variant wildtype/variant variants
allele allele allele alleles
G/A G/A AIG
1 AAJGG/AA  AA G/G AlA 2
2 AG/GG/IGA AG G/G GIA 2
3 GG/GG/AA  G/G G/G AlA 0
4 GG/GG/GA G/G G/G AIG 1
5 GG/GG/GG  G/G G/G G/G 2
6 AG/AG/AA G/A G/A AIA 2
7 AG/GG/AA  GIA G/G AA 1
8 GG/AG/AA GG G/A AlA 1
9 GG/AG/IGA G/G G/A AlG 2
~
* |dentify potential individuals from the WABR genotype
database
WABR data | « pownload contact information
extraction )
* Follow-up potential participants h
* Information sheet explained
Field visi * Inform consent form signed
1eld VISIt | . visit date scheduled §
¢ Inclusion and exclusion criteria assessed R
* Baseline blood sample collected, anthropometry done
| * 400mg ferrous sulfate iron administered orally
Study visit | o 2 and Sh post supplementation blood samples collected |

Figure 2. Flow chart showing the study procedures. WABR = West Africa Bioresource.

standard study forms and entered into the study database. Data
will be double-entered by two data entry clerks and verified by a
data supervisor.

In order to prevent bias in treatment, the composite genotype
of individuals will not be disclosed to the study team (data
management, field and clinical staff). In addition, participants
will be recruited in groups at random, and individuals with
different composite genotype groups will be mixed during study
visits.

Sample collection

A 3ml whole blood sample will be collected at baseline.
2.5ml will be collected in lithium heparin tubes. 500ul will be
collected in EDTA (ethylenediaminetetraacetic acid) micro tubes
to be used for full blood count (FBC), malaria rapid testing and
sickle screening.

Post supplementation blood samples (3ml blood sample in

lithium heparin tube) will be collected at two hours and five
hours following iron ingestion. Pre- and post-supplementation
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blood samples in lithium heparin tubes will be spun and the
plasma aliquoted in barcode-labelled tubes and stored at -20°C for
iron biomarker analysis.

Laboratory analyses

FBC will be analysed using a 3-part haematology analyser
(Medonic M-series, Boule Medical, Sweden). Iron biomark-
ers [serum iron, unsaturated iron binding capacity (UIBC), fer-
ritin, soluble transferrin receptor (sTIR), haptoglobin (HP)] and
inflammatory markers [C-reactive protein (CRP) and alpha-1-acid
glycoprotein (AGP)] will be measured using a Cobas Integra
400 plus biochemistry analyser (Roche Diagnostics). Total iron
binding capacity and transferrin saturation of iron (TSAT) will
be calculated from serum iron and UIBC. Plasma hepcidin levels
will be measured using a commercially available ELISA (DRG
Instruments GmbH, Germany). The sickle rapid test will be
analysed using the sodium metabisulphide method and posi-
tive samples will be genotyped by Hb electrophoresis. G6PD
deficiency will be assessed using a qualitative enzyme assay
(G6PD Hb+ R&D Diagnostics).

Statistical analysis plan

Primary analysis will be to assess the change in serum iron
between the composite genotype groups at the five hours post-
supplementation time point. A linear model will be fitted with
genotype group as the independent variable and serum iron or
TSAT as response variables and genotype group as the main pre-
dictor, with the inclusion of age, sex and inflammation status
(CRP and AGP levels) as covariates. Using the same approach,
we will also examine the effect of genotype on secondary
outcome measures. The baseline iron level of the participants
may vary. All secondary analysis are exploratory.

In order to remove this potential source of bias, we will adjust
for baseline serum iron in the regression analysis. If the missing
data rate is more than 5%, we will consider imputation. The
follow-up duration is short; thus, we expect little bias from loss
to follow-up. We will also consider sensitivity analysis, fitting
a multivariate regression model where the main outcomes of
interest (including TSAT, iron and hepcidin) will be jointly
regressed to the same set of predictors.

Ethical statement

This study has been approved by the MRC Unit The Gambia at
the LSHTM Scientific Coordinating Committee, MRC Unit
The Gambia at the LSHTM / Gambia Government Joint Ethics
Committee (SCC1429), and the LSHTM Ethics Committee
(LSHTM Ethics reference number 11679). A trained field
worker will visit each potential study participant to issue an
information sheet detailing the purpose and nature of the
study (see Extended data)”’. Individuals who cannot read will
have the information sheet translated into a language they
understand by the fieldworker, in presence of an independent
witness. Furthermore, participants will be given the opportunity
to ask questions to the investigators that they deem important.
Participants will be informed that they are free to withdraw
from the study anytime, and they can further raise any question
about the study with the investigators.
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Participants will provide written informed consent, and those who
cannot write will provide a thumbprint prior to enrolling into the
study. Confidentiality of study participants will be protected by
anonymising all study samples and forms by allocating a study
number to each participant.

This study was retrospectively registered with ClinicalTrials.gov
(NCT03341338) on 14™ November 2017.

Dissemination of information

The study results will be published in relevant peer-reviewed
journals and key findings will be presented at international
scientific meetings. Data sharing will be in agreement with the
MRC policy on research data sharing.

Study status
The study is in the data collection phase at the time of publication.

Discussion

GWAS has identified several genetic variants associated with iron
status™' 191570 However, detailed understanding of genotype-
phenotype relationships is required to identify their effects on
iron absorption. The recall-by-genotype (RbG) study design
is an efficient tool for detailed investigations of genotype-
phenotype relationships because it minimizes confounders
and improves statistical power while reducing sample size’'.
In this study, we will use the RbG study design to assess the
functional effects of the three common TMPRSS6 variants on iron
absorption. We expect that this study will provide new insights
into the association between these TMPRSS6 gene variants and
oral iron absorption in a population where anaemia prevalence is
high.

Data availability
Underlying data
No underlying data are associated with this article

Extended data
Figshare: Jallow et al. Patient Information sheet and consent
form.docx. https://doi.org/10.6084/m9.figshare.8058959.v2"

Data are available under the terms of the Creative Commons
Zero “No rights reserved” data waiver (CCO 1.0 Public domain
dedication).
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Chapter 6:

Common variants in the
transmembrane protease
serine 6 (TMPRSS6) gene

alters hepcidin but not
plasma iron in response to
oral iron in healthy Gambian
adults: a recall-by-genotype
study

Chapter description:

This chapter presents the results of the recall-by-genotype study on the effects of

common TMPRSS6 SNPs on oral iron absorption.
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6.1. Abstract

Background: The role of genetic determinants in mediating iron status in Africans is
not fully understood. Genome-wide association studies in non-African populations
have revealed genetic variants in the TMPRSS6 gene that are associated with the risk
of anemia.

Objectives: To investigated the effects of risk alleles for low iron status from
TMPRSS6 rs2235321, rs855791 and rs4820268, on responses to oral iron in healthy
Gambian adults.

Methods: Using a recall-by-genotype design, participants were selected from a pre-
genotype cohort of 3000 individuals in the Keneba Biobank (MRCG at LSHTM).
Participants were invited to participate in the study based on nine genotype
combinations obtained from three TMPRSS6 SNPs (rs2235321, rs855791 and
rs4820268). The participants fasted overnight and then ingested a single oral dose of
ferrous sulfate (130 mg elemental iron). Blood samples were collected prior to iron
ingestion and at 2 and 5 hours after the oral iron dose. The effects of genotype on
hepcidin and plasma iron parameters were assessed.

Results: A total of 251 individuals were enrolled. Homozygous carriers of the major
TMPRSS6 alleles at each of the SNPs had higher plasma hepcidin at baseline
(rs2235321: GG vs AA 9.50 vs 6.60ng/ml, p = 0.035; rs855791: GG vs AG = 9.50 vs
4.96ng/mL, p=0.015; rs4820268: AA vs GG = 9.50 vs 3.27ng/mL, p=0.002) and at
subsequent timepoints. There were no differences in delta plasma iron (a proxy for
iron absorption) between genotypes. In most subjects, hepcidin levels increased
following iron ingestion (overall group mean = 4.98+0.98ng/ml at 5h, p<0.001), but
double heterozygotes at rs2235321 and rs855791 showed no increase

(0.361£0.40ng/ml at 5h, p=0.667).
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Conclusions: This study revealed that common TMPRSS6 variants influence
hepcidin concentrations, but not iron status indicators either at baseline or following a
large oral dose of iron. These results suggest that genetic variations in the TMPRSS6
gene are unlikely to be important contributors to variations in iron status in Africans.

This study was registered at ClinicalTrials.gov # NCT03341338.

Keywords: Anemia, TMPRSS6, recall-by-genotype, hepcidin, genetic polymorphism,

iron absorption.



197

6.2. Introduction

Iron supplementation remains the dominant strategy for the prevention and treatment
of anemia (1,2). However, despite decades of implementing this measure together
with food-based approaches, the prevalence of anemia remains high particularly
among children and women of reproductive age living in low- and middle-income
countries (LMICs) (3).

Matriptase-2 protein encoded by the transmembrane protease serine 6 (TMPRSS6)
gene is a negetive regulator of hepcidin, the regulator of iron metabolism (4). Hepcidin
blocks the release of intracellular iron by downregulating ferroportin, the only known
mammalian cellular iron transporter (5). These effects are especially pronounced in
enterocytes and in macrophages and thus elevated hepcidin is associated with
impaired duodenal iron absorption and impaired recycling of aged red blood cells (5).
Single nucleotide polymorphisms (SNPs) in TMPRSS6 can lead to decreased function
or inactivation of matriptase-2, thus impairing its suppression of hepcidin (HAMP) gene
expression (6). This leads to inappropriately elevated hepcidin which, by blocking iron
absoption and recycling, promotes the risk of iron deficiency and anemia (7). Genome-
wide association studies (GWAS) have revealed numerous common SNPs in
TMPRSS6 that are linked to an increased risk of iron deficiency anemia (IDA) (8).
Three single nucleotide polymorphims (rs855791, rs2235321 and rs4820268) have
been reported to be associated with low iron status, but mainly in non-African
populations (9—-12). However, the effects of these SNPs on the response to iron
supplementation have not previously been described in Africans. The minor allele
frequency (MAF) of these SNPs in Africans in the 1000 Genomes project are 10%,

41% and 28% for rs855791, rs2235321 and rs4820268, respectively (13).
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TMPRSS6 rs855791 is a non-synonymous SNP that alters matriptase 2 protein (14),
but rs2235321 and rs4820268 are synonymous variants whose direct effect are not
clear (15). Although synonymous changes were previously not though to directly affect
phenotype, recent findings show that they can affect protein folding and splicing (16).
In Caucasians, rs855791 is reported to be in high linkage disequilibrium (LD) with
rs4820268 and rs2235321 (9,11), and is in high LD with rs4820268 in Asians (17).
However, low LD has been observed between these SNPs in the Africans included in
the 1000 Genomes project and in Gambians (18).

In this study, we sought to assess the effects of the three common TMPRSS6 SNPs,
either individually or combined, on the response to a high dose of oral iron in healthy

Gambian adults.

6.3. Materials and Methods

Study Design

The full details of the study design were published in the study protocol (19), and the
study was registered at ClinicalTrials.gov (NCT03341338). Using a recall-by-genotype
approach, participants were enrolled based on their TMPRSS6 rs2235321
(MAF=43%), rs855791 (MAF=7%) and rs4820248 (MAF=27%) genotypes. We
selected participants from the Keneba BioBank at MRCG@LSHTM, which contained
3116 pre-genotyped participants. Out of these 3116 individuals, n=1695 met the

criteria for for inclusion in the present study, Figure 1.

Genotyping
BioBank participants were previously genotyped using the Infinium 240k Human

Exome Beadchip v1.0 and v1.1 (lllumina, CA, USA) . Genotype calling was done using
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data-driven clustering (Genome Studio, lllumina, CA, USA). The TMPRSS6
rs2235321, rs855791 and rs4820268 SNPs were selected based on their previously

published associations with measures of iron status.

Genotype combinations

We constructed genotype combinations for each participant from the three candidate
TMPRSS6 SNPs. This generated a total of 17 genotype combinations, Table 1. Only
nine of these combinations had a sufficient number of individuals to perform grouped

analysis. We focused on genotype groups that contained more than 95 individuals.

Participant selection

Participants were selected based on the combinations obtained from combining the 3
possible genotypes for each of the three TMPRSS6 SNPs studied (Figure 1).
Individuals were invited to participate if they were between 18 and 50 years of age.
Women were excluded if they were breastfeeding or pregnant. Also, individuals who
reported to be unwell and those with severe anemia (Hb<7g/dl) were excluded.

Individuals that tested positive for malaria were to be excluded but there were none.

Study procedures

Contact details for the potential participants were retrieved from the Kiang West
Demographic Database (20). A field worker initially contacted each participant in
person or by telephone. Individuals who agreed to participate provided written
informed consent (see below) and were invited to the study sites at MRCG Keneba or

Fajara, for the investigative procedures.
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A baseline blood sample (3mL, 2.5mL in lithium heparin and 0.5mL in EDTA tubes)
was taken following an overnight fast. Thereafter, a single dose of 400mg (2x 200mg)
ferrous sulphate oral iron, containing 130mg elemental iron, was given by a study
nurse. The choice of 400 mg ferrous sulphate was based on the studies by Hwang et
al., 2011 2 which assessed the effects of a high dose of oral iron (650 mg ferrous
sulphate) on hepcidin and Nai et al. 2011 '8 which examined the effects of TMPRSS6
rs855791 on the response to an oral iron dose. However, we reduced the 650 mg
ferrous dose to 400 mg, to minimise the iron overload. The high dose was used to
elicit a transient plasma iron overload.

Participants were observed to ensure that the supplements were taken and the time
of ingestion was recorded. Participants were asked to stay at the study site, and blood
samples (2.5mL lithium heparin tubes, at each timepoint) were taken at 2- and 5-hours
following iron supplementation. In addition, the weight and height of each participant
to enable calculation of body mass index (BMI), and body temperature to assess
possible fever, were measured. Plasma iron at the five hour post iron ingestion sample
was used as the primary outcome variable and as a proxy for iron absorption.

Differences in hepcidin concentration between genotypes was a secondary outcome.

Laboratory procedures

Full blood count (FBC) (Medonic M-Series, Boule Medical, Sweden), malaria rapid test
(SD BioLine Malaria Antigen Pf, Standard Diagnostics Inc., Republic of Korea),
sickling test (sodium metabisulphide method and Hb electrophoresis for confirmation
of Hb genotype for positive samples) and G6PD screening (G6PD Hb+ R&D
Diagnostics) were performed on the EDTA sample. The lithium heparin samples were

spun, and the plasma stored at -20°C for iron biomarker analysis. Plasma iron, ferritin,
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unsaturated iron binding capacity (UIBC), soluble transferrin receptor (sTfR), C-
reactive protein (CRP) and alpha-1-glycoprotein (AGP) were measured using an
automated biochemistry analyser (Cobas Integra 400 Plus, Roche Diagnostics). Total
iron binding capacity (TIBC) and transferrin saturation (TSAT) were calculated from
UIBC and iron (TIBC = UIBC+iron and TSAT = [iron/TIBC]*100). For all the
biochemistry analysis, the analyser was calibrated using commercial calibrators and
controls were analysed for each parameter.

Hepcidin was quantified using a commercial enzyme-linked immunosorbent assay
(ELISA) (DRG Instruments GmbH, Germany) according to manufacturer’s protocol.
To ensure quality of the results, two manufacturer-supplied controls (high and low

controls) were analysed alongside the samples in each ELISA plate.

Statistical analysis

Student’s t-test and the Wilcoxon test were used to determine the differences in iron
biomarkers between sexes for non-skewed and skewed data respectively. Chi-square
was used to test the differences between categorical data. Linear regression models
were used to assess the effects of genetic variants (individual SNPs or genotype
combination) on iron markers at each timepoint. The control group (group with
individuals homozygous for the major allele at each SNP) was set as the reference in
the model. Sex and inflammation status (CRP) were included as covariates to account
for their known influence on iron status (21,22). Also, G6PD and sickle cell anemia
were accounted for. Furthermore, account for the influence of baseline iron on the
response to the oral iron dose, baseline ferritin was included as a covariate in the

analysis. Skewed data was log-transformed. Bonferroni correction was applied to
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adjust for multiple testing. Statistical analyses were conducted using the R statistical

software (23).

Ethics statement

This study was approved by the Medical Research Council Unit The Gambia (MRCG)
Scientific Coordinating Committee and the MRCG at London School of Hygiene &
Tropical Medicine (LSHTM)/Gambia Government Joint Ethics committee (SCC1429),
and the LSHTM Ethics Committee (11679). A fieldworker administered a copy of the
study information sheet to each participant. Individuals who could not read had it
translated to a language they understood in the presence of an independent witness.
Each participant provided a written informed consent prior to enrolling into the study,
and those who cannot write provided a thumbprint. To ensure confidentiality of the

participants, all the samples and forms were anonymized by allocating study numbers.

6.4. Results

A total of 251 individuals were enrolled in the study, and the number of individuals
enrolled in each genotype group is shown in Table 2. Due mostly to outward migration
of males we had more females (76%). The World Health Organisation (WHO)
hemoglobin (Hb) cut-offs (<12.0 g/dL and <13.0 g/dL, non-pregnant women and men,
respectively) was applied to determine anemia in the study population. Eighty (31.9%)
of the participants were anemic, and 54 (64%) of these were females. From the 80
anemic individuals, 30 (37.5%) were iron deficient (had IDA) (ferritin <15 pg/L and
CRP <5.0 g/L), with an overall 11.9% of the study population iron deficient. Twenty-
six (86.7%) of the iron deficient individuals were female. The study was conducted in

the Kiang West District of the Gambia, which is a rural area about 200 kilometers from
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the Capital City (Banjul). Due to the low economic activities in this area, it is common
for men to leave for the urban areas in search of employment. The baseline

characteristics of the study participants are presented in Table 3.

The effects of genotype on plasma iron concentrations pre- and post-iron
ingestion

Plasma iron increased significantly in all the genotype groups after the iron dose
(Figure 2). No significant differences were observed between the genotypes of
individual SNPs (Figure 3A) and between double heterozygotes and the reference

group, in plasma iron both before and after the iron dose (Figure 3B).

The effects of genotype on hepcidin concentrations pre- and post-iron ingestion
There were significant differences between genotypes of individual SNPs on hepcidin
(Figure 4A). For each of the SNPs, carriers of the homozygous major alleles
(rs2235321 GG, rs855791 GG and rs4820268 AA, Figure 4A) had higher hepcidin
concentrations than individuals with the minor alleles, both before and after the iron
dose. In addition, when comparing double heterozygotes and the reference group, the
latter had the highest hepcidin concentrations at all the timepoints, and this
significantly differed from the genotype group AG/AG/AA (Figure 4B). The genotype
group AG/AG/AA had the lowest hepcidin concentration both before and after the iron
dose (Figure 4B).

There was an increase in hepcidin concentration in all the genotype groups, following
the iron dose (Figure 5A), except in one group (AG/AG/AA: double heterozygotes at
rs2235321 and rs855791) (Figure 5B). The individuals in the genotype group

AG/AG/AA had the lowest hepcidin concentrations at baseline, and this remained
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unchanged five hours after iron ingestion (Figure 5B). Also, carriers of the genotype
rs2235321 AA increased their hepcidin concentrations after the iron dose, but the
difference between the baseline and five hours was not statistically significant

(P=0.060) (Figure 5A).

The efffects of genotype on TSAT, TIBC, UIBC, ferritin, sTfR, transferrin and
hematology traits

There were significant differences between genotypes of each of the SNPs in TIBC
and UIBC at baseline, but these differences were not detected at 2- and 5-hours after
the iron dose (Supplemental Table 1). There were no significant differences between
the genotypes for any of the SNPs in TSAT, transferrin, ferritin or sTfR either before
or after iron ingestion (Supplemental Table 1). Furthermore, there were no
differences between genotypes for any of the SNPs on any of the hematological traits
(Supplemental Table 2). There were no significant differences between the double

heterozygotes and the reference group in TSAT, TIBC and UIBC.

6.5. Discussion

We used a candidate genotype approach to recall individuals with variant alleles of
three TMPRSS6 SNPs previously associated with iron imbalances. We hypothesised
that carriers of risk alleles previously reported to be associated with low iron status
would have inappropriately elevated hepcidin levels and thus impair response to oral
iron.

Our study participants were healthy individuals, and we used the increase in plasma
iron at five hours after ingestion of the iron dose as a proxy to measure response to

oral iron. We found that all subjects increased their plasma iron concentrations and
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TSAT levels at five hours, but there were no differences between genotypes
individually or in combination. Therefore, we could not establish that carriage of low-
iron risk alleles from any one of these SNPs impairs the response to oral iron.

The TMPRSS6 rs855791 A allele has been widely associated with IRIDA in
Caucasians and Asians (25-28). Similarly, the rs2235321 A and rs4820268 G alleles
have been linked to the risk of iron deficiency, including in African populations
(10,29,30). In a meta-analysis, Gichohi-Wainaina and colleagues (8) reported the
rs855791 A allele to be associated with decreased Hb and ferritin concentrations
across all the populations they studied. Therefore, we expected these SNPs to have
an effect on plasma iron biomarkers either at baseline or on the response to the iron
dose. However, as with the plasma iron, we did not find any effects of these SNPs on
ferritin, TSAT or any other iron biomarker either before or after iron ingestion. Also,
there were no differences in hematological traits in our study.

In most subjects plasma hepcidin showed the anticipated acute rise in response to the
administered iron dose. For rs855791, we observed an unexpected result where, at
baseline, GG carriers had higher hepcidin concentrations compared to AG. The same
trend was observed at five hours post iron ingestion. This contradicts what has been
reported about this SNP in other populations. The rs855791 AA (homozygous for the
minor allele) has been associated with elevated hepcidin concentrations accompanied
by decreased TSAT and serum iron in Europeans (9). In the study conducted by Nai
and colleagues (9), hepcidin decreased in a dose-dependent manner with rs855791
AA having higher hepcidin concentrations than AG and GG carriers. Our results
contradict this finding, as we observed carriers of rs855791 GG to have higher
hepcidin concentration than AG. However, due to its low MAF, we were unable to

include rs855791 AA in the study. Most of the previous reports on rs855791 were
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obtained from studies of non-African populations. Hence, our results suggest that
rs855791 may have a different effect on hepcidin levels against the different genetic
background of West Africans.

There have been a number of recent studies on the effects of TMPRSS6 variants on
iron status in different populations. A study of Pakistani women of reproductive age
found that rs855791 T allele (A on the reverse strand) is associated with the risk of
IDA (31). However, in the present study, we did not have individuals with the T allele.
In a study of South African chronic kidney disease patients, Nalado and colleagues
(32) found that the rs855791 C alleles do not predispose to IDA. This finding is similar
to our results on this SNP, as we did not find any effects of the major allele (G, opposite
strang of C) on iron status indices. Also, in an iron absorption study on Taiwanese
women using stable iron isotopes, Buerkli et al., (33) reported that the TMPRSS6
rs855791 alters iron absorption, and that the carriers of the C alleles absorbed iron
better than T allele carriers. Our study was short (5 hours) and we did not use stable
isotopes, and hence may not be sensitive for assessing iron absorption.

From the analysis of genotype combinations, we did not find any group that differed
significantly from the reference (GG/GG/AA: rs2235321 GG, rs855791 GG and
rs4820268 AA) in plasma iron concentrations or TSAT levels. However, we observed
that carriers of the genotype combination AG/AG/AA (simultaneous carriage of
rs2235321 AG rs855791 AG and rs4820268 AA) maintained a low mean hepcidin
concentration up to five hours, despite exposure to a high iron dose. The plasma iron
levels of this group rose significanly by five hours post iron ingestion, while the
hepcidin levels remained constant. This is in contradiction to the clear rises in hepcidin
levels shown for most subjects in this study, and widely reported in the literature

(34,35). An acute rise hepcidin levels in response to oral iron is the normal feedback
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mechanism to halt further iron absorption when optimal levels are reached (36). In
IDA, low levels of hepcidin promote iron absorption, but this is still accompanied by
acute elevation of hepcidin concentration (5). Further studies of why this group lacks
the acute hepcidin response, so clearly evident in the other subjects, warrants further
investigation and might provide insights into the response of hepcidin.

A strength of this study is that, using a recall-by-genotype strategy, we concentrated
on informative individuals by focusing on known carriers of our genotypes of interest.
This is an efficient method to identify genotype-phenotype relationship with improved
statistical power and to eliminate the effects of confounders (37). A major limitation of
our study was the low MAF of the variant most widely decribed in the literature
(rs855791), and this prevented us from studying homozygotes for the minor allele.
Other limitations include the use of high iron dose, which is double the routine dosage,
and may be less sensitive for assessing iron absorption. Also, subjects were relatively
iron replete with high hepcidin levels which might inhibit iron absorption (36). We
therefore cannot exclude the possibility that the gene variants studied may have
differential effects under conditions of iron deficiency. Likewise it is possible that
responses to a lower (more physiological) dose of iron might differ to the results
reported here. Using the post-prandial change in plasma iron as the primary outcome
has strengeths and weaknesses. It permitted large numbers of measurements to be
made and is a relevant measure of the acute response to iron administration but is
only a proxy measure of intestinal iron absorbption (38). As in any study of this type
the ability to detect genotype effects will be blunted by natural variance caused by
differences in diet, nutritional status of other micronutrients potentially affecting iron
status, and potential effects of inflammation. Also, epistatic influences of other genes

cannot be excluded.
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From this study, we conclude that common TMPRSS6 variants influence hepcidin, but
not post-prandial iron status (a proxy for oral iron absorption). It therefore seems
unlikely that genetic variations in the TMPRSS6 gene are important contributors to

differences in iron status in this, and likely other, African pupulation.

6.6. NOTES
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6.8. Tables

Table 1. The description of the configuration of the genotype combinations that formed
the bases of the participant selection.

Genotype rs2235321 rs855791 rs4820268 Individuals Genotype
Combination major/ minor  major/ minor major/ minor available for Frequency’

allele allele allele selection

G/A G/A A/IG
GG/GG/AA GIG GIG A/A 117 0.066
AA/GG/AA A/A G/IG AIA 336 0.190
AG/GG/GA A/G GIG G/A 391 0.229
GG/GG/GA GIG GIG G/A 211 0.129
GG/GG/GG GIG GIG GIG 92 0.054
AG/AG/AA A/G A/G A/A 60 0.044
AG/IGG/AA A/G GIG AIA 361 0.211
GG/AG/AA GIG A/G A/A 67 0.035
GG/AG/GA GIG AlG G/A 60 0.033

Bolded alleles indicate major alleles. The genotype combination GG/GG/AA consists of
homozygotes for the major alleles at all the three SNPs. We used this group as the
reference group.

'"The frequency of each genotype combination in the population with genotype data in The
Keneba Biobank (n=3116)

The bolded letters indicate the major alleles for each SNPs.
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Table 2. The number of individuals enrolled into each genotype group.

Genotype group n Number of minor
alleles

Reference group (GG/GG/AA) 39

rs2235321, A/IA (AA/IGG/AA) 35 2

rs2235321, AIG (AG/GG/AA) 21 1

rs855791, A/G (GG/AG/AA) 28 1

rs4820268, G/A (GG/GG/GA) 28 1

rs4820268, G/G (GG/GG/GG) 29 2

Double heterozygote (AG/AG/AA: 13 2

rs2235231 A/G & rs855791 A/G)

Double heterozygote (AG/GG/GA: 38 2

rs2235321 A/G & rs4820268 G/A)

Double heterozygote (GG/AG/GA: 20 2

rs855791 A/G & rs4820268 G/A)
Total number of study participants (N) 251

The details of the genotype group configuration are presented is Table 1



Table 3. Baseline characteristics of the study population

Variable All (n=251) F (n=191) M (n=60) p-value
(F vs M)
Age, yrs' 29.0 (18.0, 50.0) 33.0 (18.0, 50.0) 22.0 (18.0, 40.0) <0.001
Plasma iron 13.5 (0.4, 57.1) 12.3 (0.4, 57.1) 15.6 (4.4, 36.2) 0.012
(umol/L)’
Hepcidin (ng/mL)!  2.89 (0.05, 71.70)  2.46 (0.05, 34.60)  3.86 (0.09, 71.71) 0.009
TSAT (%)! 21.6 (0.6, 100.0) 20.8 (0.6, 100) 26.0 (6.0, 57.8) 0.001
Transferrin (g/L)?  2.82 (0.58) 2.91 (0.55) 2.55 (0.61) <0.001
UIBC (umol/L)’ 46.9 (21.1,105.1) 48.2(21.1,105.1) 41.7 (22.2, 86.2) <0.001
TIBC (umol/L) 61.4 (10.3, 112.2) 62.2(10.3,112.2) 57.0(35.9, 94.7) 0.002
Ferritin (ug/L)" 31.0 (0.0, 237.7) 25.5 (0.0, 237.7) 50.0 (7.8, 160.4) <0.001
sTfR (mg/L)’ 4.00 (1.90, 11.32) 4.11(1.90 11.32) 3.54 (2.01 7.62) 0.011
CRP (mg/L)" 0.80 (0.03, 26.95) 0.91 (0.03, 26.95) 0.63 (0.05, 13.40) 0.175
Hb (g/dL)? 12.3 (1.5) 12.0 (1.3) 13.3 (1.6) <0.001
RBC (x1072)? 4.4 (0.6) 4.3 (0.5) 4.8 (0.6) <0.001
MCV (fL)? 81.1(6.1) 81.1(6.0) 80.0 (6.2) 0.882
Haematocrit (%)?  35.9 (4.5) 35.0 (3.8) 38.8 (5.0) <0.001
RDW (%)? 12.2 (1.2) 12.2 (1.2) 12.3 (1.0) 0.615
MCH (pg)? 27.9 (2.5) 28.0 (2.5) 27.8 (2.5) 0.675
MCHC (g/dl)? 34.4 (1.2) 34.5(1.2) 34.3(1.1) 0.424
BMI (Kg/im2)' 21.3 (14.4, 39.1) 22.0 (14.4, 39.1) 19.5 (16.3, 25.8) <0.001
Sickle cell trait 21/251 17/191 4/60 0.742
(AS/AA)?
G6PD deficiency 4/177 0/133 4/44 0.003
(carrier/non-
carrier)®4

'Skewed data listed as medians (ranges)

“Normally distributed data presented as means (SD)
3Categorical data presented as proportions

Student t-test was used to determine the differences between parametric data, and Wilcoxon
test was used for non-parametric data. Chi-square was used to test the differences between

categorical data.

*Individuals not tested for G6PD deficiency (n=74).
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TSAT, transferrin saturation; UIBC, unsaturated iron binding capacity; TIBC, total iron binding capacity;
sTfR, soluble transferrin receptor; CRP, C-reactive protein; Hb, haemoglobin; RBC, red blood cell
number; MCV, mean corpuscular volume; RDW, red cell distribution width; MCH, mean corpuscular
haemoglobin; MCHC, mean corpuscular haemoglobin concentration; BMI, body mass index; G6PD,
glucose-6-phosphase dehydrogenase

TSAT, transferrin saturation; UIBC, unsaturated iron binding capacity; TIBC, total iron binding
capacity; sTfR, soluble transferrin receptor; CRP, C-reactive protein; Hb, haemoglobin; RBC,
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6.9. Figure Legends

Figure 1. A flow chart illustrating how the study participants were selected into nine
groups based on the three candidate TMPRSS6 SNPs. The reference group consisted
of individuals who were homozygous for the major alleles at all the three SNPs. The

configuration of the genotype combinations is presented in Supplemental Table 1.

Figure 2. Plasma iron concentrations in each genotype group before and after iron
ingestion. Plasma iron significantly increased in all the genotype groups after the iron
dose. The reference is the genotype group with individuals that carries two major
allele at all the three SNPs. The configuration of the genotype groups is presented in
Table 1.

The horizontal lines showing the P values indicates the difference between the two-

extreme bar.

Figure 3. The differences between genotypes of individual SNPs (rs2235321,
rs85579 and rs4820268) (A), and between the double heterozygotes and the
reference group (B), on iron concentration before and after iron ingestion.

The reference group consisted of individuals who are homozygotes for the major
allele at all the three SNPs (rs2235321 GG, rs855791 GG and rs4820268 AA), see
Tables 1 and 2. There was no significant differences between the genotype groups

in iron concentration both before and after the iron dose.

Figure 4. Hepcidin concentrations before and after the iron dose, within the genotypes
of individual SNPs (A) and in the double heterozygotes and the reference group (B).
Hepcidin increased in all the genotype groups except in the genotype group

AG/AG/AA (double heterozygotes at rs2235321 and rs855791).
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The horizontal lines showing the P values indicates the difference between the two

extreme bar.

Figure 5. Differences in hepcidin concentrations between genotypes of individual
SNPs (A), and between double heterozygotes and the reference group (B), before

and after iron ingestion.

The horizontal lines showing the P values in Figure A indicates the differences

between the two extreme bar for each SNP.

For each SNP, carriage of the homozygous major alleles is associated with elevated
hepcidin concentrations. The genotype group AG/AG/AA had the lowest hepcidin
concentration both before and after the iron dose (B). The reference group consist of
individuals without any minor allele from the three SNPs (rs2235321 GG, rs855791
GG and rs4820268 AA), see Tables 1 and 2. The group AG/AG/AA (consisting of
heterozygous at rs2235321 and rs855791, and homozygous major allele at

rs4820268).
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Eligible Individuals with genotype data
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6.11. Supplemental information

Common variants in the transmembrane protease serine 6 (TMPRSS6) gene alter
hepcidin but not oral iron absorption in healthy Gambian adults: a recall-by-genotype
study

Authors:

Momodou W. Jallow, Susana Campino, Alasana Saidykhan, Andrew M. Prentice and
Carla Cerami
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Supplemental Table 1. The effects of individuals SNPs on iron markers, before and after iron ingestion

225

Genotype Baseline 2 Hours 5 Hours
Serum iron (umol/L)
Mean SE Beta p-value Mean SE Beta p-value Mean SE Beta p-value
Reference 14.53 1.32 Reference 40.66 2.69 Reference 41.78 2.67 Reference
rs855791 (A/G) 1446 2.04 -0.07 0.972 4226 4.05 1.60 0.755 4282 4.05 1.037 0.939
rs2235321 (A/G) 16.04 2.25 1.51 0.473 43.01 4.22 2.35 0.810 51.68 4.35 9.90 0.048
rs2235321 (A/A) 1438 194 -0.15 0.738 37.33 3.64 -3.34 0.620 40.29 3.77 -1.49 0.607
rs4820268 (G/A) 12.86 2.09 -1.67 0.503 36.71 3.63 -3.95 0.490 40.11 4.14 -1.67 0.506
rs4820268 (G/G) 1524 207 0.72 0.589 40.27 3.60 -0.39 0.984 4613 4.14 4.35 0.450
Effects of double heterozygotes on plasma iron before and after iron ingestion
Genotype Baseline 2 Hours 5 Hours
Serum iron (umol/L)
Mean SE Beta p-value Mean SE Beta p-value Mean SE Beta p-value
Reference 14.53 1.12 Reference 40.66 2.67 Reference 41.78 2.67 Reference
AG/AG/AA 1262 230 -1.91 0.409 4169 5.30 1.03 0.846 52.18 5.33 10.41 0.054
AG/GG/GA 14.09 159 -0.44 0.782 37.81 3.78 -2.86 0.452 4157 3.79 -0.21 0.955
GG/AG/GA 1173 192 -2.80 0.148 46.94 455 6.27 0.171 52.03 4.58 10.25 0.027
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Supplemental Table 1 Continued

Genotypes Baseline 2 Hours 5 Hours
Transferrin saturation (%)
Mean SE Beta p-value Mean SE Beta p-value Mean SE Beta p-value
Reference 2.90 0.10 Reference 4.06 0.07 Reference 4.16 0.06 Reference
rs2235321 (A/IG) 3.1 0.17 0.20 0.224 4.09 0.12 0.04 0.759 4.35 0.11 0.19 0.084
rs2235321 (A/A)  3.10 0.14 0.20 0.173 4.08 0.10 0.02 0.814 417 0.09 0.01 0.957
rs855791 (A/G) 3.13 0.16 0.22 0.160 4.14 0.10 0.08 0.442 4.16 0.10 0.00 0.961
rs4820268 (G/A) 2.88 0.16 -0.02 0.884 417 0.11 -0.05 0.884 4.06 0.11 -0.11 0.307
rs4820268 (G/G) 3.13 0.15 0.23 0.143 4.16 0.11 0.14 0.629 4.32 0.11 0.15 0.153
Transferrin (g/L)

Reference 2.86 0.08 Reference 2.79 0.09 Reference 2.64 0.08 Reference
rs2235321 (A/G) 2.83 0.14 -0.03  0.842 2.90 0.15 0.11 0.456 2.82 0.14 0.18 0.206
rs2235321 (A/A)  2.68 0.12 -0.18 0.133 2.81 0.13 0.01 0.924 2.73 0.12 0.09 0.468
rs855791 (A/G) 2.81 0.14 -0.04 0.752 2.80 0.15 0.01 0.971 2.76 0.14 0.12 0.414
rs4820268 (G/A) 3.08 0.14 0.22 0.118 3.12 0.16 0.33 0.040 3.11 0.15 0.46 0.227
rs4820268 (G/G) 2.80 0.14 -0.06  0.652 2.87 0.16 0.07 0.645 2.92 0.15 0.28 0.102
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Supplemental Table 1 Continued

Genotypes Baseline 2 Hours 5 Hours
Total iron binding capacity (umol/L)
Mean SE Beta p-value Mean SE Beta p-value Mean SE Beta p-value
Reference 68.29 1.81 Reference 65.16 1.88 Reference 60.93 1.62 Reference
rs2235321 (A/G) 61.63 3.06 -6.66 0.032 64.15 3.15 -1.01  0.750 63.54 2.74 2.61 0.344
rs2235321 (A/A) 58.78 2.63 -9.51 0.000 60.21 2.71 -494 0.072 57.81 2.37 -3.12  0.192
rs855791 (A/G) 60.79 3.50 -7.50 0.036 62.36 3.07 -2.80 0.365 60.82 2.53 -0.12  0.963
rs4820268 (G/A) 63.33 2.89 -4.96 0.089 64.43 3.15 -2.22 0482 63.82 2.81 1.97 0.483
rs4820268 (G/G) 58.76 2.86 -9.54 0.001 61.92 3.12 -8.18  0.010 59.57 2.81 -3.20 0.258
Unsaturated iron binding capacity (umol/L)

Reference group 53.76 2.27 Reference 24.49 2.52 Reference 19.15 2.31 Reference
rs2235321 (A/G) 4559 3.83 -8.17 0.036 21.14 4.22 -3.35 0429 11.86 3.91 -7.29 0.065
rs2235321 (A/A) 4440 3.30 -9.36 0.006 22.89 3.64 -1.60  0.660 17.52 3.39 -1.64  0.630
rs855791 (A/G) 48.05 3.91 -5.71 0.15 20.11 3.70 -4.38 0.240 18.32 3.49 -0.84 0.811
rs4820268 (G/A) 50.47 3.64 -3.29 0.368 26.22 3.53 1.73 0.626 22.79 3.46 3.64 0.296
rs4820268 (G/G) 4351 3.61 -10.25 0.005 16.71 3.50 -7.79  0.028 11.99 3.42 -7.16  0.039

For transferrin saturation, statistical analysis was done on log-transformed data, but transferrin TIBC and UIBC values were not log-

transformed as these values were normally distributed. For each of the SNPs, the bolded letters are the major allele. The reference group
consists of individuals with homozygotes for the major alleles at all the three SNPs. The participants were selected in such a way that the
reference genotype for each SNP do not have individual carrying the minor alleles at the other two SNPs.

SE, standard error; TIBC, total iron binding capacity; TSAT, transferrin saturation; UIBC, unsaturated iron binding capacity.
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Supplemental Table 2. The effects of individuals SNPS (rs855791, rs2235321 and
rs4820268) on haematology traits

rs2235321 (MAF=0.43)

Trait Genotype Mean Std. Error Beta P-value
Hb (g/dL) GIG 11.6 0.33 Reference

AG 11.9 0.46 0.27 0.551

A/A 12.1 0.38 0.43 0.262
RBC (x10*M2) GIG 4.4 0.12 Reference

AG 4.4 0.17 -0.05 0.749

A/A 4.2 0.14 -0.26 0.072
MCV (fL) G/G 77.8 1.54 Reference

AG 79.5 213 1.63 0.445

A/A 83.7 1.79 5.81 0.002
HCT (%) G/IG 34.4 1.03 Reference

AG 34.8 1.42 0.34 0.814

A/A 34.9 1.20 0.49 0.685
RDW (%) G/G 13.1 0.29 Reference

AG 12.7 0.40 -0.38 0.342

A/A 12.2 0.33 -0.88 0.010
MCH (pg) G/G 26.4 0.60 Reference

AG 27.3 0.83 0.88 0.292

A/A 29.0 0.70 2.55 0.000
MCHC (g/dL) GIG 33.9 0.25 Reference

AG 34.3 0.34 0.34 0.321

A/A 34.6 0.29 0.69 0.019

rs855791 (MAF=0.07)

Hb (g/dL) G/G 11.9 0.44 Reference

AG 12.0 0.46 0.07 0.882
RBC (x10M2) G/G 4.5 0.14 Reference

AG 4.5 0.17 -0.04 0.832
MCV (fL) G/G 78.8 1.56 Reference

AG 81.0 1.97 2.29 0.251
HCT (%) G/G 35.2 1.18 Reference

AG 35.9 1.49 0.70 0.641
RDW (%) G/G 12.8 0.28 Reference

AG 12.5 0.36 -0.36 0.311
MCH (pg) G/G 26.7 0.61 Reference

AG 271 0.77 0.39 0.617
MCHC (g/dL) G/G 33.8 0.30 Reference

AIG 33.4 0.38 -0.48 0.207




Supplemental Table 2. Continued

rs4820268 (MAF=0.27)

Trait Genotype Mean SE Beta P-value
Hb (g/dL) A/IA 12.09 0.23 Reference

G/A 11.69 0.32 -0.40 0.213

G/G 11.82 0.31 0.13 0.687
RBC (x10*M2) A/A 4.46 0.09 Reference

G/A 4.27 0.12 -0.19 0.125

G/G 4.38 0.12 -0.07 0.539
MCV (fL) A/A 81.37 0.98 Reference

G/A 78.67 1.50 -2.70 0.076

G/G 79.80 1.49 -1.57 0.294
HCT (%) A/IA 35.94 0.71 Reference

G/A 33.38 1.00 -2.56 0.012

G/G 34.66 0.98 -1.28 0.192
RDW (%) A/A 12.29 0.21 Reference

G/A 12.54 0.32 0.25 0.449

G/G 12.18 0.32 -0.12 0.709
MCH (pg) A/A 27.46 0.39 Reference

G/A 27.57 0.60 0.11 0.861

G/G 28.15 0.59 0.69 0.249
MCHC (g/dL)  A/A 33.73 0.18 Reference

G/A 34.99 0.28 1.26 0.000

G/G 35.25 0.28 1.53 0.000
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Figure S1. The relationship between baseline ferritin and delta plasma iron. Delta
plasma iron was calculated by subtracting the baseline plasma iron from the 5 hours

plasma iron post iron ingestion.

6.12. A summary of the pilot study

In order to decide the optimal time points for the recall-by-genotype study, we
conducted a pilot study. In this pilot stud, we selected participants from five genotype
groups based on TMPRSS6 rs22235321 and rs4820268, while ensuring that no one
carries the variant allele at rs855791, see Table 1.

We included individuals if they were 18 years and above, although there is no
maximum age limit, individual considered too old or frail were excluded. Individuals
were excluded if they reported being unwell or when they were found to be unwell
upon examination by a study nurse. Also, pregnant or lactating women, and individuals

with severe anaemia (Hb <7g/dl) where excluded.
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Iron supplementation and sample collection

Each individual received 400mg ferrous sulfate (130 mg of elemental iron) orally (after
an overnight fast) on Day 1, and then daily supplementation with 200mg of ferrous
sulfate (65 mg of elemental iron) from day 2 for 14 days. At day one, each individual
was bled at baseline following an overnight fast (before receiving the supplement) and
at 1h, 2h, 5h, 24h. Thereafter, a blood sample was taken at (day 15), after iron

completing the daily iron dose.

Laboratory measurements

FBC was analysed using a 3-part haematology analyser Medonic M-series (Boule
Medical, Sweden). Malaria rapid diagnostic test (SD BioLine Malaria Antigen P,
Standard Diagnostics Inc. Republic of Korea), sickle (Sodium metabisulphide method)
and quantitative assessment of G6PD enzyme in RBCs (G6PD Hb+ R&D Diagnostics)
were done on the same day.

Iron biomarkers (serum iron, ferritin, serum transferrin, unsaturated iron binding
capacity [UIBC]) and CRP were measured on frozen plasma samples by Cobas
Integra 400Plus biochemistry analyser (Roche Diagnostics). Transferrin saturation
(TSAT) and total iron binding capacity (TIBC) were calculated from UIBC and serum
iron; TIBC= serum iron +UIBC; TSAT= (Serum iron/TIBC)*100. Hepcidin was

measured by Bachem competitive ELISA (enzyme-linked immunosorbent assay) kit.

Data analysis
Data was analysed using the R statistical software version 3.2.3 26, Initially, a linear
model with each biomarker as the outcome, genotype as response variable and age

and sex as covariates was fitted. A more complex linear model was fitted to determine
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the changes in biomarker across time points (using the baseline as a reference time
group) and genotype as response variables. Where there was evidence of significant
time or genotype effects, interactions between them was assessed using a log-

likelihood ratio test.

Results

A total of 44 individuals were enrolled in 5 genotype groups (Table 1) using the
TMPRSS6 rs2235321 and rs4820248 as the basis for creating the genotype groups.
From the 44 participants enrolled, 65.9% were females. The details of participant

characteristics are presented in Table 4.

Table 1. Description of genotype combinations recruited for the pilot study, N=44

rs2235321 rs4820268 N (%)

Major allele G/A AIG

/minor allele

AA/AA AA AA 8(18.2)
AG/GA AG GA 10(22.7)
GG/AA GG AA 11(25.0)
GG/GA GG GA 3(6.8)
GG/GG GG GG 12(27.3)

Everyone in these genotype combinations are GG (homozygous for the major allele) at
rs855791.
AA/AA, Homozygous for the variant of rs2235321, wildtype at rs4820268; AG/GA, Double

heterozygotes, for both rs2235321 and rs4820268; GG/AA, Wildtype for rs2235321 and rs4820268
this is the control group; GG/GA, Heterozygous at rs4820268, wildtype at rs2235321; Homozygous
for the variant allele of rs4820268, wildtype at rs2235321.
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Table 2. Population characteristics of individuals enrolled in the pilot study

Variable Male Female Total
N (%) 15 (34.1) 29 (65.9) 44
Age (yrs), mean (SD) 24.8 (5.5) 29.7 (8.5) -
Sickle (n=44)

AA (n=41,93.2%)) 14 27 41
AS (n=3, 6.8%) 1 2 3
G6PD (n=41)

Non-deficient (n=38, 11 27 38
92.6%)

Deficient (n=3, 7.4%) 3 0 3

G6PD, glucose-6-phosphate dehydrogenase; AA and AS, sickle Hb wild-types AS heterozygotes
respectively.

Assessing the change in iron biomarkers over time

Each iron biomarker was tested over six time-points [baseline and after iron
supplementation [(1hr, 2hr, 5hr, 24hr and Day 15)]. The significant differences
between time points in relation to the baseline occurred at 1hr, 2hr and Shrs, in TSAT,
hepcidin, serum iron and UIBC, see Figure 1. No significant changes in relation to the
baseline were observed at 24hr and Day 15. Furthermore, no significant changes

occurred in ferritin, transferrin, TIBC and CRP.
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Figure 1. Assessment of important time-points for inclusion in the main study, N=44.
Significant differences in relation to the baseline were observed in TSAT (1hr, p=0.007; 2hr,
p<0.0001; 5hr, p<0.001), hepcidin (5hr, p=0.0032), serum iron (1hr, p=0.0325; 2hr, p<0.001;
5hr, p<0.001), UIBC (2hr, p<0.001; 5hr, p<0.001).
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Optimisation of follow-up bleeds

Based on the response data from the pilot study, we selected time points 2 and 5
hours for post iron ingestion sampling. The 24 hours and Day 15 time points were
dropped, as they do not provide additional information, and substantial change in iron
status occurred within the first day, see Figure 2. This will reduce the burden on study
participants, by shortening the study duration, while enabling us to achieve the aim of
the study. Also, the 1hour bleeding was dropped as it is not expected to additional
information.

Therefore, the selection of the time points for the main study (baseline, 2 and 5 hours)

was based on the information derived from the pilot study as described above.
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Chapter 7:

General discussion and
conclusions
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7.1. General discussion

This PhD thesis aimed to investigate whether common genetic variants within the
hepcidin and iron regulatory genes, previously identified in non-African population,
predispose healthy Gambians to anaemia and/or modulate response to oral iron
supplementation. The work presented here was aimed at contributing to the
understanding of genetic determinants of anaemia and oral iron absorption in Africans.
In this chapter, | discuss the main findings of the studies constituting the thesis. Also,
| highlight the limitations and presented suggestions future studies to follow-up this

work.

7.2. Main findings
Highlights of main findings:

1. There is significant lack of data on the genetic determinants of iron status on
African populations.

2. Wide disparity exists in allele frequencies of single nucleotide polymorphisms
(SNPs) associated with iron status between Africans and non-African
populations

3. The linkage disequilibrium patterns between common TMPRSS6 SNPs
reported in Europeans differ from that of Africans.

4. Previously reported functional effects of TF rs3811647 on transferrin and iron
binding capacity replicates in Gambians.

5. TMPRSS6 rs2235321 influence hepcidin concentrations.

6. We observed reverse trend on the effects of TMPRSS6 variant alleles on

hepcidin, contradicting previous reports.
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7.3. Discussion of main findings

In chapter 3, a total of 64 studies were retrieved from the literature search, but only
five were conducted in Africa. This finding highlights a significant gap in the availability
of data on the genetic determinants of iron imbalance in Africa (Chapter 3, Fig 1).
This demonstrates a critical need to conduct human genetic research in Africa to
understand the contribution of genetic risk factors on the high burden of anaemia in
African populations. Also, one of the key findings in this study was the wide disparity
in allele frequency for most of the SNPs associated with iron status across global
populations (Chapter 3, Supplemental Table 1). For example, TMPRSS6 rs855791,
the most widely reported SNP that is associated with iron-refractory iron deficiency
anaemia and impaired iron status indicators, has an average global minor allele
frequency (MAF) of 40%. However, the MAF of TMPRSS6 rs855791 in Africans and
Gambians is 10% and 7% respectively in the 1000 Genomes Project.

Another significant finding from this study was the differences in linkage equilibrium
(LD) observed between the common TMPRSS6 SNPs (rs855791 and rs2235321 or
rs4820268) in different populations. TMPRSS6 rs855791 and rs2235321 were
previously reported to be in high LD in Europeans (D'= 1.0, r’=0.44)". Similarly,
rs4820268 was reported to be in high LD with rs855791 in ltalians (r’=0.81) 2.
However, we found that rs855791 is in low LD with rs2235321 and rs4820268 both in
the pan-African data in the 1000 Genomes project and in the Gambian population we
studied (Chapter 3, Figure 4). The differences in LD between SNPs in different
populations demonstrates that genetic results from one population may not be
transferrable to others 3.

In Chapter 4, we sought to investigate the whether the common TMPRSS6 and TF

SNPs will have an effect on iron status indicators. We did not detect any effect
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of TMPRSS6 genotype combinations or allele risk scores with any iron biomarker.
This result indicated that these TMPRSS6 SNPs might not have an impact on iron
status in Africans, unlike the previously reported associations in non-African
populations 4-8. However, we found TMPRSS6 rs2235321 to have an effect on plasma
hepcidin concentration with a stronger impact on individuals with lower haemoglobin
(Hb) and ferritin levels. This suggest that despite being a synonymous variant,
TMPRSS6 rs2235321 may influence hepcidin regulation of iron homeostasis.

Also, we found TF rs3811647 to have a strong association with transferrin and
transferrin binding (TSAT and UIBC). TF rs3811647 homozygotes (AA) had a 20%
higher transferrin than the GG carriers. Our results indicate that this SNP is associated
with transferrin binding of iron but not iron itself. This finding is in agreement with
previous studies in both Europeans %10 and Africans '!, on the association between
TF rs3811647 and iron status. Further research could assess how the TF rs3811647
influences the functionality of transferrin and how this impact on the risk of iron
deficiency in Africans.

In Chapter 6, we conducted a recall-by-genotype (RbG) study to test the hypothesis
that individuals carrying the variant alleles at the common TMPRSS6 SNPs might have
less effective response to oral iron supplementation compared to the carriers of the
major alleles. However, we failed to detect any effect of variants alleles on the
response to oral iron ingestion in this population. Unexpectedly, for each of the three
SNPs studies, individuals who are homozygotes for the minor alleles (rs2235321 AA,
rs855791 AA and rs4820268 GG) had lower hepcidin concentrations compared to the
homozygous major allele carriers (Chapter 6, Figure 6). These results are at variance
with the previous reports on these SNPs, and they contradict what we expected to

find. We expected that the carriage of minor alleles at TMPRSS6rs2235321, rs855791
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and rs4820268 would lead to elevated hepcidin, due to impaired TMPRSS6 function
caused by these variants 213, TMPRSS6 rs855791 A allele is associated with
elevated hepcidin accompanied by low TSAT and serum in Europeans 7. TMPRSS6
rs2235321 A and rs4820628 G alleles are associated with the risk of low iron status
including in Africans 4'4-'6. However, we did not find previous reports on the effects of
rs2235321 or rs4820268 on hepcidin concentration or response to iron
supplementation.

One significant finding from the RbG study is that we replicated the effects of
rs2235321 on hepcidin we observed in the cross-sectional study (Chapter 4). In both
studies, the carriers of the homozygous A allele have lower hepcidin levels than the
GG carriers (Chapter 4 Figure 2 and Chapter 6 Figure 5A). These results
demonstrate a possible effect of TMPRSS6 rs2235321 on hepcidin, which requires
further investigation, particularly given the high MAF of this SNP in Africans (41%) and
43% in Gambians.

Another significant finding from this study is the identification of a genotype group with
individuals that had a static hepcidin concentration despite ingesting a bolus dose of
oral iron. The hepcidin level in all the genotype groups rose after the oral iron dose,
except the group consisting of individuals with rs2235321 AG and rs855791 AG
simultaneously (Chapter 6, Figure 5). The hepcidin concentration in this group
remained unchanged whilst the plasma iron concentration rose after iron ingestion.
These results may suggest that there might be an alternate pathway that is responsible
for iron regulation at the enterocytes or that highly bioavailable iron evaded the
hepcidin-mediated iron regulation at the enterocytes. Further research with larger
sample size involving carriers of this genotype, and in different population groups

might provide more insight into these results.
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7.4. Limitations implications

The candidate gene approach and the recall-by-genotype study design was made
possible by the recent surge in GWAS to search for genetic variants that influence iron
status. As mentioned in the methods of the different chapters, we chose the candidate
SNPs based on the previous associations between these variants and various iron
status indicators. However, as we note in the study presented in Chapter 3, the bulk
of these studies were conducted in Europeans and a few on Asians, and we found
only five studies that were conducted in Africa.

The primary purpose of employing the recall-by-genotype study (RbG) design was to
ensure that we focus on individuals with the SNPs of interest rather than using the
standard case-control study design. Although we ensured that each genotype group
was unique, we could not account for the presence of variants in other genes that
influence iron status. For example, TF rs3811647 has a strong effect on transferrin
and its ability to bind iron, as identified in previous research and our study in Chapter
5. Unfortunately, we could not account for the confounding effects of TF rs3811647 in
our RbG study. To eliminate the possible confounding effects of other genetic variants
would require a larger pre-genotyped and traceable population. Larger sample size
would require additional resources and time, which is beyond the scope of this PhD.
Another limitation of this study design arises when it is applied to study low-frequency
variants. The low minor allele frequency (MAF) of TMPRSS6 rs855791 in our study
population and Africans impacted our study. We could not study homozygotes for the
minor allele rs855791 (AA). We only had heterozygotes (AG) and homozygotes for
the major allele (GG) to include. Therefore, the lack of individuals with rs855791 AA

only was a notable limitation.
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7.5. Public health implications and recommendations

In this thesis, | attempted to assess whether common genetic variants previously
identified in Europeans and Asians could increase the risk of anaemia and predispose
to inadequate response to oral iron supplementation in Africans. This aim was
conceived based on previous research findings linking genetic variants within
the TMPRSS6 gene to the risk of iron refractory iron deficiency anaemia (IRIDA) '7:18,
The key features of IRIDA include inappropriately elevated hepcidin for the degree of
anaemia and inability to absorb oral iron 819 |IRIDA patients usually present with
varying degrees of anaemia, ranging from moderate to severe microcytosis with low
serum iron and low-normal ferritin 17:20-22,

Given that hepcidin elevation is a classic finding in patients with IRIDA, hepcidin
suppression could be identified as a mechanism for enhancing iron absorption.
Administration of a hepcidin antagonist could facilitate hepcidin suppression and
thereby promote effective iron absorption. Currently, there are several candidate
hepcidin antagonists at different stages of clinical development for potential use in the

treatment of anaemias characterised with excess hepcidin levels 2325

If our hypothesis had been confirmed, carriers of these genetic variants would have
potentially been candidates for interventions utilising hepcidin suppression
mechanisms. This approach could open the avenue for personalised medicine
approaches to anaemia therapy. At the public health level, similar approaches might
potentially be useful in settings where the frequency of the genetic variants associated
with excess hepcidin is high. Given the high minor allele frequency (MAF) of some of
the SNPs studied, we anticipated that identifying sub-population groups carrying these
risk alleles might have facilitated population stratification approaches to anaemia
control policies. However, we could not confirm that these TMPRSS6 variants

Page 242 of 264



243

modulate oral iron absorption or predispose to anaemia in Africans. Thus, at this point,
we cannot propose any personalised or public health intervention for the genetic

defects in the hepcidin-iron axis.

7.6. Potential future studies

The studies presented in this thesis did not reveal substantial evidence on the effects
of common TMPRSS6 and TF SNPs on the risk of anaemia and inadequate oral iron
absorption in Africans. However, the results in Chapter 3 demonstrated that there are
several other variants in the hepcidin and iron regulatory genes that are identified as
risk factors for low iron status, whose effects on oral iron absorption have not been
investigated in Africans. Also, SNPs linked to elevated iron status in Europeans have
been reported, but their impact on low iron status have not been thoroughly
investigated in Africans either. These include SNPs in the HFE, SLC40A1 and HAMP
(the hepcidin gene), BMP6 and TFR2 (encoding transferrin receptor 2).

Follow-up research could focus on comprehensively assessing the combine effects
risk alleles at all these SNPs on the risk of anaemia. Such studies may be done by
expanding our work in Chapter 5, where we aggregated the alleles at six TMPRSS6
SNPs to develop allele risk scores for anaemia. Further studies may enable the
development of allele risk scores for anaemia based on all the known SNPs linked to
the low iron status from the different iron-related genes. Consequently, the effects of
these allele risk scores on various iron status indicators or anaemia and iron deficiency
may be validated in different population groups. Such allele scores, also referred to as
genetic risk scores, may provide the basis for predicting the occurrence of anaemia
and iron deficiency in Africans.

Developing genetic risk scores for complex phenotypes such as BMI 2%, blood
pressure 2’ and type 2 diabetes?® has been described. Therefore, identifying genetic
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risk scores for anaemia and inadequate response to iron supplementation may be
useful for improving iron supplementation strategies in different population groups.
Given our finding on the association between TMPRSS6 rs2235321 and hepcidin, with
the effects more pronounced in individuals with low ferritin or haemoglobin (Chapter
4), follow-up studies could investigate the effect of this SNP on hepcidin in different
population groups with diverse physiological risk factors for impaired iron status. Also,
longer-term studies assessing the effect of common genetic variants on iron
absorption throughout the routine iron supplementation duration (usually 12 weeks)
may provide a better understanding on the role of these variants on the response to
oral iron therapy.

Moreover, gene fine-mapping studies may be conducted to determine the exact
location of functional variants. Gene fine-mapping refers to the identification of the
exact genomic location of functional variants and to precisely determine the causal
variant 6181.1829.70 - Similarly, gene expression studies such as expression quantitative
trait loci (eQTL) analysis may be conducted to identify new functional variants in the
different hepcidin-iron regulatory genes. eQTL refers to the analysis of gene
expression in cells or tissues to identify functional variants associated with a
phenotype 32. These types of human genetic research done in Africans may help to
provide a clearer insight into the molecular mechanisms underlying iron regulation in

African populations.

7.6.1 Specific immediate future research
Based on our findings, | propose follow-up research as follows:
1. To conduct a genome-wide association study (GWAS) on iron status indicators

and iron deficiency. This project would use the new H3Africa chip to do a whole-
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genome sequencing on the available 8,000 individuals within the Keneba
biobank at the MRCG at LSHTM. The H3Africa chip contains novel variants
relevant for African populations which were not part of the previous lllumina
arrays 33. Furthermore, the project would use the SNPs identified from the
proposed GWAS, and those previously reported from other GWASSs to develop
genetic risk scores for iron deficiency, using the phenotype data available from
the population in the Keneba Biobank. In addition to the SNPs in TMPRSS6
and TF, these genetic risk scores would include variants in other iron regulatory
genes such as HFE, DMT1 (SLC11A2), TFR2, BMP6, SLC40A1, HAMP, and

any new loci that may be identified from the Africa-specific discovery GWAS.

2. To use the recall-by-genotype approach to investigate the effects of TMPRSS6
rs2235321, rs855791, rs4820268 and TF rs3811647, and any functional
(putative functional) SNP discovered in the GWAS proposed above, on
absorption of a more physiological form of iron in anaemic subjects. The studies
proposed here may help to elucidate the effects of the common genetic variants

in the iron and hepcidin regulatory genes on iron absorption in Africans.

7.7. Conclusions

Finally, the studies presented in this thesis attempted to examine the role of genetic
risk factors on impaired iron status response to oral iron supplementation in Africans.
We identified an association between TMPRSS6 2235321 and hepcidin
concentrations, and we replicated the previously reported association
between TF rs3811647 and transferrin. However, we found a discrepancy between
our results and previous observations on the relationship
between TMPRSS6 rs855791 and hepcidin. Therefore, we recommend that more
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research is done to examine the reasons for this disparity and to map out whether host
genetics risk factors play a role in predisposing Africans to low iron status or hindering
the success of iron supplementation strategies. Understanding of the genetic risk
factors for anaemia and iron deficiency may facilitate the formulation of population-

specific or personalised medicine approaches to anaemia prevention and treatment.
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8.1. Candidate’s contribution to research papers

While | was enrolled in this PhD, | contributed in ongoing research projects conducted
by the Nutrition Theme at the MRCG at LSHTM. | have been working with this
Research Group prior to starting the PhD and | continue to contribute significantly to
research projects outside of my PhD, which resulted in publication of findings in high
impact journals. Some of these works involved collaborations with external scientists.

Below, | present a listed of the papers | contributed.

1. Prentice S, Jallow AT, Sinjanka E, Jallow MW, Sise EA, Kessler NJ, et al.
Hepcidin mediates hypoferremia and reduces the growth potential of bacteria
in the immediate post-natal period in human neonates. Sci Rep. 2019

Dec;9(1):16596.

2. Armitage AE, Agbla SC, Betts M, Sise EA, Jallow MW, Sambou E, et al. Rapid
growth is a dominant predictor of hepcidin suppression and declining ferritin in

Gambian infants. Haematologica. 2019 Aug;104(8):1542-53.

3. Prentice AM, Bah A, Jallow MW, Jallow AT, Sanyang S, Sise EA, et al.
Respiratory infections drive hepcidin-mediated blockade of iron absorption
leading to iron deficiency anemia in African children. Sci Adv. 2019

Mar;5(3):eaav9020

4. Corbin LJ, Tan VY, Hughes DA, Wade KH, Paul DS, Tansey KE, Butcher F,

Dudbridge F, Howson JM, Jallow MW, John C, Kingston N, et al. Formalising
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. Bah A, Pasricha S-R, Jallow MW, Sise EA, Wegmuller R, Armitage AE, et al.
Serum Hepcidin Concentrations Decline during Pregnancy and May Identify
Iron Deficiency: Analysis of a Longitudinal Pregnancy Cohort in The Gambia. J

Nutr. 2017 Jun;147(6):1131-7.
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Cilo MRC Unit: The Gambia, Fajara
P.O. Box 273, Banjul
The Gambia, West Africa

The Gambia Government/MRC Joint Fax: +220 — 4495918 or 4496513

ETHICS COMMITTEE Tol: 422044054428 Ex. 2208

8 November 2017

Dr Carla Cerami
MNutrition Theme
MRC Unit The Gambia, Fajara

Dear Dr Cerami

L2017.48, Re Changes to research project: SCC 1429v5. Assessing the effects of risk alleles
in hepcidin pathway genes in oral iron absorption.

Thank

you for submitting your letter dated 12 September 2017 for consideration by The Gambia

Government/MRC Joint Ethics Committee at its meeting held on 27 October 2017.

Our committee is pleased to approve your request.

With best wishes

Yours sincerely

‘ Mr Malamin Sonko
Chairman, Gambia Government/MRC Jeint Ethics Committee

Documents submitted for review:

SCC approval letter — 2 October 2017

. Request letter — 12 September 2017

. Application form for SCC 1429 - 18 September 2017

. Informed Consent Document , version 1.0 — 18 September 2017

. EC approval letter — 28 December 2016

The Gambla Government/MRC Joint Ethics Committes:

Mr Malamin Sonko, Chaiman Prof. Umberto D'Alessandro
Prof Qusman Nyan, Sclentific Advisor Dr Ramatoulie Njie
Mz Naffie Jobe, Secretary Prof Martin Anfonio
Or Roddie Cole DO Jana Achan
Or Ahmadou Lamin Samatah Or Momodow L. Waggeh
Mrs Tulai Jewara-Ceasay Dr Siga Falima Jagne
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C/lo MRC Unit: The Gambia, Fajara
P.O. Box 273, Banjul

The Gambia, West Africa

Fax: +220 — 4495919 or 4496513
Tel: +220 — 4495442-6 Ext. 2308
Email: ethics@mrc.gm

28 December 2016

Dr Carla Cerami
MRC Unit The Gambia
Keneba

Dear Dr Cerami

L2016.72v1.1, Re SCC 1429v5: Interrogating hepcidin and iron in host-pathogen interaction
using a Genes-in-Action study design: Assessing the effects of genetic variations in the
hepcidin pathway genes in the response to oral iron supplementation

Thank you for submitting your letter dated 31 October 2016 for consideration by The Gambia
Government/MRC Joint Ethics Committee at its meeting held on 16 December 2016.

We are pleased to approve your proposed amendments to the research project.
With best wishes

Yours sincerely

A

Mr Malamin Sonko
Chairman, Gambia Government/MRC Joint Ethics Committee

Documents submitted for review:-
e SCC approval letter — 9 December 2016
Updated letter — 6 December 2016
Request letter — 14 November 2016
Clinical trial protocol — 13 July 2015
Informed Consent Documents (pilot and main study), version 2.0 — 16 November 2016
EC approval letter — 14 June 2016
SCC approval letter — 21 July 2015
SCC application form, version 5.0 — 14 November 2016

e & o ° @ 0

The Gambia Government/MRC Joint Ethics Committee:
Mr Malamin Sonko, Chairman Prof. Umberto D'Alessandro
Professor Gusman Nyan, Scientific Advisor Dr Ramafoulie Njie
Ms Naffie Jobe, Secrefary Dr Kalifa Bojang
Dr Roddie Cole Dr Jane Achan
Dr Ahmadou Lamin Samateh Dr Momodou L. Waggeh
Mrs Tulai Jawara-Ceesay Dr Siga Fatima Jagne
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United Kingdom

Switchboard: +44 (0)20 7636 8636

LONDON
SCHOOLof
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www.lshtm.ac.uk

Observational / Interventions Research Ethics Committee

Mr Momodou W, Jallow
LSHTM

18 May 2017

Dear Mr Jallow

Submission Title: Assessing the effects of genetic variation in the hepcidin pathway genes in resp to oral iron supp using a Genes-in-Action study design
LSHTM Ethics Ref: 11679
Thank you for responding to the Obser | Committee Chair’s request for further information on the above research and submitting revised documentation.

The further information has been considered on behalf of the Committee by the Chair.
Confirmation of ethical opinion

On behalf of the Committee, 1 am pleased to confirm a favourable ethical opinion for the above research on the basis described in the application form, protocol and supporting documentation
as revised, subject to the conditions specified below.

Conditions of the favourable opinion
Approval is dependent on local ethical approval having been received, where relevant.

Approved documents

The final list of documents reviewed and approved is as follows:
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Local Approval ~ SCC 1185v2_Hennig_21Apr10-Keneba Biobank GE approval 21/0422010 2
Information Sheet KB_BioBank_Informed_Consent_over_18yrs 18/0872011 4
Information Sheet Kb-Biobank_information_sheet 21052012 2
Local Approval ~ L2012.44_Hennig SCC_Approved_030ct12 03/102012 1
Local Approval ~ L2012.44_Hennig SCC_Approved_030ct12 03/102012 1
Local Approval ~ SCC 1429v4_Hennig_Approved_16Junl6 23/05/2016 4
Information Sheet  GiA-Iron_InfomationSheet&ConsentForm 23/05/2016 1
Information Sheet GiA_Hypo_InfomationSheet&ConsentForm 23/05/2016 1
Information Sheet MRCG_Tariff for the Reimbursment of Study Participants V2-0 25July16{1]  26/07/2016 2
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Protocol / SCC1429v5_Genes-in-Action-Iron_06-12-2016 APPROVED-GE 06/1222016 5
Proposal
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8.3. Study participants information sheet and consent form

Identification code: DOP-CTS-001 F/CTS-003 (Q/dAAY) MRC Unit, The Gambia
Version: 1.0 - 04 May 2015

SCC:  1429v5 SOP-RES-002

PARTICIPANT INFORMATION SHEET

Genes-in-Action (GiA) Iron Main Study
Version 04 Date 12 September 2017

Study Title: Assessing the effects of risk alleles in hepcidin pathway genes in
modulating the response to iron supplementation

SCC:  1429v5 Protocol: N/A

Sponsor & Funder: Medical Research Council Unit Fhe Gambia

1. What is informed consent?

You are invited to take part in a research study. Participating in a research study is not the
same as getting regular medical care. The purpose of reqular medical care is to improve
one’s health. The purpose of a research study is to gather information. It is your choice to
take part and you can stop any time.

Before you decide you need to understand all information about this study and what it will
involve. We will explain to you everything about this study, and you can take time to read
the following information or get the information explained to you in your language. Listen
carefully and feel free to ask if there is anything that you do not understand. Please ask us

any questions that you do not understand. If you would like more information, we are happy
to explain this to you more than once.

Please feel free to discuss the study with your spouse, family members or friends, study staff
or your doctor or nurse.

If you decide to join the study, you will need to sign or thumbprint a consent form saying
you agree to be in the study.

2. Why is this study being done?
As you know many people have “anaemia” (sickness that make someone have less blood),
and the number people with this sickness is very high in Gambia. We know that giving people

a medicine call “iron” treats and prevents someone from “anaemia”, but there is information
from people living in Europe and America some information from telling us that not everyone
can be treated with iron if they have “anaemia”. This is the first time we are doing this study
in Gambia. We hope to discover why some people get better when given “iron” to treat
“anaemia” but others fail. We hope that one day we could make a medicine that may help us
to treat “anaemia” for everyone.

Please ask us any questions that you do not understand. If you would like more information,
we are happy to explain this to you more than once.

Version | 04 Date | 12 September 2017
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Identification code: DOP-CTS-001 F/CTS-003 (Q/dAAY) MRC Unit, The Gambia
Version: 1.0 - 04 May 2015

SCC:  1429v5 SOP-RES-002

Please feel free to talk about the study with your doctor or nurse, the study staff, or your
family and friends.

3. What does this study involve?
a. You have been contacted to participate based on the information we have about you from
previous studies. We get this information from studying something called “genes”, which

are present in all of us and are responsible for why families look like each other, but
different from others. For example, some families are taller or shorter than others. This

kind of information is passed from both the father and mother to the children and even
onto their grand children. Some of the “genes” may prevent us from getting “anaemia” in
the first place, while some other genes may be the reason we get sick when others don't.

b. A fieldworker from MRC Gambia will ask you whether you have any sickness or are
currently participating in another MRC study or whether you are pregnant or
breastfeeding (for women).

c. This study will take one day to complete, and we will ask you to come to MRC, and you
may stay there up to six hours.

d. We will ask to take blood samples at 3 different times during the whole study, and we will
give you “iron” tablets to swallow with water.

e. On the study day, we will transport you to the MRC in the morning (around 7am).
o Once at the MRC we will ask to take 3ml (half teaspoon) of blood.
o We will then give you two “iron” tablets (400mg ferrous sulfate; 2, 200mg
ferrous sulfate) to swallow with water.
o We will ask to take 3ml (half teaspoon) of blood at 2hours and Shours after

given you the iron tablets.
o We will measure your height and weight, and your body temperature

If we discover that you are sick and decide that you cannot continue to participate in the
study because of that, you will be treated by one of the MRC doctors. If we cannot treat you,
we will refer you to the appropriate health facility.

If the research study needs to be stopped, you will be informed and you will have your
normal medical care.

4. What will happen to the samples taken in this study?

In order to do the research, we must collect and store blood and health information from
people like you. We will do some of the tests right away, but other tests may be done in the

future. Once we have done the research we planned, we would like to store your blood and
information with other samples that other people have donated.

The blood sample taken from you will be tested by the researchers at MRC Gambia, but they
may be sent outside the Gambia to other scientists to do more tests if necessary.

If we find anything that is important for your health, we will contact you and put you in
touch with doctors who can help you.
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5. What harm or discomfort can you expect in the study?
We want to tell you that there are some risks with this study, but this is very little. Most of
the time when we take blood, it is safe, but sometimes, when we take blood people feel a bit

dizzy or get an infection. There is a chance that you may get a bruise from where we took
the blood. If this happen, please let us know and you will be treated.

One potential risk is that “iron supplements” may cause some abdominal discomfort, which
may make you feel like wanting to vomit or make you vomit, give you diarrhoea and/or
constipation. If you feel any of these conditions, please let us know immediately, you will be
treated.

Another potential risk of participating in this study is that information about you may be
known to other people who should not have this information. There is a small risk that
someone who should not have your information could learn something about you, but this is
very unlikely.

6. How the privacy of participants will be protected?
Your blood samples will be stored in freezers in our locked laboratory and your personal
information will be on a secure computer. Your name will be replaced by a code (study

number) on all your blood samples and information you given us will be removed before we
share it with other researchers or transport samples outside The Gambia.

7. Potential benefits

This study will not help you or your family to get better, but we hope that it will benefit
others in the future. What we are trying to do is very difficult, and it could take a long time.

Whether you decide to join in this study or not it will not affect your treatment in our clinic.
You are free to decide whether to join or not at your own will.

8. Will you be compensated for participating in the study?

We will not pay you for participating, but we will pay you back (150 Dalasi) for the time you
spend participating in the study during the first day when we ask you to stay at MRC for
almost half of the day. We will provide a vehicle to bring you to MRC and back to your home.
If you come on your own, we will pay you back the money spent on fares (variable amount).

During your stay at MRC on the first day, we will give you breakfast and lunch, and water to
drink.

9. What happens if you refuse to participate in the study or change your mind
later?

You are free to participate or not in the study and you have the right to stop participating at
anytime without giving a reason. This will not affect the medical care or transportation that

you would normally receive.

In case you decide to withdraw your participation before the end of the study, any
information already generated from the samples until the time of withdrawal will be used.

10. Who should you contact if you have questions?
If you have any queries or concern you can contact or Momodou Wuri Jallow on 7710693.

Please feel free to ask any question you might have about the research study.
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11. Return of results

When the study is finished, we will share the study’s general research findings with you and
with your community. We think this may take about 1year or more.

In some situations, the results might be important to your health care. If that occurs, we will
contact you to see if you want to learn more.

12. How will personal records remain confidential and who will have access to it?
All information that is collected about you in the course of the study will be kept strictly
confidential. Your personal information will only be available to the study team members,

your healthcare provider and might be seen by some rightful persons from the Ethics
Committee, Government authorities and sponsor.

13. Who has reviewed this study?

This study has been reviewed and approved by a panel of scientists at the Medical Research
Council and the Gambia Government/MRC Joint Ethics Committee, which consists of

scientists and lay persons to protect your rights and wellbeing.
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CONSENT FORM

Participant Identification Number: |__|_ |11 1111 1__1__1_-|

(Printed name of participant)

O 1 have read the written information OR
O 1 have had the information explained to me by study personnel in a language that I understand,

and I
. confirm that my choice to participate is entirely voluntarily,

. confirm that I have had the opportunity to ask questions about this study and I am satisfied with
the answers and explanations that have been provided,

. understand that I grant access to data about me to authorised persons described in the
information sheet,

. understand that the information about me and sample collected from me will be used to support
other research in the future, and may be shared anonymously with other researchers, for their

ethically-approved projects,
. have received sufficient time to consider to take part in this study,

. agree to take part in this study.

Tick as appropriate
I agree for my samples to be shipped outside of
The Gambia vesd nNo O

'I agreg to furth_er research on my samples as described ves O No O
in the information sheet

Participant’s signature/

thumbprint*
Date (dd/mmm/ o0k Time (24hr)
Printed name of witness*
Printed name of person
obtaining consent
I attest that I have explained the study information accurately in to,

and was understood to the best of my knowledge by, the participant. He/she has freely given
consent to participate *in the presence of the above named witness (where applicable).

Signature of person
obtaining consent

Date (dd/mmm/ oo Time (24hr)

* Only required if the participant is unable to read or write.
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8.4. PhD Timeline

I Sections

Tasks/ Activities

2016
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PhD Registration

Current Registration/ MRCG Studentship funding

Pilot study planning and recruitment

Pilot study data collection, analysis and upgrading report writing

Upgrading presentation

Ethics

MRCG Ethics application
LSHTM Ethics application
Ethics applications for amendments for main study

Field work

Logistical and ground work: Ordering project consumables, training project staff

Participant selection, follow-up & consenting and recruitment

Laboratory work

Iron biomarker analysis (Cobas Integra 400Plus)

Hepcidin analysis (ELISA)

Genotyping TMPRSS6 rs855791, rs2235321 and rs4820268

Data analysis

Biobank cross-sectional study data analysis

Results of the GiA iron study

Systematic review

Thesis Preparaation and publication

Confirm thesis structure

Publication 1: Protocol paper

Publication 2: Systematic review

Publication 3: Biobank cross-sectional study paper

Publication 4: Recall-by-genotype study paper

Thesis chapters completed: Introduction, discussion and conclusion

Thesis submission

Transferrable skills development
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10
1
12

Distance Learning Genetic Epidemiology course (EPM306

Statistical Computing with R - a gentle introduction

Introduction to Public Health Course (Coursera)

Introduction to Project Management (EdX)

Research to Publication Course (BMJ)

INTRODUCTION TO BIOCONDUCTOR: ANNOTATION AND ANALYSIS OF GENOMES
AND GENOMIC ASSAYS

LSHTM MSc Modules:

FOUNDATIONS OF MEDICAL STATISTICS (CODE: 2038)

MOLECULAR BIOLOGY, LSHTM MSC MODULE (CODE: 3333)

INTRODUCTION TO TEACHING FOR RESEARCH DEGREE STUDENTS

HEALTH SYSTEMS STRENGTHENING

Researcher Management and Leadership Training




8.5. Pictures taken during the study with permission to reproduce
obtained from the participants and staff.

Study participants

The study team
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