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ABSTRACT
Genetic Basis for Elevated Rheumatic Heart Disease Susceptibility in Samoa

John Bowen Allen
Department of Biology, BYU
Master of Science

Rheumatic heart disease is an inflammatory heart disease that affects millions of people
around the world. Especially high rates of the disease can be found in Oceania, including the
island nation of Samoa. Genetic studies of immune response genes have provided insight into a
possible genetic link to increased susceptibility to rheumatic heart disease, including the genes
that code for the toll-like receptor (TLR) protein family. One of the functions of TLR proteins is
to recognize the presence of bacteria via identification of bacterial flagella. My evaluation of a
Samoan family identified a variant in the 7LR-5 gene that would inhibit this ability. However,
further study showed this variant to not be statistically significant in relation to rheumatic heart
disease susceptibility. My contribution to a regional genome-wide association study of Oceania
resulted in the discovery of a variant in the /GHV4-61 gene affecting the ability of antibodies to
properly bind to bacterial antigens. This variant was associated with a 1.4-fold increased risk of
rheumatic heart disease development. The success of this study warrants further investigation of
the IGHV4-61 variant in other populations and illustrates the benefits of utilizing a genome-wide
association study to study rheumatic heart disease.

Keywords: genetics, theumatic heart disease, rheumatic fever, genome sequencing
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CHAPTER 1: INTRODUCTION

Aim of Study

Several environmental characteristics have been identified as factors resulting in a higher
risk of developing rheumatic heart disease. These factors include unsanitary living conditions,
poor nutrition, and low socio-economic status (Kumar & Tandon, 2013). While these
environmental factors can conclusively be linked with high rates of rheumatic heart disease, they
may not be the only elements involved. Discrepancies between populations in Australia and New
Zealand provide evidence to support the hypothesis that genetics also play a role in rheumatic
heart disease development. In Australia, it is reported that the Indigenous population, comprised
of Aboriginal and Torres Strait Islander people, has rates significantly higher than those of non-
Indigenous individuals. The rate of disease is 37 times higher for Indigenous Australians
(22.1/1,000) than non-Indigenous Australians in the Northern Territory, 169 times higher
(4.7/1,000) in Queensland, and 630 times higher (3.9/1,000) in Western Australia (Australian
Health Ministers’ Advisory Council, 2017). While not as drastic, the Maori population in New
Zealand has rates that are 7 times higher (6.5/1,000) than the non-Maori population (Bryant,
Robins-Browne, Carapetis, & Curtis, 2009). Given that the indigenous and non-indigenous
populations in Australia and New Zealand occupy the same geographical region, it can be
reasonably concluded that there are many environmental factors that are common between them,
discrediting the idea that environmental factors can entirely account for the differences in
rheumatic heart disease rates. The genetic backgrounds of these groups are quite different with
the indigenous populations having originated from Africa in contrast with the European origins
of their non-indigenous counterparts (Malaspinas et al., 2016; Knapp et al., 2012). This diversity

in origin would allow a genetic trait to develop and propagate in populations of African origin



without being present in populations of European descent, which supports the idea that a genetic
factor can explain the differences in disease rates.

In addition to the rate differences found in Australia and New Zealand, an evaluation of
data from Samoa provided further evidence to support a genetically-based hypothesis. During the
years of 2011 and 2012, the Rheumatic Relief team traveled to multiple primary schools located
on the two main islands of Samoa and screened children ages 5-15 for rheumatic heart disease.
The data collected showed certain schools, generally attended by children belonging to the same
village, had significantly higher rates of rheumatic heart disease when compared to other villages
in the region, with multiple schools having disease rates over 10% (data obtained from
unpublished Rheumatic Relief screening results). The children screened all share similar
environments making it hard to use the environmental rationale to reconcile the disparity in rates.
Additionally, Samoan villages are largely comprised of related individuals, meaning each village
has a shared gene pool that differs from neighboring villages. A gene variant present in relatives,
who make up a large percentage of one village, could explain why certain villages experience
higher rates of the disease while others around it do not.

The aim of the work in this thesis is to characterize the genetic basis of increased
susceptibility for developing rheumatic heart disease. Here I describe two studies: first a family-
based approach, and second, our contribution to the Pacific Islander Rheumatic Heart Disease
Network Genome-Wide Association Study. My efforts to support this work have centered
around identification of subjects, obtaining consent, collecting tissue, isolating purified DNA,
and performing genotyping for hundreds of subjects (Table 1). Theses samples are the basis of
my additional efforts in DNA sequencing, DNA genotyping, and statistical analyses related to

our family-based study (Chapter 2). In addition, the samples we contributed to the Pacific



Islander Rheumatic Heart Disease Network Genome-Wide Association Study were vital to

establishing and validating the findings reported by Parks et al. (Chapter 3).

Table 1: Timetable of Events. Dates, actions, and descri

ptions of actions performed during the course of this study.

Date Action Description

May 2013 DNA sample collection 13 DNA samples collected from related
individuals to begin family study

June 2013 DNA extraction DNA extracted from May 2013 samples for
analysis

May 2014 DNA sample collection 173 DNA samples collected for inclusion in
genome-wide association study

June 2014 DNA extraction DNA extracted from May 2014 samples,
concentrations standardized

June 2014 Sample delivery May 2014 samples were dried down and sent to
collaborators lab for analysis and inclusion in
genome-wide association study

May 2015 DNA sample collection 106 DNA samples collected for contribution to
research consortium

June 2015 DNA extraction DNA extracted from May 2015 samples for
further analysis

May 2016 DNA sample collection 145 DNA samples collected for contribution to
research consortium

June 2016 DNA extraction DNA extracted from May 2016 samples for
further analysis

February 2018 | DNA sample collection 6 DNA samples collected from additional
individuals related to May 2013 samples
March 2018 DNA extraction DNA extracted from February 2018 samples for
further analysis
March 2018 DNA sample analysis March 2018 samples analyzed for segregation of

TLR-5 variant

May 2018 DNA sample collection 106 DNA samples collected for contribution to
research consortium

June 2018 DNA extraction DNA extracted from May 2018 samples for
further analysis

July 2018 Sample delivery DNA concentrations standardized for May 2015,

May 2016, and May 2018 samples, all samples
dried down and sent to collaborators




CHAPTER 2: FAMILY STUDY

Introduction
Background

Rheumatic heart disease and its precursor, theumatic fever, are global issues that affect
an estimated 33.4 million people worldwide with an annual mortality rate of approximately
320,000 (Watkins et al., 2017). The development of rheumatic heart disease begins with
streptococcal pharyngitis (strep throat) due to a bacterial infection caused by Streptococcus
pyvogenes, a strain of group A streptococcus bacteria. Though the disease can be found in
individuals across all age groups, the population most at-risk to develop rheumatic heart disease
is children age 5-15 due to their developing immune system (Carapetis, Mayosi, & Kaplan,
2006). If left untreated, the bacterial infection can then develop into rheumatic fever, an
autoimmune disease characterized by inflammation resulting in arthritis, chorea, and carditis.
The most serious complication associated with rheumatic fever is the development of rheumatic
heart disease, which is the formation of valvular lesions in the heart from repeated, untreated
bouts of rheumatic fever. Rheumatic heart disease develops in 30-45% of individuals who have a
history of rheumatic fever (Guilherme, Kohler, & Kalil, 2012).

While rheumatic fever and rheumatic heart disease are global issues, the diseases are not
equally dispersed throughout the world. Developed countries with established, easily accessed
healthcare systems have very low rates of rheumatic heart disease. For example, the United
States has a positive rate of only 0.002%. Pockets with high rates of rheumatic heart disease can
be found in regions including sub-Saharan Africa and Oceania (Figure 1; Bryant et al., 2009). In
these regions countries including Sudan (1.02%), Zambia (1.25%), the Cook Islands (1.86%),

and Samoa (7.78%) have all demonstrated exceptionally high rates of rheumatic heart disease.
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Figure 1: Rates of RHD by Country. Disease rate of theumatic heart disease listed by country and region. Data
obtained from Bryant et al., 2009.

Rheumatic Heart Disease: Genetics and the Immune Response

Searching for a genetic connection to rheumatic heart disease is of interest due to the role
genes play in the immune system as they provide the genetic information needed to produce
proteins essential for an effective immune response (Figure 2). The immune system provides the
primary source of protection from bacterial infection, which has been implicated with rheumatic
heart disease. The innate immune response is first to mobilize against such an infection. This
unspecific mechanism utilizes common markers found on foreign cells to identify them for
destruction. The lack of specificity gives this initial response a vast reach and allows it to
respond quickly. However, these benefits come at the cost of strength. The stronger adaptive

immune response works to support the innate response.
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Figure 2: Candidate Genes for Increased Rheumatic Heart Disease Susceptibility. As a Strep A infection progresses
towards rheumatic heart disease, genes produce proteins to intervene at difference time points. Polymorphisms in
several genes involved in this process have been associated with increased risk of rheumatic heart disease. Depicted
are these candidate genes in the relative time position they are employed during an immune response.

The adaptive immune response possesses greater specificity, making it more able to
identify and kill invading cells in comparison to the innate immune response. This specificity
results in a delayed response of several days. When a pathogen is introduced, various molecules
present in the blood are ready to identify the foreign matter (i.e. antibodies, mannose-binding
lectin, ficolins, etc.), which usually happens by recognizing and binding to a certain pattern on
the surface of the invading cell. Once the pathogen has been tagged by the host immune system,
other proteins are recruited to continue the process in order to eliminate the infection. These
processes conclude with the death of the pathogen. Cell death occurs in various ways including
the engulfment of the pathogen by a phagocytotic cell or the introduction of proteins to disrupt
the pathogen’s cell wall (Chaplin, 2010). Many elements of both the innate and adaptive immune
response systems are genetically controlled. Polymorphisms in genes involved in both processes
have been proposed as possible sources for increased susceptibility to rheumatic heart disease.
Role of Innate Immune Response Genes in Increased Susceptibility to Rheumatic Heart Disease

The innate immune response identifies pathogen-associated molecular patterns (PAMPs)
on the surface of invading pathogens and utilizes these markers to designate these invading cells

for elimination. Other cells and proteins are then recruited to kill the pathogen. The innate



immune response is comprised of multiple pathways. The pathway utilized is dependent upon the
pathogen that has been introduced. The specific part of the innate immune response that is
relevant to rheumatic heart disease susceptibility is the Lectin pathway. As one of the three
branches comprising the complement system, the Lectin pathway is activated when Mannose-
binding lectin (MBL) or ficolins bind with their specific PAMPs. These molecules then bind
MBL-associated serine proteases (MASPs). Once bound, the complex activates a cascade
resulting in the formation of proteins that promote the opsonization and phagocytosis
of the pathogen, bacterial lysis of the pathogen, and inflammation (Merle, Noe, Halbwachs-
Mecarelli, Fremeaux-Bacchi, & Roumenina, 2015). A proper balance of both MBL and MASP
proteins is needed to maintain a healthy immune system. Deficiencies in these proteins can lead
to increased susceptibility to infection and autoimmune diseases while overexpression can result
in chronic inflammation and intracellular infections (Sorensen, Thiel, & Jensenius, 2005; Turner,
2003; Schafranski, Stier, Nisihara, & Messias-Reason, 2004; de Messias-Reason et al., 2007).
Specific polymorphisms in the genes controlling MBL and MASP, MBL?2 and MASP2
respectively, have resulted in both the over and under-expression of both proteins. These
polymorphisms have been shown to be associated with individuals with rheumatic heart disease
(Schafranski, Ferrari-Pereira, Scherner, Torres, Messias-Reason, 2008; Messias-Reason,
Schafranski, Kremsner, Kun, 2009).

Ficolins are another type of innate immune response protein that, like MBLs, recruit
MASP proteins to ensure the continuation of the destructive process. Polymorphisms in one of
the three genes coding for ficolins, FCN2, result in low levels of ficolin and, consequently,
increase an individual’s risk for developing recurrent and/or more severe bacterial infections.

Due to the similar functions of ficolins and MBLs, it stands to reason that these polymorphisms



presenting with under-expressed ficolin levels might predispose an individual to rheumatic heart
disease (Messias-Reason, Schfranski, Kremsner, Kun, 2009).
Candidate Genes Associated with both the Innate and Adaptive Immune Responses

Along with the innate immune response, the body utilizes the adaptive immune response
to fight infection. The stronger, more specialized adaptive immune response functions in a
similar manner to the innate immune response in that certain molecules target foreign cells for
destruction based on protein patterns found on the pathogen’s cell wall. The adaptive immune
response differs due to the specificity of the structures it utilizes. Instead of using PAMPs to
identify pathogens like the innate immune response, adaptive response molecules are coded with
specific patterns used to recognize specific antigens, allowing them to more precisely target and
eliminate invading cells. The process is initiated when the adaptive immune response is
presented with a pathogen. In the first of two adaptive immune response systems, B cells are
activated to secrete antibodies, triggering an antibody response. The secreted antibodies contain a
variable region that can be genetically rearranged in order to match the targeted antigen. Once
the antibodies bind, the pathogen is then marked for destruction and more easily identifiable by
phagocytotic cells. In a cell-mediated immune response, the second adaptive immune response,
T cells are utilized to either kill the pathogen directly or summon macrophages to destroy cells
they have phagocytosed (Alberts et al., 2002).

Toll-like receptors are sensor proteins that are able to identify cell-wall structures of
invading bacterial infections, and by doing so, can initiate both the innate and adaptive immune
responses (Hawn et al., 2003). While multiple toll-like receptor-coding genes exist, the 7LR-2
and TLR-5 genes have both been implicated as possible genes to confer increased susceptibility

to rheumatic heart disease. These genes code for proteins that are able to identify structures



including lipoproteins and lipoteichoic acid (7LR-2) as well as bacterial flagellin (7LR-5) on
bacteria (Hawn, 2003; Berdeli, Celik, Ozyurek, Dogrusoz, & Aydin, 2005). Polymorphisms in
both genes have resulted in proteins with a diminished ability to recognize bacterial structures,
suggesting their role to increase risk of rheumatic heart disease in an individual with that gene
variant (Berdeli, 2005; TLR-5 polymorphism claim made from unpublished data).

Cytokines are a class of molecule produced by various cells during both immune
responses. Tumor necrosis factor-alpha (TNF-a) is one such molecule and is used in cell
signaling to promote the propagation of an immune response including the regulation of
inflammation (Knight, Kwiatkowski, 2003). Several polymorphisms in the TNF-« gene have
shown to disrupt the proper regulation of tumor necrosis factor molecules, which affects their
ability to promote proper signaling and inflammation regulation while increasing an individual’s
risk for developing rheumatic heart disease (Settin, Abdel hady, El-Baz, & Saber, 2006).
Transforming growth factor-beta (TGF-3) is another cytokine that has also been hypothesized to
be involved in rheumatic heart disease susceptibility. TGF-f is involved in cell signaling and
inflammation control, like tumor necrosis factor cells, but it is also involved in the differentiation
of cardiac fibroblasts to myofibroblasts (Letterio & Roberts, 1998). Like the TNF-« gene, a
polymorphism has been identified in the TGF-f1 gene that affects its cell signaling abilities
(Kamal et al., 2010). An additional polymorphism in the TGF-fI gene was identified implicating
the gene’s differentiation functions in the pathogenesis of valvular fibrosis and calcification that
occurs in theumatic heart disease patients (Walker, Masters, Shah, Anseth, Leinwand, 2004).

To date, the literature has shown that genetically controlled proteins involved throughout
the immune response process are associated with rheumatic heart disease. Notably, the most

commonly affected trait in proteins coded by these genes is the ability to recognize a bacterial



pathogen. Given this fact, additional scrutiny should be given to mutations leading to a decreased
ability to recognize a bacterial infection as we pursue our own investigation into what genetic
factors contribute to increased susceptibility to rheumatic heart disease. However, due to the
complex pathogenesis of rheumatic heart disease we should also be aware that alternative
mechanisms may be involved.
Approaches to Genetic Studies

Several approaches currently exist that can be utilized when studying the genetics behind
a disease. The most common approach utilized in the evaluation of rheumatic heart disease is an
association study where researchers statistically evaluate the occurrence of a known mutation in
a pool of individuals diagnosed with rheumatic heart disease. This approach evaluates many of
the previously mentioned mutations including those found in the 7LR-2, MBL2, and MASP2
genes, and is beneficial in that it allows researchers to simply evaluate the possible connection of
one gene with a disease. However, because only a singular gene is evaluated it is a very limited
approach. Researchers have also only utilized known mutations in their evaluations, eliminating
the possibility of finding new and potentially more important mutations. The findings are also
limited as the studies are performed on small sample sizes among individual populations. To
mitigate these drawbacks researchers have begun to use meta-analysis, another approach to
evaluate the findings of many association studies and consolidate the results into more impactful
data (Shen et al. 2013).

The data reported in this study were obtain using two methods. The first approach used in
our evaluation of the genetics of rheumatic heart disease was a family study. Family studies have
been successfully used to find the genetic basis for heritable disease. These include studies

evaluating cystic fibrosis, breast cancer, and Huntington’s disease (Tsui et al., 1985; Walsh &
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King, 2007; Gusella et al., 1983). An advantages of this approach is the small sample size
required to perform this type of study require fewer resources to collect and analyze data.
Additionally, it is also possible to identify rare yet high impact variants in this type of study
(Wang et al., 2016). The second method we utilized was a genome-wide association study
(discussed further in Chapter 2).
Methods

To locate a family for inclusion in the study, I worked with the Rheumatic Relief medical
team during the screening process of Samoan children (Allen et al., 2017). Families were
identified for follow-up when children who tested positive for rheumatic heart disease disclosed
that other members of her family also had the disease. We were able to identify a family in such
a manner. After locating the family, all available family members were screened and diagnosed
for rheumatic heart disease via echocardiogram. Family members included directly related
parents, siblings, and cousins along with an aunt and uncle. In the family we identified, we
determined that of the 13 individuals screened (including the proband child), 4 were positive for

rheumatic heart disease (Figure 3). I obtained necessary consent to obtain DNA samples from all
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Figure 3: Initial Family Pedigree Chart. The relationships between the initially involved family members used in the
study. Individuals positive for rheumatic heart disease are shaded. Individuals in black are shown for reference but
were not used in the study. All other individuals were included.
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the screened individuals. Saliva samples were collected using Oragene DISCOVER DNA
collection kits. After transporting the saliva samples to the lab, Oragene prepIT L2P DNA
extraction kits were used to extract the DNA from the saliva samples according to kit
instructions. The extracted DNA was then sequenced using Ion Torrent semiconductor
sequencing. The exome sequence was obtained with the lon TargetSeq Exome Enrichment kit
and the P1 chip on an Ion Proton. The exome sequence was analyzed using the Ingenuity Variant
Analysis Pipeline. Variants were included if they were present in all cases and absent in all non-
affected individuals. Prioritization was conducted according to the following criteria:

1. Variants kept with call quality at least 20.0 in cases or at least 20.0 in controls, with read
depth of at least 10.0 in cases or at least 10.0 in controls, outside top 0.3% most
exonically variable 100base windows in healthy public genomes (1000 genomes), and
outside top 1.0% most exoniclly variable genes in healthy public genomes (1000
genomes).

2. Variants kept that are frameshift, in-frame indel, stop codon change, missense, or in an
ENCODE transcription factor binding site overlapping the promoter region.

3. Variants kept which are associated with gain of function, heterozygous, or compound
heterozygous and occur in at least 3 of the case samples at the variant level but are not
kept if associated with gain of function, heterozygous, compound heterozygous,
homozygous, haploinsufficient, or hemizygous in at least 1 of the control samples.

4. Variants kept that are known or predicted to affect genes associated with biologically
relevant proteins (Supplementary Table 1) or diseases (Supplementary Table 2),

including FCN2, TLR-2, MASP, TGF-p1, TNF-a, and MBL.

12



Results

We found nine variants that met the prioritization criteria (Table 2). Based on our

evaluation of the literature, we selected the R392* variant in the TLR-5 gene for a more detailed

investigation. This particular variant of the gene is predicted to be damaging to the TLR-5

protein, preventing it from recognizing bacterial flagella, thus inhibiting it from fulfilling an

important role during an immune response. Statistical analysis of segregation failed to detect

significance (p=0.1667). In subsequent visits to Samoa we added 6 more individuals to the

Table 2: List of Found Variants. List of variants found that complied with pipeline filters.

Chromosome Position Gene Protein Variant Mutation Type
1 144879339 PDEE4DIP V13711, V15331, Missense
V15081, V13261,
V13271, V14371
1 223285200 TLR-5 R392* Stop Gain
1 223285833 TLR-5 QI81K Missense
2 219028932 CXCRI1 R335C Missense
2 219029843 CXCRI1 M31R Missense
6 26365702 BTN3A2 N/A Intronic
6 31084433 CDSN P320fs*11 Frameshift
6 31922441 NELFE R212fs*43 Frameshift
19 389127765 FASGRP4 1171 Missense

study, bringing the total to 19 family members (Figure 4). The DNA from the new samples was
collected and extracted in the same manner as the original samples. After extraction, TagMan
assays were used to determine the DNA sequence and test for the 7LR-5 variant. Of the six new
samples, all were negative for rheumatic heart disease while only two of the six were carriers of
the 7LR-5 variant. Fisher’s exact test was again used to test for segregation. The test resulted in a
p-value of 0.5962, providing another statistically non-significant value.

Based off the evidence provided from the analysis of the 19 DNA samples, I failed to
detect evidence of segregation of the 7LR-5 variant. However, it is possible that another variant

listed in Table 2 could be associated with rheumatic heart disease. Of the other genes found the
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CXCRI gene is of interest. This gene codes for a cytokine receptor located almost exclusively on

neutrophil cells, a key component of an early immune response (Artifoni et al., 2007). The
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Figure 4: Final Family Pedigree Chart. Pedigree chart showing the relationships between the original individuals and
those added to the study. Individuals positive for rheumatic heart disease are shaded. Individuals in black are shown
for reference but were not used in the study.

R355C variant results in an incomplete formation of this receptor and has been linked previously
to other diseases instigated by bacterial infections (Stillie, Farooq, Gordon, & Stadnyk, 2009;
Smithson et al., 2005). These characteristics make this variant a potential starting point for future
research.
Conclusion

Rheumatic heart disease is a devastating disease resulting from a Streptococcus pyogenes
infection. Genes in both the innate and adaptive immune responses have been scrutinized for
their potential role in increasing an individual’s risk for developing this disease. By studying the
genes involved in both these responses we are not only better able to understand the influence
genetics play in predisposition for rheumatic heart disease, but also the specific mechanism(s)
involved. This information will allow us to better understand the pathogenesis of rheumatic heart
disease and how to best prevent and treat the disease, whether through novel therapies or the

development of a vaccine.

14



Impact of this Work

The work we’ve done has greatly contributed to the overall understanding of the genetics
of rheumatic heart disease. While the family-based association study did not yield statistically
significant results, the data in nonetheless beneficial and contributory. Eliminating potential
genetic variants from the list of candidate polymorphisms is one step closer to identify the
gene(s) involved in rheumatic heart disease susceptibility. It will provide direction to future
research to better gauge where resources should be allocated and what avenues of inquiry should

be pursued.
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CHAPTER 3: GENOME-WIDE ASSOCIATION STUDY

Introduction

Although genome-wide association studies are a relatively new method of research, these
studies have proven to be useful tools in the field of medical genetics, having identified single
nucleotide polymorphisms associated with complex medical conditions including Parkinson’s
and Crohn’s disease (Chang et al., 2017; Liu et al., 2017). A unique advantage of a genome-wide
association study is the ability to uncover polymorphisms spread across a population by
evaluating the genome as a whole, without singling out and studying specific genes or
polymorphisms exclusively. This provides a more comprehensive and unbiased approach.

While presenting our initial findings on the 7LR-5 variant, [ was contacted by Tom Parks,
PhD, from the University of Oxford. I was able to establish a connection with Dr. Parks that
resulted in a collaboration with him and researchers at other institutions. Our efforts in sample
collection, DNA extraction, and genotyping were an important part of the first genome-wide
association study focused on rheumatic heart disease (Parks, et al., 2017; See Supplemental
Figure 1).
Genome-Wide Association Study Contribution

There are certain advantages to a genome-wide association study, as well as drawbacks.
One of these drawbacks in the need for a sufficiently large sample size. One of our major
contributions to the study was contributing to the sample pool. All samples from Samoa in the
Parks et al. manuscript came from our collection work as we continued to work with the
Rheumatic Relief medical team during their annual visits to Samoa. During the course of each
visit, the medical team screens approximately 5,000 Samoan children. Of these children, between

100 and 150 children are suspected of having rheumatic heart disease. After receiving parental
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permission for each child, we collected a DNA sample from each one of these cases. Similar to
the family study, we extracted the DNA from these samples. Since the analysis of the samples
was to be performed off-site, the samples had to be prepared for shipment. We determined the
concentration of DNA for each of the samples and standardized all the samples to S0uL of
100ng/uL each. The samples were dried down and supplied to our collaborators, where they
were then included in the study. We have continued to collect and contribute additional DNA
samples to the collaboration (2015 n=106; 2016 n =145; 2018 n =106).
Genome-Wide Association Study Results

The study analyzed 3,412 DNA samples collected from countries in Oceania. Of the
samples included, 156 samples (70 positive and 86 controls) came from my efforts working in
Samoa during 2014. The study utilized the Illumina HumanCore platform to establish 239,990
initial variants. Further filtering decreased the number of variants to six, all found in the second
exon of the IGHV4-61 gene. Sanger sequencing was then used to further evaluate the variants.
From this data the IGHV4-61*2 variant was determined to result in a 1.4-fold increased risk of
rheumatic heart disease. This variant is thought to lead to an increased risk of disease as it results
in an improper alignment between the heavy chain variable domain and light chain variable
domain sections of antibodies, thus inhibiting their ability to properly function during an immune
response. The findings of the first phase of our collaborative study were subsequently published
in Nature Communications (Supplemental Figure 1). Since the article’s publication, the work has
been cited several times in other publications and received international news coverage. This
coverage includes an article published in the New York Times and an interview with one of the
authors on The Health Report on ABC Radio National, one of Australia’s most respected health

journalism programs (McNeil Jr., 2017; Swan, 2017).
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Conclusion

To my knowledge, the only GWAS conducted in relation to the genetics of rheumatic
heart disease was performed by my consortium and successfully identified variants of the
IGHV4-61 gene. While not only providing more information on another candidate gene, this
study also reported to what extent the polymorphisms mentioned affected an individual’s
predisposition for rheumatic heart disease. Research done on other genes merely reports an
association of certain polymorphisms to rheumatic heart disease without detailing how
significant the polymorphisms are in terms of disease development.

The research that has so far been conducted in trying to link an individual’s genetics to
their risk of developing rheumatic heart disease has produced excellent data. However, the
current knowledge we have of these genes needs to be expanded and synthesized. The data we
produced is valuable, but it has been obtained through limited experimentation on populations
from the same genetic background. Greater efforts need to be made to expand the scope with
which these genes are evaluated in regard to their connection with rheumatic heart disease
predisposition through repetition on varied populations to allow us to identify universally shared
characteristics, as has been successfully done with other candidate polymorphisms (Shen et al.,
2013). Additionally, efforts need to be made to explore gene/gene as well as gene/environment
interactions. To my knowledge, the idea to study these relationships has been suggested but not
acted upon (Ramawawmy et al, 2007). Rheumatic heart disease is a complex disease and its
development involves many genetic and environmental factors that have thus far been studied
individually. By evaluating how these many factors influence and interact with each other we

will have a better understanding of how rheumatic heart disease develops and operates.
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SUPPLEMENTARY INFORMATION

Supplemental Table 1: Biologically Relevant Proteins with Associated Genes

Protein Affected Gene(s)
FCN2 FCN2
FC Gamma RII FCGR2A, FCGR2B, FCGR2C
HLA Class I B2M, HLA-A, HLA-B, HLA-C, HLA-E,
HLA-F, HLA-G
IRAK4 IRAK4
MASP MASP10
MBL-C MBL2
MIF MIF
Nfatc NFATC, NFATC2, NFATC3, NFATC4
TNF-Alpha TNF
TLR TLR1, TLR10, TLR2, TLR3, TLR4, TLRS,

TLR6, TLR7, TLRS, TLR9

Supplemental Table 2: Biologically Relevant Diseases with Associated Genes

Disease

Affected Genes

Autoimmune Disorder Initiation

CCL3, CD200, PLP1

Rheumatic Disease of Heart
Valve

ACTAI1, ACTA2, ACTC1, BGLAP, CD68, COL10AI,
COL11A2, COL18A1, COL1A1, COL1A2, COL2AI,

COL3A1, COL5A3, MYO3A, PDGFC, PGF, PROKI,

SPP1, VEGFA, VEGFB, VEGFC, VEGFD, VWF

Rheumatic Heart Disease

ANXAI, CYP2C9, F10, IL17A, IL17F, MC2R, MEFV,
NR3Cl1, USP4

Autoimmune Disorder

A1BG, ABCA1, ABCBI1, ABCB10, ABCB8, ABCCl,
ABCC2, ABCCS8, ABCF1, ABCG1, ABCG2, ABHD16A,
ABLI1, ABT1, ACADI10, ACAN, ACE, ACHE, ACKR2,
ACKR4, ACLY, ACO1, ACOX2, ACP5, ACSL1, ACTAL,
ACTA2, ACTB, ACTCI1, ACTGI1, ACTG2, ACTL6A,
ACTN4, ACVRI1, ACVRIB, ACVRIC, ACVR2A,
ACVR2B, ADA, ADA2, ADAD1, ADAM10, ADAMI11,
ADAMI12, ADAMI15, ADAM17, ADAM18, ADAM19,
ADAM?2, ADAM20, ADAM21, ADAM22, ADAM?23,
ADAM28, ADAM29, ADAM30, ADAM33, ADAMS,
ADAM9, ADAMTSI, ADAMTSI13, ADAMTS2,
ADAMTS4, ADAMTSS, ADAMTS6, ADAMTS?7,
ADAMTSS, ADAMTS9, ADAR, ADARBI, ADCYS,
ADD2, ADGRA1, ADGRES, ADGRG6, ADHIB,
ADIPOQ, ADIPORI, ADIPOR2, ADM, ADORA2A,
ADORA2B, ADRA2A, ADRA2B, ADRA2C, ADRBI,
ADRB2, ADRB3, ADSS, AFF3, AFG3L2, AGER, AGFGI,
AGO2, AGPATI, AGRN, AGT, AGTRI1, AGTR2, AHII,
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Autoimmune Disorder (cont.)

AHR, AHSG, AIF1, AIM2, AIRE, AK2, AK9, AKAP13,
AKR1A1l, AKR1BI1, AKRIDI, AKT1, ALAS2, ALB,
ALCAM, ALDH1L1, ALDH2, ALDOA, ALG14, ALG2,
ALOX12, ALOX15, ALOX15B, ALOXS5, ALOX5AP,
ALPI, ALPK2, ALPL, ALPP, ALPPL2, AMACR, AMBP,
AMOT, AMPDI1, ANG, ANGPT1, ANKRDS55, ANLN,
ANXA1, ANXA4, ANXAS, AOC3, AP4B1, APC, APCS,
APHIA, APHIB, APLP2, APOA1, APOA2, APOA4,
APOB, APOBR, APOC1, APOC2, APOC3, APOC4,
APOD, APOE, APOF, APOH, APOL1, APOM, AQP4,
AQP9, AR, ARAP2, ARCNI1, AREG, ARF1, ARG1,
ARHGAP15, ARHGAP24, ARHGAP33, ARHGAP45,
ARHGDIB, ARHGEF6, ARHGEF9, ARID5A, ARID5B,
ARIH1, ARL16, ARNT, ARRBI, ARTI1, ASAPI,
ASB3/GPR75-ASB3, ASIC1, ASNS, ATATI1, ATF6B,
ATGS, ATIC, ATM, ATP11A, ATP1B1, ATP2B1,
ATP2C1, ATP2C2, ATP4A, ATP4B, ATP5G1, ATP8AI,
ATP8B4, ATXNI1, ATXN2, AXIN2, AXL, AZGP1, AZUl,
B2M, B3GALT4, BACH2, BAG6, BAK1, BANK1, BATF,
BAX, BCHE, BCL11B, BCL2, BCL2L1, BCL2L11, BCL6,
BDKRB2, BDNF, BGLAP, BGN, BHLHE40, BHMT, BID,
BIRCS5, BLK, BLNK, BMF, BMI1, BMP1, BMP4, BMP5,
BMPR2, BORCS6, BPI, BRAF, BRAP, BRCC3, BRD2,
BRMSI1, BSG, BTC, BTG2, BTK, BTLA, BTN1A1,
BTN2A1, BTN3A1, BTN3A2, BTN3A3, BTNL2,
C100rf99, C120rf10, C190rf57, C1QA, C1QB, C1QC,
CI1QTNFe6, CI1R, C1S, Clorfl162, C2, C3, C3AR1, C3orf62,
C3orf67, C4A/C4B, C5, C5AR1, C50rf30, C50rf56, C6,
C6orf10, Céorfl5, C6orfd7, C6orfd8, C6orf62, C7orfl3,
C8A, C9, C9orf152, C9orf3, C9orf72, C9orf78, CAl,
CA10, CA2, CA3, CACNAIA, CACNAIC, CACNAID,
CACNAIE, CACNAIF, CACNALS, CACNA2DI,
CACNA2D2, CACNA2D3, CACNA2D4, CACNBI,
CACNB2, CACNB3, CACNB4, CACNG1, CACNG?2,
CACNG3, CACNG4, CACNGS5, CACNG6, CACNG7,
CACNGS, CALCB, CALCR, CALCRL, CALDI,
CALHM6, CALMI (includes others), CALML3, CALMLS,
CALR, CAMK2B, CAMK2D, CAMK4, CAMLG, CAMP,
CAPG, CAPNI1, CAPN10, CAPN11, CAPN2, CAPN3,
CAPNS5, CAPN6, CAPN7, CAPN8, CAPN9, CAPNSI,
CAPSL, CARDS, CARD9, CASC3, CASP1, CASP10,
CASP3, CASP4, CASP8, CASP9, CASR, CAST, CAT,
CAV1, CBFB, CBLB, CBS/CBSL, CCAR2, CCDC59,
CCDC7, CCHCRI1, CCLI, CCL11, CCL13, CCL14,
CCL15, CCL16, CCL17, CCL18, CCL19, CCL2, CCL20,
CCL21, CCL22, CCL23, CCL24, CCL25, CCL26, CCL27,
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Autoimmune Disorder (cont.)

CCL28, CCL3, CCL3L1, CCL3L3, CCLA4,
CCLA4L1/CCL4L2, CCL5, CCL7, CCL8, CCNA1, CCNA2,
CCNB1, CCND1, CCND3, CCR1, CCR2, CCR3, CCR4,
CCRS5, CCR6, CCR7, CCR8, CCR9, CCRL2, CCSER2,
CD14, CD151, CD180, CD19, CD1A, CDIB, CDIC,
CDID, CDIE, CD2, CD200, CD200R 1, CD22, CD226,
CD24, CD244, CD247, CD27, CD274, CD276, CD28,
CD2AP, CD300A, CD300C, CD300LF, CD33, CD34,
CD36, CD38, CD3D, CD3E, CD3G, CD4, CD40, CD40LG,
CD44, CD46, CD47, CD5, CD52, CD55, CD59, CD6,
CD68, CD69, CD7, CD70, CD72, CD74, CD79A, CD79B,
CD80, CD83, CD84, CD86, CDSA, CD96, CD99, CD99L2,
CDA, CDC42, CDC42EP3, CDH1, CDH11, CDH13,
CDH17, CDH26, CDK13, CDK2, CDK4, CDK6, CDKALI,
CDKNI1A, CDKN1B, CDKN2D, CDSN, CEACAMI,
CEACAMI16, CEACAM18, CEACAM19, CEACAM20,
CEACAM21, CEACAM3, CEACAM4, CEACAMS,
CEACAM6, CEACAM7, CEACAMS, CEBPB, CEBPG,
CELA3B, CELF2, CELF4, CEMIP, CEP57, CERS6, CETP,
CFB, CFD, CFH, CFHRS, CFI, CFL1, CFLAR, CFTR,
CGA, CHAT, CHCHD?2, CHD7, CHEK?2, CHI3LI,
CHMP1A, CHRFAM7A, CHRM1, CHRM2, CHRM3,
CHRM4, CHRMS, CHRNA1, CHRNA10, CHRNA2,
CHRNA3, CHRNA4, CHRNAS, CHRNA6, CHRNA7,
CHRNA9, CHRNB1, CHRNB2, CHRNB3, CHRNB4,
CHRND, CHRNE, CHRNG, CHSTS, CHUK, CIITA,
CINP, CISH, CKLF, CLEC12A, CLEC16A, CLECIB,
CLEC2B, CLEC2D, CLEC4A, CLEC4D, CLECA4E,
CLECSA, CLEC6A, CLEC9A, CLIC2, CLSTN2, CLU,
CLYBL, CMAHP, CNDP1, CNEP1R1, CNGB3, CNR2,
CNTF, CNTN2, CNTNAP4, COCH, COG6, COL10A1,
COL11A2, COL12A1, COL13A1, COL16A1, COL18AI,
COL1A1, COLIA2, COL27A1, COL2A1, COL3Al,
COL4A1, COL4A2, COL4A3, COL4A4, COL4AS,
COL4A6, COL5A3, COL6A1, COL6A2, COL6A3,
COL7A1, COLQ, COMP, COPA, COPS5, COPS8, COQ6,
COQ8B, COROIA, CORT, COTL1, COX10, COX15,
COX6A1, CPAS, CPT1A, CR1, CR2, CREBI, CREG2,
CRH, CRISP3, CRP, CSF1, CSF2, CSF2RB, CSF3, CSF3R,
CSGALNACTI, CSHL1, CSK, CSMD1, CSN3, CSNK2B,
CST3, CSTS, CTGF, CTH, CTLA4, CTNNA3, CTNNBI,
CTNS, CTRBI, CTSA, CTSB, CTSC, CTSD, CTSG,
CTSH, CTSL, CTSS, CTSV, CTSW, CUBN, CUX2,
CWF19L2, CX3CL1, CX3CR1, CXCL1, CXCL10,
CXCL11, CXCL12, CXCLI13, CXCL14, CXCLI16,
CXCL17, CXCL2, CXCL3, CXCL5, CXCL6, CXCLS,
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Autoimmune Disorder (cont.)

CXCL9, CXCR1, CXCR2, CXCR3, CXCR4, CXCRS5,
CXCR6, CYB5DI1, CYBA, CYBB, CYCI1, CYP11B2,
CYPI19A1, CYP1A2, CYP24A1, CYP27B1, CYP2B6,
CYP2C19, CYP2C9, CYP2D6, CYP2J2, CYP2RI,
CYP3A4, CYP3AS, CYP4F3, CYR61, CYSLTRI1, CYTLI,
CYYRI1, DAB2IP, DAPL1, DAXX, DCD, DCK,
DCLREIC, DCUNI1DI1, DDBI1, DDC, DDIT3, DDOST,
DDR1, DDX25, DDX39B, DDX60, DEAF1, DEDD?2,
DEF6, DEFAI (includes others), DEFA4, DEFBI,
DEFB4A/DEFB4B, DEK, DEPDC5, DHCR7, DHFR,
DHODH, DHPS, DHX16, DHX34, DIABLO, DICERI1,
DIO1, DIO2, DIP2C, DKK3, DLGS5, DLL1, DLLA4,
DNAJA4, DNAJC4, DNASEI1, DNASEI1L3, DNASE2,
DNMI1, DNMI1L, DNMT1, DNMT3A, DNMT3B,
DNMT3L, DOCKS8, DOK6, DOK7, DPAGT1, DPCRI,
DPP4, DPP9, DQX1, DRAIC, DRD2, DRD3, DSGI,
DSG3, DSP, DTNA, DUSP1, DUSP10, DUSP12, DUSP14,
DUSP2, DYM, DYNLLI, DYSF, E2F1, E2F2, E2F3, EBI3,
ECE2, ECELI1, ECHDCI1, ECM1, EDNI1, EDN3, EDNRA,
EDNRB, EEF1A1, EEF1E1, EEF1G, EEF2, EFNBI, EGF,
EGFLS, EGR2, EGR3, EHD4, EHMT2, EIF1, EIF1B,
EIF2AK3, EIF3E, EIF5A, ELANE, ELAVLI, ELF1,
ELMOI1, ENAH, ENG, ENO1, ENOX1, ENPEP, ENPPI1,
ENTPD7, EOMES, EPAS1, EPHA4, EPHB6, EPHX2,
EPO, ERAP2, ERBB3, ERCC1, ERCC6, ERG, ERH, ESR1,
ESR2, ETFA, ETS1, ETV5, ETV7, EVC, EVI2A, EXOl,
EYA2, EYA4, F10, F11R, F12, F13A1, F2, F2RL1, F3, F5,
F7, FABP4, FABP7, FADS2, FAF1, FAM13A, FAM167A-
AS1, FANI1, FAS, FASLG, FASN, FASTK, FAU, FBL,
FBLN1, FBXL7, FCAR, FCERI1G, FCER2, FCGR1A,
FCGR1B, FCGR2A, FCGR2B, FCGR2C,
FCGR3A/FCGR3B, FCGRT, FCMR, FCNI1, FCRLI1,
FCRL3, FDPS, FEM1B, FENI1, FES, FGA, FGB, FGF10,
FGF14, FGF2, FGF9, FGFBP3, FGFR1, FGFR1OP,
FGFR2, FGFR3, FGG, FGL1, FGL2, FIP1L1, FKBP1A,
FKBP5, FKRP, FLOTI1, FLTI1, FLT3, FLT3LG, FLT4,
FMN2, FN1, FOLR2, FOS, FOSB, FOXD3, FOXIJ1,
FOXO1, FOXO3, FOXP3, FPGS, FPR1, FPR2, FPR3,
FRY, FRZB, FSTL4, FTH1, FTO, FUBP1, FUK, FURIN,
FUTI10, FUT2, FXR1, FXYDS5, FZD5, G0S2, G6PD, GAA,
GABI1, GABBR1, GABRA1, GABRA2, GABRA3,
GABRA4, GABRAS, GABRA6, GABRB1, GABRB?2,
GABRB3, GABRD, GABRE, GABRG1, GABRG2,
GABRG3, GABRP, GABRQ, GABRR1, GABRR2,
GABRR3, GAD2, GADD45A, GADD45B, GALNT]I,
GALNT2, GALNT6, GANAB, GANC, GARI1, GART,
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Autoimmune Disorder (cont.)

GAS6, GATA3, GBA, GBP1, GBP2, GBP4, GBP6, GC,
GCA, GCG, GCGR, GCK, GCLC, GCLM, GDF15, GFAP,
GFI1, GFPT1, GGH, GGT1, GGT2/LOC102724197,
GGTS5, GGT6, GGT7, GH1, GHR, GHRH, GHRHR,
GHRL, GID4, GIMAP1, GIMAP2, GIMAP4, GINS2, GIP,
GJA4, GLA, GLB1, GLIPR2, GLIS3, GLPI1R, GLRAI,
GLRB, GLRXS5, GLUL, GMPPB, GNAQ, GNB2, GNB3,
GNLI1, GNLY, GNRH1, GOLPH3, GOT1, GOTILI,
GOT2, GP1BA, GP6, GPANK1, GPC4, GPC5, GPHN,
GPNMB, GPR141, GPR15, GPR174, GPR18, GPR183,
GPR65, GPSM3, GPT, GPT2, GPX4, GRAMDIA, GRB10,
GREMI1, GRHL2, GRIA1, GRIA2, GRIA3, GRIA4,
GRIK4, GRIN1, GRIN2A, GRIN2B, GRIN2C, GRIN2D,
GRIN3A, GRIN3B, GRINA, GRKS5, GRM4, GRN, GRP,
GSDMB, GSDMC, GSDMD, GSN, GSR, GSS, GSTPI,
GTF2H4, GTF3C1, GUCY2C, GUSB, GYPA, GYSI,
GZMA, GZMB, HIF0, HIFX, H3F3A/H3F3B, HAAO,
HACD2, HAMP, HAVCR1, HAVCR2, HBA1/HBA2,
HBB, HBD, HBE1, HBEGF, HBG1, HBG2, HBQI, HBZ,
HCAR3, HCG22, HCG26, HCG27, HCG4, HCGY, HCK,
HCLS1, HCP5, HCST, HDAC1, HDAC10, HDACI11,
HDAC2, HDAC3, HDAC4, HDAC5, HDAC6, HDAC?,
HDACS, HDACY, HDC, HELZ2, HERC6, HES1, HESS,
HEXA, HEXB, HEXDC, HFE, HGF, HGFAC, HHEX,
HIF1A, HIPK1, HISTIHIA, HISTIHIB, HISTIHIC,
HISTIHID, HISTIHIE, HISTIHIT, HISTIH2AC,
HIST1H2BF, HIST1H2BO, HIST1H3B, HISTI1H3C,
HIST1H31, HIST1H4J, HIST1HA4L, HIST2H3C, HIST3H3,
HLA-A, HLA-B, HLA-C, HLA-DMA, HLA-DMB, HLA-
DOA, HLA-DOB, HLA-DPA1, HLA-DPB1, HLA-DQALI,
HLA-DQA2, HLA-DQB1, HLA-DQB2, HLA-DRA, HLA-
DRBI1, HLA-DRB3, HLA-DRB4, HLA-DRBS, HLA-E,
HLA-F, HLA-G, HLA-J, HLA-L, HMGB1, HMGCR,
HMGN4, HMOX 1, HNF1A, HNF1B, HNF4A, HNMT,
HNRNPA1, HNRNPA3, HOXB4, HOXC4, HP, HPR,
HPRTI, HPS1, HPSE, HPX, HRAS, HRH1, HRH2, HRH3,
HRH4, HRNR, HSD11B1, HSD17B8, HSP90BI,
HSPA1A/HSPAI1B, HSPAIL, HSPAS, HSPAS, HSPBS,
HSPD1, HSPE1, HTR1A, HTR2A, HTR3B, HTR4, HTT,
HYALI, HYAL2, HYAL3, HYAL4, IAPP, ICA1, ICAMI,
ICAM2, ICAM3, ICAM4, ICAMS, ICOS,
ICOSLG/LOC102723996, ID1, ID2, IDE, IDO1, IFI16,
IF127, IF130, IF144, IF16, IFIH1, IFIT1, IFIT1B, IFIT2,
IFIT3, IFITM 1, IFTTM2, TFITM3, IFNA1/IFNA13,
IFNA10, IFNA14, IFNA16, IFNA17, IFNA2, IFNA21,
IFNA4, IFNAS, IFNA6, IFNA7, IFNAS, IFNARI,
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Autoimmune Disorder (cont.)

IFNARZ2, IFNBI, IFNE, IFNG, IFNGR1, IFNGR2, IFNK,
IFNL2, IFNW1, IFRD1, IGF1, IGFIR, IGF2-AS, IGF2BP2,
IGFBP4, IGFBPS5, IGFBP6, IGFBP7, IGHMBP2, IGSFS5,
IKBKB, IKBKG, IKZF1, IKZF3, IKZF4, IL10, IL10RA,
ILIORB, IL11, IL12A, IL12B, IL12RBI1, IL12RB2, IL13,
IL15, IL16, IL17A, IL17B, IL17C, IL17D, IL17F, IL17RA,
IL17RB, IL17RC, IL18, IL18BP, IL18R1, ILISRAP, IL19,
IL1A, IL1B, IL1F10, IL1R1, ILIR2, ILIRAP, ILIRAPLI,
ILIRAPL2, ILIRLI1, IL1IRL2, ILIRN, IL2, IL20, IL20RB,
IL21, IL21R, IL22, IL23A, IL23R, 1124, 1125, 126, 127,
IL27RA, IL2RA, IL2RB, IL2RG, IL3, IL33, IL36A, IL36B,
IL36G, IL36RN, IL37, IL4, IL4R, IL5, IL5RA, IL6, IL6R,
IL6ST, IL7, IL7R, IL9, IL9R, ILK, IMPDHI, IMPDH2,
INF2, INHA, INPP5D, INS, INSL3, INSR, IP6K3, IPCEF1,
IRAK1, IRAK3, IRAK4, IRF1, IRF4, IRF5, IRF6, IRF7,
IRFS, IRGM, IRS1, IRS2, ISG15, ITCH, ITFG1, ITGAI,
ITGA2, ITGA3, ITGA4, ITGAS, ITGA6, ITGA9, ITGAE,
ITGAL, ITGAM, ITGAX, ITGB1, ITGB2, ITGB3, ITGB7,
ITGBS, ITIH4, ITK, ITPA, ITPR1, ITPR3, IVD, IYD,
JAGI1, JAK1, JAK2, JAK3, JAM3, JAML, JAZF1,
IMIDIC, IMID6, JUN, JUNB, JUP, KAZN, KCNA3,
KCNAB3, KCNE3, KCNH7, KCNJ11, KCNJ15, KCNJ2,
KCNJ6, KCNK2, KCP, KCTD20, KDR, KEL, KHSRP,
KIAA0087, KIAA1109, KIAA1549, KIF5A,
KIR2DL1/KIR2DL3, KIR2DL2, KIR2DL4, KIR2DL5A,
KIR2DLS5B, KIR2DS3, KIR2DS4 (includes others),
KIR3DL1, KIR3DL2, KIR3DL3, KIR3DSI, KIT, KITLG,
KL, KLF12, KLF13, KLF3, KLF4, KLRB1, KLRC]I,
KLRC4-KLRK1/KLRK1, KMO, KMT2B, KNG1, KRAS,
KRTI15, KRT16, KRT17, KRT20, KRT5, KRT6A,
KRTAP9-9, LICAM, L3MBTL4, LACC1, LAMAS,
LAMB2, LAP3, LAPTMS5, LAT, LAX1, LBH, LBP, LBX2,
LCAT, LCE3D, LCK, LCN2, LCOR, LCP1, LCP2, LDHA,
LDHB, LDHC, LDLR, LDLRAD3, LEF1, LEMD2, LEP,
LEPR, LGALSI1, LGALS3, LGALSS, LGALS9, LHB, LIF,
LILRA4, LILRB3, LILRB4, LIMK2, LIN9, LINC00922,
LINCO01104, LIPC, LMNB2, LMO4, LMX1B, LNPEP,
LPA, LPIN2, LPL, LPP, LRBA, LRFN1, LRP1, LRPIB,
LRP2, LRP4, LRP5, LRP6, LRP8, LRRC32, LRRC34,
LRRK2, LSM2, LSM7, LSR, LST1, LTA, LTB, LTB4R,
LTBR, LTC4S, LTF, LTK, LY6D, LY6E, LY6G5B,
LY6GSC, LY6G6C, LY6G6OD, LYS86, LY9, LY96, LYN,
LYRM4, LYST, LYZ, MAFB, MAGEE2, MAGI1, MAGI3,
MALTI1, MAMLI1, MAML3, MAOA, MAOB, MAP2K2,
MAP2K4, MAP3K1, MAP3K2, MAP3K8, MAP4K1,
MAP4K4, MAPK 1, MAPK 10, MAPK11, MAPK 12,
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Autoimmune Disorder (cont.)

MAPK 13, MAPK 14, MAPK3, MAPKS, MAPKO,
MAPKAP1, MAPKAPKS, MAPKAPKS-AS1, MAPREI,
MAPT, MARK2, MATK, MAZ, MBD1, MBD2, MBL2,
MBP, MCIR, MC2R, MCCD1, MCF2, MCF21.2, MCLI,
MCTP2, MDC1, MDGA2, MDK, MDM2, MECP2,
MEDI16, MEFV, MEN1, MERTK, METTL1, MFGES,
MFHAS1, MGAM, MGATS5, MGLL, MIA3, MICA, MICB,
MIF, MINK 1, MIPEP, MIPOL 1, MIR 1 7HG, MITF,
MKI67, MLLT6, MLN, MLPH, MME, MMEL1, MMP1,
MMP10, MMP11, MMP12, MMP13, MMP14, MMP2,
MMP21, MMP3, MMP7, MMPS, MMP9, MNATI,
MOB3B, MOG, MOGS, MPC1, MPEG1, MPG, MPL,
MPO, MPZ, MR1, MRC1, MRFAP1, MRPL53, MRPS15,
MRPS28, MRPS36, MS4A 1, MS4A2, MS4A6A, MS4A7,
MSC, MSH5, MSRA, MSRB2, MT-CO3, MT-ND2, MT-
ND4, MT-TF, MT-TL1, MT2A, MTA2, MTAP, MTHFDI,
MTHFDI1L, MTHFD2L, MTHFR, MTHFS, MTOR, MTR,
MTRR, MTTP, MUC1, MUC2, MUC21, MUC22, MUCLI,
MUSK, MVK, MX1, MX2, MYBPC1, MYBPC2,
MYBPC3, MYCBP2, MYCT1, MYDS88, MYH1, MYHI0,
MYH11, MYH13, MYH14, MYH2, MYH3, MYH4,
MYH6, MYH7, MYH7B, MYHS, MYH9, MYLI,
MYLI12A, MYL2, MYL3, MYL4, MYL5, MYL6, MYL6B,
MYL7, MYL9, MYLK, MYO1C, MYOIE, MYOIF,
MYO9A, MYO9B, MYOM1, MYSM1, MZB1, NAA16,
NAA25, NADSYNI1, NAGLU, NAMPT, NANOS3, NBN,
NBRI1, NCF1, NCF2, NCF4, NCOA2, NCR1, NCR3,
NCSTN, NDUFA3, NDUFB10, NEBL, NECTIN1, NEILI,
NEK9, NELFE, NELL1, NEUROD1, NEUROG3, NFATS,
NFATCI, NFATC2, NFE2L2, NFIA, NFKB1, NFKB2,
NFKBIA, NFKBIE, NFKBIL1, NFKBIZ, NGF, NGFR,
NIMIK, NINJ1, NKAPL, NLRP1, NLRP10, NLRP14,
NLRP2, NLRP3, NLRP5, NMNAT2, NMT2, NOD2,
NOMI1, NONO, NOS1, NOS2, NOS3, NOTCHI, NOTCH2,
NOTCH3, NOTCH4, NPAS3, NPHS1, NPHS2, NPPA,
NPY, NR1H3, NR3C1, NR4A1, NR4A2, NR4A3, NRAS,
NRG1, NRG3, NRM, NRP1, NRSN1, NRSN2, NT5E,
NTF3, NTF4, NTRK 1, NTRK2, NUDCD2, NUMB,
NUP107, NUP155, NXN, NXPE3, OAS1, OAS2, OAS3,
OASL, OCA2, OFD1, OGG1, OLAH, OPRDI1, OPRK],
OPRL1, OPRM1, OR11A1, OR12D2, OR12D3, OR2B3,
ORM1, ORM2, 0S9, OSM, OTUD7B, P2RX7, P2RY 10,
P2RY 13, P4HB, PADI2, PADI4, PANK2, PAPPA,
PAPPA2, PARD3B, PARP1, PARP14, PAX1, PAX4,
PAXS, PAXIP1, PBLD, PBX2, PCBD1, PCDH15, PCMI,
PCNA, PCSK9, PCYOX1, PDCD1, PDCD1LG2, PDCDA4,
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PDE10A, PDE11A, PDE4A, PDE4B, PDE4C, PDE4D,
PDE4DIP, PDGFA, PDGFB, PDGFC, PDGFRA, PDGFRB,
PDGFRL, PDIA3, PDLIMI, PDYN, PDZD2, PECAMI,
PELIL, PER1, PF4, PFAS, PFKFB3, PFN1, PGAP3, PGF,
PGK1, PGLYRP1, PGMI1, PGM3, PGR, PHACTR3,
PHF19, PHF20, PHIP, PHLDB2, PHRF1, PHTF1, PIAS3,
PIGR, PIK3C2B, PIK3CG, PILRB, PIP, PKHD1, PKM,
PLA2G2A, PLA2G4A, PLA2G7, PLA2R1, PLAC4, PLAT,
PLAUR, PLBDI, PLCE1, PLCG1, PLCG2, PLCL2, PLD4,
PLEC, PLEK, PLP1, PLTP, PLXND1, PMF1/PMFI-
BGLAP, PML, PMP2, PMP22, PNLIPRP1, PNMAS,
PNPLA3, POLAI, POLB, POLDI, POLG, POLR2L,
POLR2M, POMC, PON1, PON2, PON3, POU5FI,
POU6F2, PPARA, PPARD, PPARG, PPARGCIA, PPAT,
PPBP, PPID, PPIL6, PPM1H, PPP1CA, PPP1R11, PPPIR7,
PPP1RS, PPP2CA, PPP2R2B, PPP3CA, PPP3CB, PPP3CC,
PPP3R1, PPP3R2, PPT2, PPTC7, PRDM1, PRDXI,
PRDX2, PRDX3, PRDXS, PREP, PREPL, PRF1, PRIMI,
PRIM2, PRKAA1, PRKAA2, PRKARIA, PRKCA,
PRKCB, PRKCD, PRKCE, PRKCQ, PRL, PRMTI,
PRMT3, PRNP, PROC, PROK 1, PRRS, PRRC2A, PRRTI,
PRSS1, PRSS16, PRSS2, PRSS3, PRTN3, PRUNE2,
PSEN1, PSEN2, PSENEN, PSMA1, PSMA2, PSMA3,
PSMA4, PSMAS, PSMAG6, PSMA7, PSMAS, PSMBI,
PSMB10, PSMB11, PSMB2, PSMB3, PSMB4, PSMBS,
PSMB6, PSMB7, PSMBS, PSMB9, PSMC1, PSMC2,
PSMC3, PSMC4, PSMC5, PSMC6, PSMD1, PSMDI10,
PSMDI11, PSMDI12, PSMD13, PSMD14, PSMD2, PSMD3,
PSMD4, PSMD5, PSMD6, PSMD7, PSMDS8, PSMD9,
PSME1, PSME2, PSME3, PSME4, PSMF1, PSMG3-AS1,
PSORSICI1, PSRCI1, PSTPIP1, PTAFR, PTGERI,
PTGER?2, PTGER3, PTGER4, PTGES, PTGFR, PTGIR,
PTGIS, PTGS1, PTGS2, PTH, PTHIR, PTH2R, PTK2,
PTK2B, PTMA, PTPN1, PTPN11, PTPN2, PTPN22,
PTPNG6, PTPRC, PTPRE, PTPRN, PTPRN2, PTPRO,
PTPRZI, PVR, PXDNL, PXK, PXN, PYCARD, QKI,
R3HDM2, RAB10, RAB1B, RAB27A, RAB2A, RAB3I,
RABSA, RABSB, RAD51B, RAETIG, RAG1, RAG2,
RALB, RALGDS, RAMP1, RAMP2, RAMP3, RAPSN,
RARRES?2, RASGRF1, RASGRP1, RASGRP3, RASGRP4,
RASSFS8, RB1, RBM17, RBM38, RBP3, RBP4, RBP7,
RBPJ, RC3H1, RCAN1, RCSD1, RECK, REG1A, REG1B,
REL, RELA, RELB, REN, RERE, RET, RETN, REV3L,
RFC1, RFLNB, RFTN1, RFX3, RFX6, RGCC, RGL2,
RGS1, RGS18, RGS6, RHOBTB3, RIDA, RIMS1, RINL,
RMDN3, RNASE2, RNASE3, RNASE6, RNF128, RNF14,
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RNF149, RNF169, RNF39, RNF5, RNPEPL1, ROCK2,
RORA, RORC, RPL11, RPL15, RPLISA, RPL19, RPL31,
RPL32, RPS13, RPS16, RPS17, RPS18, RPS24, RPS3,
RPSA, RRAS, RRM1, RRM2, RSBN1, RSPO4, RTFDCI,
RTKN2, RTP4, RUNX1, RUNX3, RXFP1, RXRB, RYRI,
S100A1, SI00A10, SI00A12, S100A2, S100A4, S100A6,
S100A7, SI00AS8, S1I00A9, SI00PBP, S1PR1, SAAL,
SAA2, SAA2-SAA4, SAA4, SAFB, SAMDYL, SAMHDI,
SCAP, SCARF1, SCD, SCGB3A2, SCML1, SCN10A,
SCN4A, SCN5A, SCUBEL, SDC1, SDC2, SDC3, SDC4,
SDHD, SDR16C6P, SEC14L3, SEC24B, SEC61A1,
SEC62, SEL1L, SELE, SELENOS, SELENOT, SELL,
SELP, SEMA4A, SEMA4D, SERINC2, SERINC3,
SERPINA 1, SERPINA 10, SERPINA 12, SERPINA3,
SERPINA4, SERPINAS, SERPINA6, SERPINA7,
SERPINA9, SERPINB13, SERPINBS, SERPINCI,
SERPINE1, SERPINF1, SERPINF2, SERPING1, SETD?7,
SETDBI, SEZ6L, SF3B6, SFRP1, SFRP2, SFRP4, SFRP5,
SGCD, SGCZ, SGF29, SGK1, SGPL1, SH2B1, SH2B3,
SH2DI1A, SH2D1B, SH2D2A, SHB, SHC1, SHCBPI,
SHMTI, SIAE, SIGLEC1, SIGLEC10, SIL1, SIRPBI,
SIRPG, SIRTI, SIT1, SKIV2L, SLAMF6, SLAMF?7,
SLC10A1, SLC11A1, SLC12A3, SLC14A1, SLC15A4,
SLC17A3, SLC17A4, SLC18A1, SLC18A2, SLC18A3,
SLC19A1, SLC1A2, SLC22A4, SLC26A4, SLC2AL,
SLC30AS, SLC3A2, SLC44A4, SLC46A1, SLC5A2,
SLC5A7, SLC6A11, SLC6A2, SLC6A3, SLC6A4,
SLC6AS, SLC7A1, SLC7A11, SLC7A2, SLCO1BI,
SLFNI12L, SLFN5, SLURP1, SMAD1, SMAD2, SMAD3,
SMAD4, SMAD5, SMAD7, SMARCALI, SMG7,
SMIM20, SNAI2, SNAP25, SNCA, SND1, SNORD3A,
SNRNP200, SNTB2, SOCS1, SOCS2, SOCS3, SOCS4,
SOD2, SORL1, SOS2, SOWAHD, SOX18, SOX2, SOXS5,
SOX6, SP1, SPAG16, SPAMI1, SPATS2L, SPHK 1, SPI1,
SPIB, SPINK 1, SPN, SPNS2, SPOCK1, SPP1, SPPL2C,
SPREDI, SPRED2, SPRY?2, SPSB1, SPTA1, SQLE, SRC,
SRP14, SRSF1, SRSF2, SSC5D, ST6GALL,
ST6GALNAC4, STAP1, STATI, STAT2, STAT3, STAT4,
STATSA, STATSB, STAT6, STEAP4, STIMI, STIM2,
STK17B, STK19, STK3, STK4, STN1, STXBP2,
SULT1A2, SUMOI1, SUMO3, SUMO4, SURF1, SUV39H1,
SUV39H2, SWT1, SYK, SYNE1, SYNGR1, SYNGR2,
SYT2, SYT3, SYT6, SYT7, TAARI, TACI, TACOI,
TAF13, TAGAP, TAL1, TALDOI, TANK, TAPI, TAP2,
TAPBP, TARP, TBC1D10C, TBC1D9, TBCD, TBK1,
TBRG1, TBX1, TBX21, TCF19, TCF24, TCF4, TCF7,
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TCF7L2, TCIRG1, TCN2, TERC, TERT, TF, TFG, TFRC,
TG, TGFA, TGFB1, TGFB2, TGFB3, TGFBI, TGFBRI,
TGFBR2, TGFBR3, TGM2, TH, THADA, THBD, THBSI,
THBS4, THEMIS, THPO, THRA, THRB, TICAMI, TIGIT,
TIMP1, TIRAP, TJP1, TK2, TLE1, TLE3, TLR1, TLR10,
TLR2, TLR3, TLR4, TLRS, TLR6, TLR7, TLRS, TLRY,
TMEM116, TMEM127, TMEM135, TMEM 140,
TMEM161A, TMEM173, TMEM212, TMEM266,
TMEM39A, TMEM51, TMEMS9, TMEM71, TMF1,
TMPO, TMPRSS6, TMTC1, TMX4, TNC, TNF, TNFAIP3,
TNFAIP6, TNFRSF10A, TNFRSF10B, TNFRSF10C,
TNFRSF10D, TNFRSF11A, TNFRSF11B, TNFRSFI12A,
TNFRSF13B, TNFRSF14, TNFRSF17, TNFRSF18,
TNFRSF1A, TNFRSF1B, TNFRSF21, TNFRSF25,
TNFRSF4, TNFRSF6B, TNFRSF8, TNFRSF9, TNFSF10,
TNFSF11, TNFSF12, TNFSF12-TNFSF13, TNFSF13,
TNFSF13B, TNFSF14, TNFSF15, TNFSF18, TNFSF4,
TNFSF8, TNFSF9, TNIP1, TNK1, TNNC1, TNNC2, TNP2,
TNPO3, TNRC6B, TNXB, TOB1, TOB2, TOPBPI, TP53,
TP53BP2, TPBG, TPD52, TPGS2, TPH1, TPM2, TPO,
TPP2, TPST1, TPTEP1, TRABD, TRADD, TRAFI,
TRAF3, TRAF3IP2, TRAFS, TRAF6, TRAFD1, TRAK2,
TRAMI1, TRAM2, TRAPPC2L, TRDMT1, TREXI,
TRIM10, TRIM15, TRIM21, TRIM25, TRIM26, TRIM27,
TRIM28, TRIM31, TRIM40, TRIO, TRPC6, TRPM4,
TRPV4, TSC22D3, TSFM, TSHR, TSLP, TSPANS, TSPO,
TTC21B, TTC31, TTC39C, TTC7A, TTR, TUBA4B,
TUBB, TUBB4A, TUSC2, TWIST1, TWSGI, TXN,
TXNDC2, TXNRDI, TXNRD2, TXNRD3, TYK2, TYMP,
TYMS, TYR, TYRO3, TYROBP, U2AF1/U2AF1L5,
UBACI, UBAC2, UBASH3A, UBASH3B, UBB, UBD,
UBE2H, UBE2L3, UBE2L6, UCHLI1, UCP1, UCP2, UFLI,
UHRF1BP1, UMOD, UNC13D, UNC93A, UQCC2,
UQCRC2, USP15, USP17L9P, USP18, USP7, UTS2,
VAMPI, VARS, VARS2, VASHI, VCAMI, VDR,
VEGFA, VEGFB, VEGFC, VEGFD, VIM, VIP, VIPRI,
VIPR2, VKORC1, VNN1, VPREB3, VPS13C, VPS37C,
VPS52, VPS53, VRK1, VSIG10, VSIG4, VSIR, VTCNI,
VTN, VWA7, VWF, WAS, WDFY4, WDR46, WDR66,
WFS1, WHAMM, WNK1, WNT1, WNT10A, WNT10B,
WNTI11, WNT3, WNTSA, WNT7B, WNT9A, WT1, XAFI,
XBP1, XCLI1, XCL2, XDH, XIAP, XIRP2, XKR6, XPA,
XPC, XRCC1, YIPF6, YTHDC2, ZAP70, ZBP1, ZBTB12,
ZBTB22, ZBTB7A, ZBTB9, ZC3H12D, ZC3HCI,
ZCCHC6, ZCRB1, ZFAT, ZFP36, ZFP57, ZKSCAN3,
ZKSCAN4, ZKSCANS, ZMIZ1, ZMYNDI1 1, ZNF134,
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ZNF143, ZNF148, ZNF165, ZNF214, ZNF215, ZNF230,
ZNF280B, ZNF281, ZNF311, ZNF326, ZNF331, ZNF543,
ZNF599, ZNF7, ZNF705A, ZNF728, ZNF784, ZNRDI,
ZNRDIASP, ZP3, ZPBP2, ZRANB1, ZSCAN12,
ZSCAN31
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Association between a common immunoglobulin

heavy chain allele and rheumatic heart disease risk
in Oceania

Tom Parks!, Mariana M. Mirabal?, Joseph Kado™4, Kathryn Auckland!, Jaroslaw Nowak®, Anna Rautanen',
Alexandsr ). Mentzer!, Floi Marijon®®, Xavier Jouven®%, Mai Ling Perman®, Tuliana Cua’, John K. Kauwet,
John B. Allen®, Henry Taylorg, Kathryn 1. Robson'® Charlotte M. Deane”, Andraw C. Steer' V2% Adrian V.S, Hill'~

& for the Pacific Islands Rheumatic Heart Disease Ganetics Netwark®

The indigenous populations of the South Pacific experience a high burden of rheumatic heart
disease (RHD). Here we repert a genome-wide association study (GWAS) of RHD sus-
ceptibility in 2,852 individuals recruited in eight Qceanian countries. Stratifying by ancestry,
we analysed genotyped and imputed vanants in Melanesians (607 cases and 1,229 controls)
before follow-up of suggestive loci in three further ancestral groups: Polynesians, South
Asians and Mixed or other populations (totalling 39S cases and 617 controls), We identify a
novel susceptibility signal in the immunoglobulin heavy chain {(IGH) lncus centring on a

haplotvpe of nonsynonvmous variants in the (GHV4-67 gene sezment carresponding to the
IGRVE-61702 allele. We show each copy of IGHVI-61"02 s associated with a 1.4-fold
increase in the risk of RHD (odds ratio 143, 95% confidence intervals 1.27-1.61, F=4)
%10 =%, Thase findings provide new insight into the role of germline variation in the 1GH
locus in disease susceptibility
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of an abermant immune response to Streplococcus pyogenes

{also termed group A streptococcus (GAS)), a process
that leads to scarring and dysfunction of heart valves. Previously,
a major public health concern in Europe and the United States,
the disease remains a prominent cause ol death, heart fallure and
stroke among young and middle-aged adults in developing
countries!. Although reliable data remain scarce, it is likely the
disease affects at Jeast 16 million individuals worldwide, causing
an estimated 300000 premature deaths each year’s however,
relative to'its global impact, RHD has been largely neglected by
reseatchers and funders allke’. Consequently, there has been
limited progress towards understanding pathogenesis that has
hampered efforts in disease contral and development of novel
theraples and an effective vaccine!,

Host genetic susceptibility is one compelling feature of the
disease that awaits rigorous investigation. For over a century,
clinicians have noted the swong familial propensity of acute
rheumatic fever (ARF)®, and it was recently estimated on the hasis
of twin studies dating back to the 1930s that monozygotic twins
have sixfold greater concordance than  digygotic  twins®,
Moreover, even in highly endemic settings where childhood
GAS infections are ubiquitous, only a minority of the population
develop ARF or RHD during their lifetime (up to 5-6%], and this
may indicate that the disease develops only in those who are
genetically predisposed’. Despite this, efforts to delineate host
genetic susceptibllity have so far been limited to a number af
small candidite gene studies—many focused on the HLA locus—
the results of which have been inconsistent and largely
inconclusive®,

Here we report o genome-wide association study (GWAS) of
RHI susceptibility in the endemic setungs of Oceanio, where
the disease remains o leading cause of premature death
and disability’. We identify & novel susceptibility &ignal in
the immunoglobulin heavy chain (IGH) locus centring on
a haplotype of nonsynonymouy variants in the IGHV4-61 gene
segment cornesponding to the IGHV4-61'02 allele, Set in
populations hitherto largely overlooked by genetics research, to
the best of our knowledge, our study is the first GWAS of RHD,
providing much needed insight into the pathogenesis ol this
devastating disease. Additonally, as the only study from the
GWAS era that we are aware of linking germline coding variants
in the IGH locus to disease susceptibility, our study suggests
further consideration should be given to the role of IGH
polymorplusm in autoimmune disease.

R heumatic heart disease (RHD) is the chronic consequence

Results

Genome-wide association analysis. Our study was undertaken
using a collection of 3412 DNA samples fram individuals
recruited in eight Oceanian countries established by the Pacific
Islands RHD Genetics Network (Fig. la), For this analysis we
successfully genotyped 3,234 individuals at 239,990 variants using
the Hlurting HumanCore platform (Supplementary Fig. 1bc), To
supplement the genotype data, we imputed genotypes of variants
falling between those assayed divectly. However, owing o the
absence of Oceanian populations from current reference panels,
we undertook low-coverage whale-genome sequencing of 64
Melanesian individuals recruited in New Caledonia (Suppleme-
ntary Fig: 2a-c). As suggested previously', we phased 9,189,051
vatiants identified through sequencing (13.0% of which were
novel) onto a haplotype scaffold of 622,740 vanants, ascertained
by genotyping the same individuals and a further 64 individuals
recruited in Fiji using the Tluming HumanOmniExpressExome
platform, a higher density amay. We then performed genome-
wide imputation using the phased Oceanian sequenced data

2 TWTLRE CYmamaLir

{128 haplotypes) integrated with the phase 3 release from the
1000 Genomes Consortium (5,008 haplotypes). Testing the utility
of the integrated panel, we found the mean sample concordance,
o stundird measure of imputation accuracy, improved by 4-5% in
individuals of Oceanian ancestry as compared with imputation
using the 100 Genomes reference panel alone (Supplementary
Fig. 2d),

The samples available to us were of diverse genetic ancestry
reflecting not only their varied provenance but also underlying
structure and admixture (Fig 1), We chose first w focus on
identifyving susceptibility variants with consistent direction and
magnitude of effects across the data set, not least because such
trans-ancestral analysis can help hine-map causal varation'', We
therefore  used  principal  components  analysis  to  assign
individuals to one of four ancestral strata: Melanesian;
Polynesian; Fijian Indian, that is, South Astan; Mixed or other
(Supplementary Fig, 3a-d). Then, after pruning first- and second-
degree relatedness, we performed case-control association tests
within each strata, using linear mixed models (LMM) to
minimize  residual  confounding  due to residual  structure
(Supplementary  Fig, 3¢) and more  distant  relatedness
(Supplementary Fig. 4h), Having performed a discovery analysis
by LMM in the Melanesian strata (£ = 1.06; Supplementary
Fig. 5a). we combined the resulting association statistics with
those from LMM unalyses from the remaining three strata
(4= 1.00-1.02; Supplementary Fig, Sh-d) wing fixed effects (FE)
inverse variance-weighted meta-analysis (A=1.05
Supplementary Fig. 5¢) that is widely considered the first choice
meta-analysis strategy for variant discovery'?,

Of the 24 independent signals at suggestive significance in the
discovery analysis (Supplementary Fig. 6}, only a signal located in
the IGH locus on chromosome 14 showed evidence of replication
(Fig. 2). Comprising 102 vanants at genome-wide significance, ol
which two had beén directly genotyped, the signal peaked at a
single nucleotide polymarphism (SNP) located 6kb upstream
from the [GHV4-61 gene segment (rs1 1846409, FE meta-analysis,
P=36x10" % Supplementary Fig. 7a), This variant was
imputed with certainty 97.5% (information (info.) metric 0,953)
and was significantly associated with susceptibility in all four
ancestral  strata (LMM, P=1.7x 10 o P=0037). To
fine-map this signal, we performed Bayesian trans-ancestral
meta-analysis using genetic distance between the populations as
a prior (Supplementary Fig, 7b)'! and, as previously described,
defined a set of 183 credible variants that was 99% likely to
include the causal variant (Fig. 3a)'*. Six of this set were
annotated as coding of which five were located in the second exon
of IGHV4-61 (Supplmncnmrz' Fig. 7c), all part of the previously
defined [GHV4-61°02 allele!,

Confirmation by Sanger sequencing To resolve the signal
further, we undertook chain-termination ('Sanger’) sequencing of n
473 base-pair segment of the second exon of IGHVA-61 in
0 subser of the samples (Supplementry Fig. 8). Among the
339 sequenced individuals included in the associption analyses
we identified three common haplotypes (Supplementary Fig, 9),
two known, matching the JGHVA-61"01 and [GHV4-61'02 alleles,
as previously defined, and one novel, comprising a six base
in-frame deletion and o nonsynonymeus varant that converts
the amino acid sequence of [GHVA-61 w that of IGHV4-59,
provisionally designated JGHV4-61°09 (Supplementary Fig. 10).
Although the complexity of the IGH locus makes it difficult to be
certain, it seems maost Likely that this novel allele has been amplified
from the IGHV4-61 locus rather than the IGHVA-59 locus because
the sequence surround ing [GHV4-61°09 matched the former beter
than the latter (Supplementary Note 1, Supplementary Fig. 11).
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Figura 1| O jan study population. (a) Approximate locatign where genotyped cases (red) and controls (hlsck) were sampled. (b) Projection of the
samples on to the first and second Cleft) and first and third (nght) principal componernts (PCs) of genetic vanation coloured by self-reparted ancestry
(MEL Melanesians; POL Polynesian; IND. Fijian Indian, NIX, Mixed and othiér) with cases indicated by emply squares and controls by empty disgmonds
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superimposed bor camparison and Indicated by filled circles. (¢) Estimates of admisture proportions from four source populations grouped by s |f-reported
ancestry, with sslected samples of Papuan and European ancestry shown at the far left and right. respectively, for comparlson
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et (estimated ¥ dark blue, 0-0.2; light blue, 0.2-0.4; grean, 0406 yellow, [6-008; red, 0.8-1.0). A vertical blue line indicates the pasition of the kour
nansyhary maus variants in iGHVA-61 and locations of expressied IGH gene segments are indicated by blue rectangles below thie xaxls (b) Farest plot for
the IGHVA-61'02 allele undee an additive genstic model with association statistics from LMM analydis in each strata combined by FE meta-analysis
Indivithual and combined odds ratio estimates with canfklence intervals are shown on a legarithimic scale, (€) Structural model of an antibody that Ineludes
the IGHVA-61 heavy variable domain (Protein Databank AF QG showing both heavy (hlued and light Cwhite) chains with both the tirst (COR-H1, green) and
second (COR-H2. wiolet) heavy chain complementarity determining loops and the heavy chain interface framework loop (HIFL red) highlighted. The
positions that distinguish IGHYVE-G1'01 from [GHV4-61"02 are shown as spheres labelled with the aming acids found in IGHVA-61"01.

When locally imputed into the wider data set, the JGHV4-61*02
allele was predicted far more accurately (certainty 97.0%, info.
metric 0.935) than its companent SNPs had been by genome-wide
imputation (certainty 51.4-71.7%, info, metric 0.797-0.877); Using
the locally imputed data, we found each copy of JGH V#6102,
which had minor allele frequency 24.9%, was associated with a 1.4-
fold increased risk of disease (odds ratio 143, 95% confidence
intervals 127-161, FE meta-analysis, P=4.1 =« 10" % Table 1),
This IGHV4-61"02 signal was very marginally weaker than that for
the lead SNP from the genome-wide analysis (rsl 1846409, FE
meta-analysis, P=3,6x 10" "), most likely reflecting residual
uncertainty swrounding the imputed TGHV4-61'02 genotypes;
however, in an analysis limited o the 339 gequenced individuals
included in the association analyses, the signal for IGHV4-61*02
(MM, P=0.041) was stronger than that for rsl 1846409 (LMM,
P=0062). Across the data set, the IGHV4-61"02 signal showed
strikingly littke  heterogeneity between the ancestral strata
(Cochran’s  test, P = 0.55; Fig. 3b) and a broadly additive rela-
tionship between disease and genotype in' each (Supplementary

4

Fig. 12a-d). Moreower, conditioned on' IGHV4-61°02, we found
neither the aforementioned nove deletion haplotype (IGHVY-
6109, FE meta-analysis, P =050} nor other vartants in the
IGHVA4-61 locus { £ 250kb, FE meta-analysis, minimum P= 0.045)
remained associnted with disease. Furthermore, the association
between IGHV4-61*02 and disease remained statistically significant
across a variety of populations and subpopulations tested a8 sen-
sitivity analyses (Table 1) including analyses limited to four subsets
of case—control pairs matched by ancestry (FE meta-analysis
P=4.1 x 10" Supplementary Fig. 13a) and the three countries in
which independent case—control studies had been undertaken (FE
meta-analysis, P=8.6 = 10~ % Supplementary Fig. 13b). Finally, in
a supplemental analyxis involving children recruited in Sumoa with
mild nondiagnostic valve abnormalities, borderline RHD or definite
RHD, the latter two based on criteria published by the World Heart
Federation'®, each compared with the Samoan controls used in the
main analysis, we found the effect of JGHV4-61"02 strongly
correlated with diagnostic certainty, there being nil, marginal and
significant effect, respectively (Supplementary Fig. 13¢),
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Table 1 | Association of the IGHV4-61"02 allele with RHD susceptibility by ancestry and country.
Grouping ~ Population  Subpopn Subgroup Cases Controls Effective Minor allele freq. Method & OR (95% CD P value
N N N Cases Controls
Ancestty Melanesian Al Al 607 1229 1625 o 0.26 MM 106 137 (119-1.57) 12x10 5
iTaukel All 7 553 790 032 024 MM 102 134 (1.07-167) ‘001
Matched 296 296 592 0.32 025 MM 101 149 (115-194) 0.003
LR 101 151 (1.15-1.98) 0.0024
Ranak All 280 54 £\ 0.3 022 MM 103 1RO (0L.30-24%)  0.00039
Matched 153 153 06 029 019 MM 109 177 (1L22-258) 0.0028
LR 107 1.0 (1L21-2.69) 00028
Polynesian All All 160 233 ek 027 o LMM 102 153 (1.12-210) 0.0072
Samoan All Gl 74 134 032 018 LMM 099 207 (1.23-350) 10,0062
Matihed 55 55 10 035 018 MM 099 216 (125-375)  0.0061
LR 104 224 (0.2¥-415) 0.0066
Fillan fredlan Al All 168 151 3ns oas 012 MM 1 191 (1.18-3.10)  0.0082
All Matched 142 2 284 018 o1 MM 199 {118-3.36) 0.009%6
LR 1.00 202 (118-3.49) 00092
Mixed and other Al All n 236 e 026 017 LMM 102 154 (0.97-2.46) 0.069
Country Fijl Islards All All 532 751 1245 027 022 LMM 102 139 (116-1.67) 0.00043
Mew Caledonia All All 422 362 779 028 018 LMM 102 157 (1.25-197) E6 %105
Samos All All 61 75 135 032 0.18 LMM 092 210 (125-354) '0.0054
Cl conbdanis mtnred, all=stvd, dllectie aomeple s e, besencr MM, bras moed modsl; LR Lgatic repression OF odds tatax RHD, daematic basrl Seame Toboopa, netbpopadation
Lines highlighhoc in bald rafi to the mitint scaiiwy dnd raplication dnalye=s white other s il 40 tubsscsent Len ity andlyses. The genome confral Bichor (M) wat Gilculstnd From & prooivie.
aide ardin (any the analylcd method ndcated

Structural uences. We next investigated the structural
consequences of IGHV4-61'0L Of the five nonsynonymous var-
innts associated with the allele (Fig. 3¢), only the proline to alanine
at the IMGT (Intemational Immunogenetics Information System)
residue 46 is predicted to have a damaging effect on pmmn
structure using the Polyphen-2 score (Supplementary Fig. 7¢)'
Residue 46 is a component of the heavy chain interface framework
loop (Fig. 3¢} that has an important role in determining the
arientation of the heavy chain variable domain relative to light
chain variable domain'’, itself a key influence en the binding

ies of the imr globulin molecule!™ ™. In comparison,
there is limited c\'u!cn:c that the other four amino acid changes
associated with [GHV4-61*02 impact on structure or function.
Chariges to the tyrosine residues at 55 and 58 fall adjscent to and
within the second heavy chain complementarity determining
region (CDR-H2) respectively, yet do not appear to alter the
structure as they do not change the canonical ¢lass of the loop!®20,
These residues may, however, affect binding without changing
structure, pnmcuhrly because rymsmr mndues have high
propensity to be in contact with antigen® and these positions
often take part in binding®. The change from valine to isoleucine
at residue 30 falls within the first heavy chain complementary
determining region (CDR H1), a position known to divide the first
CDR into two loops™, but there are insufficient structural data to
establish the consequences of this change. Fmally, the change from
gutamic acid to gutamine at residue 17 is the least likely to affect
structure because of the smilar chemical properties of these amino
acids and the fact that residue 17 lies on the surface of the protein,
away from the binding site or the variable-heavy to variable-light
domain interface.

Discussion

In the fimt GWAS of RHD published to date, we identified
anovel susceptibility signal in the IGH locus. While the relevance
of these results outside Oceanin remains to be assessed, the

consistency of the signal acress distinct ancestral groups and
various sensitivity analyses and its correlation with disgnostic
certainty adds weight to our findings.

Despite the fundamental role played by antibodies in adaptive
immunity, germline variation in immunoglobulin genes has seldom
been robustly connected to  disease susceptibility‘z’l‘ Human
immunoglobulin molecules are composed of heavy and light
chaing made up of constant and wirisble domains. During
B-lymphocyte maturation, the heavy and light chain variable
domains are generated through a process of recombination,
junctional diversification and somatic hypermautation of the
underlying gene segments®™. The IGH locus is complex
consisting of an estimated 123-129 variable (3846 annotated as
functional), 27 dwcrsky {23 functional) and 9 joining (6 functional)
gene segments®®7, Extensive structural variation and numerous
short genetic varations introduce considerable diversity with a
different number of functional variable gene segments present on
each haplotype™’. There is also substantial population stratification
and it is highly likely that yet nvore variability will emerge as further
complete haplotypes  from  diverse  global - populations  are
sequenced®®. As in the HLA locus, the germline variation in the
gene segments has been ordered into alleles, with two or more
alleles defined for most of the heavy chain variable gene
ugmeuts“ Crucially, although examples are scarce, this germline
variation is thought to be an important determinant of anlxbod}
function s well as influencing the naive expressed repertoire™ and

uently such variation has long been pn:dlcmi to influence
susceptibility to infectious and autoimmune discase®®,

In the candidate gene era, germline variation in varable gene
segments was linked to susceptibility 1o a number of autoimmune
diseases including multiple sclerosis, rheumatoid arthritis and
systemic lupus erythematous, although the limited rcpmductbl.ll?'
of these results cast doubt on the validity of these associations®
Surprisingly, in the GWAS era, only two discase- iocwm!
st ws—— investigating  Alzheimer's di * and K
disease™—have reported findings at the IGH locus; hmvcr.
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neither signal reached genome-wide s ce nor localized o a
specific gene segment. [ndeed, the scarcity of GWAS findings at the
IGH locus may be because this locus remains difficult to study. Key
challenges include limited knowledge of IGH polymorphism, poor
tagging by cumrent standard genotyping arrays and deficiencies in
the publicly available sequence dnla for this locas, much of which
is derived from transformed B-lymphocytes that have typically lost
components of the locus due to recombination™®, The limitations
of current genotyping arrays for study of the 1GH locus are
perhaps best illustrated by the fact that only 16 directly genotyped
vartants were included in our imputation scaffold from the entire
1,255 kb Iocus. Thus, although these variants effectively tagged the
IGHV4-61°02 signal, it is highly likely that much of the remaining
IGH polymorphism was poordy represented in our analysis, a

problem that afflicts essentially all published GWASs to date®™.
The complexity of the IGH locus is further demonstrated by our
discovery of a novel IGHV4-61 allele that we speculate has srisen
through a gene conversion event. Given the highly repetitive nature
of the locus, it is plausible this is one of many such events,
underscoring the need for further mapping of the locus to facilitate
more accurate disease association studiss. Moumr, particular
cffort will be nesded to understand the diversity of 1GH
polymorphism in non-European populations™, not least because
these groups experience a disproportionate burden of infections
and inflammatery disease. Overall however, our link between an
IGHV4-61 alldde and RHD mn:tpt[billty may be an impontant step

Sample collections. Genetic material was obtsined with informed consent from
cases and controls recruted o 4 number of distinee swdien, Specibeslly, we
entablished new collections from Fiji. New Caledonia and Samoa and we weed
amples from an exiting collection covering Pl New Caledonin, Vamiaty, Samoa,
Tongs, Cook ilandd and French Polysest (Fig 1a). Cases of RHD were defined on
the basis of 2 history of valye surgery for RHD, 2 definite RHD disgnonin by
echocardiography or borderline RHD dingnods by echocandiography with prioe
ARFE. All data pertaining 10 valve surgery. echocardiographic fndings o histori

I reconds. Echocardi hic dis

of ARF wete obtained from medi giE A were
based on criteria- publizhed by the Werdd Heant Federation |WHF) " with a slight
mudification to the mitral stenosts definition so lh.al. it ene d patients with

et di <l

avalve ared of —2em? that ks of equ el the
>4mm Hg included in the WHF Erilerin® Fuiinvwmg the approach of the
Welloome Trust Cave Contml Consortiem™ 2osd others, contrals wese membess of
the general populstion with limited or no phenotype Infarmation available
Summuary characieristics for the cases sre presented in Supplementary Fig la.

Fifi. Children and adults with incident or prevalént RHD were recrifted a6 cases
between October 2012 and June 2014 from mpatients sad oulpatients at the
Colonial War Memornial Hospital, Suva, Bii, and at the Lautiks General Hospital,
Lautoka, Pifi Two pragmatic approsches were used o identity adult volunteers a0
controls: firsl, cases weee e } to bring an lated friend or neighbour to
clinic; second. adults were recrutted during health p vistls [0 }
n which cases were resident The populition of Fifi comsists mostly of Occanion
pesples (ncluding Indigenows iTaukei and migrant Polynesians) and Fijians of
Indian decent (that ks, South Asians), who emigrated from Indis in the 19004, all of
whom were eligible to ke part In wisl, DNA samples wese obtained from 598
cases and 913 contrils. Ethical approval was granted by the Fiji National Health
Rescarch Committee and the Fiii National Hesesrch Ethics Review Commities a8
well 25 the Oxford University Tropical Research Ethics Committee.

New Caledonga, Children and aduls with incident or prevalent RHD were
recruited as cases between March and December 2013 from impatients and
at the Hispital de Gaston-Bourrel, Noumes, New Caledonia and

forward for undenstanding the @ netic dete of
autoimmune disease in general.

it has long been established that immunoglobulin deposits are an
:mpmtant feature of the pathalcgy of | . Interestingly, human
hybrid derived | oglobulins containing related heavy

chain domains were previously shown to bind wlevant
streptococcal and host antigens mdudng group A streplococcal
carbohydmte and cardiac myosin®”,. In addition, autoantibodies
against the same heavy chain dnmmsmammgumm-
antigens identified in sera from ARF patients screened using
a human heart complementary DNA library™. At present, we
conjecture  that individuals who possess the IGHVE-61"02
allele are predisposed to produce auforeactive antibodies
promoting valvulitis, Excitingly, knowing that a specific heavy
chain gene segment contributes to suwsceptibility provides a
potential route to identify relevant bacterial antigen(s) that could
have important ramifications for the development of a2 much-
needed GAS vaccine. Plausibly, such an antigen might itself be
taken forward as a vaccine candidate, providing the theoretical risk
of inducing autol v by vaccination could be circumvented™.

This study has two main limitations. First, by the standards of
madem GWAS, our total sample size is relatively small and
hence it is likely many vanmanis with smaller effects will go
undetected until larger collections are assembled. Nonetheless,
our study was well powered to detect the vast majority of large
effect variants reported in the candidate gene era®, espedially
these reported in HLA locus where signal in our study was
negligible (minimum FE meta-analysis, P=00005). Second, as
we focused on variants with consistent direction and magnitude
of effects across ancestral groups, our analysis provides little
insight into variants with population-specific effects. As such,
population-specific findings can provide important insights into
biology, and this issue is worthy of further attention, perhaps by
exploiting the underlying population genetics throagh techniques
such as admixture mappin

In summary, this first disease-focused Oceanian GWAS
provides a new lead into the pathogenesis of RHD and
mandates further research into the impact of genmline IGH
variants on susceptibility to RHD and potentially other
autoimmune diseases,

6 MATLE AL

umpxuqu known to the Agence Sanitaire et Sociale de Nowvelle Caledonie,

2 govermement-funded public bealth seyvice. Adult volunteess were recited &
controls pragmatically by requesting the case being an unrelated friend or
neighhour to clinic. The populaion of New Caledonia contiurs of Oceantin peeples
[inchiding Indigenous Kamk and migrant Polynesians), Eiropeans and Eaut
Astzs, 2l of whem were eligthle 1 ke part In otal DNA ssmples wese obtzmed
from 492 cases and M5 controls. Ethical approval was granted by the Hospital
Ethics Committee at the Hipital de Gauon-Bowret and the Comité d Evalustion
Ethigue de I'Tnserin as well as the Oxford Univerity Tropicdl Research Ethics
Commimee.

Sama. Chilidren with RHD were recniited during scresniiig by the Rheumatic
Rescue inltiatlve b Tasmary and N, bt 2014 tnd in collaborstioh
with the Samba Ministry of Health All thoke participating in the study reported
Polyresian ancestey. In fotal, DNA stmples were obtainied from 70 caves with
definite RHD aceonding to the WHF exlteria and 41 controls. In addition,

DNA s ples were availshle from 19 children with bondecding RHD acoording w
the WHE criteria ind 44 children with mild sondiagnaitic valve abaormalities.
Although psed for sesuisivity analyses, both groups were excluded from the omain
analysie Approval for the study was granted by the Samoa Ministey of Health s
well a0 instituthonal review boards a1 Brighsm Young University and Uuh Valley
University.

Exeting winples. Additioral samples were avallsble from Oxford Univessay
stidies I the Pacific region undertaien during the 19405 and 19905 These
anonymised samples were originally coll ected for studics of haemoglobin genes and
later the FILA locts but have subliequently been used for snuhu of various lioct
neluding, for example. the CCES (ref, 47) amd HEE genes ™. Mont samples were
ahlasined from healihy adult volunteess but seeiss of cond bloods were collected
fram consecutive. heullh\- vewhorns ut hispitals on the tlands of Espirity Sanio
and Miewo in Vanuatu®™ and Tuhiti in French Polynesia®™. Daty from 658 samples
from Vanustu, 44 from B, 32 from New Caledonia, 35 from Samon, 49 from the
Cook Idinds, 33 from Tonga, and 84 from French Polynesia were used in this
analysis Permission for genetics recesrch was granted st the time by various local
and mational institutiom; permission to reuse samples for this study was geented by
the Osford University Troprcal Research Ethics Committee.

Preparation of DNA. We obtained yenetic material by sumpling peripheral blood
in Fiji and New Caledonia and by sumpling sslive in Samos Blood sumples
cullected in Fifi were stored in EDTA 2nd frozen gt — 80 °C entil exprzctivn, Blood
smples collected 1n New Caledonts were stored in DNAgard (Biomatrica, US4}
and kept 2l room lemperatire for up 1o 6 months. Salive was collected using
Ongene kits (BNA Genotek, Canada). DNA was exteacted from blovd collected in
Fiji by an in-country reseanch assistant using sult precipitation and from blood
cillected i New Caledonia atter shupoent to the United Kinpdom by LGC Limited
(UK), DNA was extratied from saliva using DNA Genotek proprietary kit by
research assistants a1 the Brigham Young University. Other samples had previously
been extracted using standard spprosches. Extracted DNA frum Fji and New
Caledoni was prepazed for znalysts at LGC Limited (UK) where quantifiestion
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wis performed by altraviolet spectrophotometry, Becawse 483 samplis from Fiii
were of insufficient concentration (v genome-wide ginotyping, they were while-
genoire amplified Wlog LGC Limited pmpnrtuqr primer-extendion pre-amplifi-
cation PCR. DNA from ofher collections wis quantified and prepared for andlysis
bry & research assistant at the Univesity of Oxford. Quantification at the Univeriity
of Oford was performed using the Plootireen (Life Technolngies. USA) reaction.

Genome-wide genotyping and quality control. We genulyped the complere
collection of 3,412 DINA samples at the Oxford Genomics Centre at ~ 300,000
vatiants using the HumanCore-24 BeadChip (llumina Inc., USA) Mlﬂ calling
sy the defuult settings of the clustering alyorith

tudio softwire ( Hluming Toc ), the data sel was aligned ta the l'nrvnld nnmi of the
Genome Reference Conportium Human Buld 57 a previouly described (hnpu!
www welloocacuks ~ wrayner/strand ).

We emploved stindard approaches to uality control (QC) the gmoln;lv
data® with most steps perfimmed wing PLINK suftware verdon 1,90 (bera) ™
hid not perfnrm sex checlo becanse information oo phenntypic 1ex was mmmpdr:n
Sarting with 'per individual’ QC (Suppl y Fig lb).we meastired
missingness in each sample and tined its rel, with aut |

(Supplementary Fig. 1h), We used a cutoff of relatedness (r) =>(LIH7S that lies
midway between the theoretical relitedness of second- and third: degree relutives".

Genomic ancestry and stratification. We performed principal compuonent (PC)
apalysis USupplementary Fig. 1) using the tool lmplemented bn Genome- wide
Complex Trait Analyss (GETA) softwere™ version 1.24.4 by combining our data
st with selected individuals from the Human Genome Diversity Project panef®!,
To investigate the eﬂ'nu of populath on the lition amlyses, we
performed g ide assoctation lyses using cll.hnr logistic regressbon or
lingsr mixed models (described below), plotting the negative common It.rpm]l.m of
the u;nlhng!’wthnonqmuk-qmnuk plots asitg the R package ‘qqmun’ that
also of the g e control factor (4% In prelimimary
unl)'!nljll: | b "“clmad iderable inflition of the
distribution of the test stititics, even fimiting the anslyss o indviduals fom
a single country or single ancestral growp (logistic regression, 4 = £54-5.03), To
colnter this problem. thereloee, the analysis was stratified by ancestry based oo the
Fant dun:n detected in the PC inalysis We defined thede clusters pragmatically by
individuals < 2ud from the mean of the fiest PC und =3 sd from the

heterozyginity (Supplementary Fig. 4u). Based oo this mimumlup. we removed
penome-wide samplified samples with mk&mglﬁu > 5% and other amples with
isstngness = 1%, In sddition we removed smplis with inhreeding costficient (F)
>0227 (the mean plus three s.d values, of the Individuals reporting Melinesian or
Polynestan ancestry) or < — 0361 (the meéan minus three <d vidues of the
ndividuals reporting Fijian Indum, mised or other ancestey), Finally, we removed
14 duplicates with a cutolf of identity by descent > 1190 measired in PLINK.
We then performed ‘per vartan' QC (Supplementary Hig 1<) The overall
genokyping rate was high at 993% and only 430 variants had misgingness 2%,
We removed all varkints with minoe allele frequency (MAF) < 1.25% because nuch
sarlunts ire islly less reliably gmumm.["‘ w: k.epl varfunts with MAF 125 19
5 but applied stricter misst ld y Fig. 1c). Finally, we
removed variants with extreme deviation from !‘Inldv«Wﬂnhﬂ] eqquilibeium wing

 previously uted threshold of variants with Hurdy-Weinberg equilibrinm
Pralaes <10~ (rel 51).
Population-specific imputati d. O ! i

in current lerence punel dats widely used for im‘pnmunn To remedy this, we
whale-genime mquawd 64 samples from New Caledonls targeting four times
4x) s I Fig. 2a). In addition, becavse higher density areay
daty improve the ai:mrlc;r of phasing, we genome-wide genolyped tiew same
&4 samples from New Caledonis along \ﬂl]l 64 mmples from, the Fiji stedy wing
the derser Humanl)inni Exprestyome-# BeadChip (Hlumina Inc ) that includes
~960MMN0 variants of which 273,000 sre exonic. Both sts comprised equal
pumbers of young cases with severe disease and older controls known 1o be
asymptimatic randomly selected from Melanestan participants thought leat likely
to show Buropean admicture; Kanak individuals from Provinee Nord on Grand
Terte for New Caledonia and iTaiskei individuals from rural parts of the Central
Ilimmn on Vit Leva for I-T;l

OminiBxpressE. perfmned as described ahwe
i3 ﬁlr Hmtun{.mpl-t .d.numlh ulmlbul QL |
was performed at the Onfied CGenamics Cettre usthig the H.ISq 2500 Sg'mun
{lilumigsa fnc) and the TruSeq DNA PR Free Library Preparation ki
fillimina tnc), Reads were mapped to Bulld 37 wdng Stampy software' verson

mean of the second and tird PCs for theis self-reported ancentry (Sopplem entary
Fig 3a-d),

Within each strata, however, there remained significant evidence of strokture
thar—reflecting the amalgamation of iTaukei individuals from Fifi, Kanak
imﬁnduahl trom New Caledonia and Ni- Vaouatu individuals from Vanuatu—was

¥ apy in the Mel stratum (Suppl Fig 3¢). For
umnh-llr analyses, therefore. we generated foir subsets of mutched case-conteol
pains mude up of individuals reporting IT.luh:! ancestry frun the Melanestan strat,
Kanuk ancestry from the Melinesian strata, § y from the Polynen
writa or Fiflun Indian ancestry from the Fijian ndian :l.nlll (Sup =n1=1|lur'_r
Fig 3-i). To achieve this, based on o method described previously™, we wiighted
the fienr 20 PCs by how much pbmuyri: variance cach PC explained in multiple
regression, We then calvulated the Euclidesn distange b ll individusls and
apiimny mm.lud each care 1 the single nearest control wing the R packaye
Optenutch”

‘Association testing. Our primary ol fathon b phenolype o
single loci empl dmterW‘\Snn.ﬂgmwaﬂhe EMM, i rermed the variance
connputicils | This model explici for correlutions i phenotypes
dite to relitedness, the i) 2k foinding due 1o popul

adimbxiure and cryptic :t)’lm“ Mure npmnu“y we ised GETA b caleulate
finhip mutrices in cach ancesiral stratum using 2 leave-one-c hromos me-oul
approach in which the kinship matrix for a given chromoisme i calculated using
all directly genulyped varinis on the remaining 21 autesvmes with MAF = 1.25%
in that strate™. We then for each ﬂnoly;ui and impubed sutosomal variant, lued
linear regression wo mode} the relat of a dependent variable,
case-cantrul statis, with knd ! iabl g the dose of the tmitiat
allele at the variunt of interest, minm:d by b tatlon :Iimd 23 2 frued effect) and
e wi and related uknl.ﬂrd by decompaniition of the kinship
Imtrlx (fited as a random offect). We of effect sjxe and
sandard errors from LMM 1o odds ratios and confidence intervals by linear
formatlo i, For i lyves we als used logistic regresshon models
tmplemented in SNETEST soffware™ version 15,1, Throughout we used sccepted
hresholds for genome wide sgnificance (P<5 » 107 ") and suggestive significance

10,25 befure deduplication, Jocal realignment and hase score recalib using
the Genome Analyiis Toolkit (GATK) software®? version 3.3, We then called SNPa
and INDELs with phred-saled confidence > 30.0 using GATK HaplotypeCaller™,
O called, the sequenced dats were phased on 1o the gemotyped data
previvialy described ™ wiing SHAPEIT witware®® verdon 25,

= el s 43

wide Because prephasing reduces the computation hurden
o mputation without red hased the 230990 HumatiCore-
24 variants lh.l.lh.ld]unnd{)(. in Iilr!.!.!-llni.mduahwhu had passed QC using
SHAPEIT. We then et wide imputation wing IMPUTE2
software™*7 with the ‘mesge. ref panel’ apclnnm' the O
s with the LM Genomes panel. To assess whether wing the integrated - duta
lmprmdlmnaqr we underook the chromosome 1 analyls with and without the

juence data and examined fance (Supplementary Fiy 2d).

srctlled tradbidicksral 5 4

(Pt % 105", At this level, with a atal smple skie of 1,006 cates and

146 controls, we achleved our aim of 800 power to delect viriants with effect dae
of L5 or mice st MAF =20, Finally, to aid interpretation. we calculated effective
ample siee that provides an indication of the sumple size had there been an equal
number of cases and controle Based on the ratho of the number af samples,
elfective sumple siee for o case-conitrol study b, N_eff = &1 (1N_cusey) +
(LIN_contrals)).

Arctiak

Meta-analysis. Having the di ¥ anialyiis we combined the
assockition suthtics genomewide with those from the three remaining ancestral
strata udng FE meti-anslysic Despite the requ for o significant hetero-
genelly, FE meta-amlynbs somaing the method of cholce for dluwnfy analyses
becaue random effects meta-analysis is markedly conservative in the presence of
het::qu:cny“ &mm wide meta-analysis was pesformed uaing bwverse variance

Assessing refatednass. In the 5,254 quallty | we
relaladnes wsing RelateAdmix sofiware™ versioh L0 that povides more accurate
of reluted inthe e of than standird tools®,

Admixure estimates (Fig. k<) were made uning 4 model-based clintering algoeithm
implemented in fast STRUCTURE spliware™ version 1.0 Altogether, we uncovered
2 high degree of relutedness (Suppl y Fig. 4b), especially in [
standard populativn based case—control association analyses® Al:mldmgh' to
rinimize the effect of such relatedness on the analysis, tquﬂlll;r in the presence of
marked ltion slructure {see next section), we removed one tndlvidudl from,

| s METASOFT software® version 2,0.1. In addition, for
ﬂmhm.lppn;. we used i Hayesan meta-analysik technigue thal explicitly accounts
for he‘ltmpntilr between ancesleal groups ising estimales of divergence such i
F5T as a peaoy') A Bayes factor (BF) dence in favour of
and Ll'ltrcullmumhpnrhn ol the BF exceeds 6.0, a vartan is considered b have
reached genome-wide sign . Asiuming & single ceusal variant o esch
locus, the posierior probabllity that the jih variant is causil can be estimated as
w9y = BEYS0F, where ST 0F, is the yum of the BFs for all varints inclirded in the
an.n!ruh i1y 2 liscus extending 500 kb elther side of the lesd variant®™ A 99U credible

urh ::hl:d pair ﬂf lim ar second-degree eelatives in weeesion until no such st can then be defined by ranking variants until their luthve posterion
# situting the I of 382 individuals probability exceeds 0.99 (ref 13).
JHECOt NS B340 | DOE 101038/ neamma) 4546 | wwiw natire camy/nat ire communications 7
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Sanger sequancing. We pragmatically selected a portion of samples for further
anulysis al the JOHV4-41 E-r Iased on the ready svatlability of genetic material.
Using PCR, we first amplified 1599 bises on chromosome 14 contuining (he
TGHV4-61 gere segment with primers (Supp) y Fig. Ha) desigoed soch that
they Were dpecific Lo this lbeus usiivg the NCRI Primer Blast tonl™ sd optimieed
with respect to anpealing temperture, exlemion hme and concentrations of
MyCl, dimethyladfoxide snd remplate (Suppl v Fig fb). However, to
f(ll the pe of a \'\T? Ln]lﬁllai"} within the hmdmg
st ol the forward primer, we substituted the cor g base on the £
primer (poiition 18) for tie gematype of the alteeniate allele (that 1s, © 1o A
substitution) hecawse we had fourd o preliminary work (by trng fle
genotypes of variants in linkage diq:qujllhri_um with rs11621753 in wcqucnunl
amples) that in heteroeygous individualy under stringenl conditions, primers
mitching the reference hequence implified only chromisomes cirying the
reference allele, wheeeas primery matching the dliernate allele amplifie
chromiomes carrying buth ref and aliemale allelee We visualized the
products by gel electruphoreiis and only thove smples that' had successfully

B

. Packs, T. et al Rh

- Wellcome Trust Case Control Comsortiim 4 al.

Martin, W, 1, et al Posi-infections group & streptococeal autokmmune
syndromes and the heart, Antormmun Hev, l-l 7|U—1J [20E5],

e hearl diseas lity @t ages 569
yeurs in Fiji: o five-veur, notional, population-hased fecord-linkage eobort
study. PLoS Negl. Trap. Dis. 9, 004033 (2015).

Dhélaregu, O, of ol Integrating sequence and array data to creale an improved
1000 Genomes Project haplotype ref panel Nat, € 5, W34
[2014).

- Motris, A P Tramethnie meta-analysds of penomewide sosockation studies.

Geret. Epidentiol. 35, 809-822 (2011).

. Evangeloie E & Toannidie, | P. A, Meta-analyds methods for genomeswide

asyociation studies and beyond. Not. Rev, Genel, 14, 379-389 (2013),

| Bayeslan refinement of
weyocation signals for 14 lack in 3 common diseaces, Nat. Genet, 44, 1294-1301
(2012}

.\'\flnrg,Y Tncksen, X I, Sewell, W, A & Collins, A M. Many human

PcTan

umnplified were tiken forward for seq g Because relatively few of the vmpl

henvy-clisin IGHY gene polymorphusms have been reported

from Sunon wmplitied (likely reflectng collection o salbve andfor degradetion), we
fousd it necessary I 42 samples Lo perfirm an additional roind of PCR wing 2
nedted approach, amplifying the 473 bp product of the sequencing primers wsing
the 1,599 bp product of the initial PCR s the template (Supplementary Fig: 8a).
Having ociginally intended o sequepce =150 samples from the wider study, we
successlully took firward 364 samples (127%) for equencing providing a broadly
representative subsel of the collection: ITaulet Fiftun from Fill (= 83), Kanik
(1= 135), Sarman (n = 61) and Fifans lndian (0 =85} Sequepcing reactinns were
carried oul in 10l contaimiog 2pl of deaned up PCR product uing BigDye
Terminator reagents (Applied Biosystems, USAL We used sepurale reactions foe
forwird and teverse diand pritmets Largeting 4 473 bp product covering all but the
Lissy 42 bayes of the second exon of JGHVE6L The sequencing reactions weee flien
cleaned up by ethanoFEDTA/sodium acetate precipitation. Sequencing was
peelurned at e University of Oxford Bepattinent of Zoology wsing o standard
ABT Prises 3730x] DNA Antlywer (Applied Blosystemy, USA Two authors
(FA and AL) read the sequenses for the two key virdants (r202117505,
AIIIN6LL), Where thete wak discrepuney, as happened in only 4 of 524 calls
(0.769%), a third author was consulted (LM and sgreement reachied One author
(ELAL) read the sequences for o further seven virianls (3516897, r201453364,
2072046, E2021665H, s 2(N3 1578, 201691548 and R2H0T68961. All [hree
were blinded t impuied genotypes and case-contml status, Finally, to eeimpute
this tejgion inw the wider datd wi, the 9 chain-termination genotypes for the 364
sequenced (ndividusls were first phiied sing SHAPETT with 19 otber vartants
within 250 kb of JGHY 464 Lhat had been cither directly genotyped or Impuiid
with high confidence (missing information < 1%), Then, with the 19 other varknis
in the IGHV4E] locud providieg o scaffold, we imputed using IMPUTE2

(refs 56,57) the 9 chain-termination genntypes for the 5,234 mdividuals who had
pussed OO wslog the genotypes, As recommended b follow-up analyss of putative
diseane-nsiociated loci, this local mputation was performed without prephasing®.

Data availability, Genotype and phesatype dita imderlying e manuseript have
been deposited in the Europeas Genome-phendine Archive under accession
nuinber EGASINUMIAAL Some restrictions on acces and wage apply with
much of the ditn set resteicted to reseirch focused on RHD. Access o certiin
compuonenty of the data sel requires regulatory approval from the countey where
the samples were obtained, Further information about access to the duta set is
prosided at hitpfwww,chdgeneticn et/ pacific html where an elemental daty set
safficient o feprodice the TGHVH6202 signal reported here is availuble for
immediate download. The novel 1GEVE61 allele provionally designated
IGHV61409 has been déposited In GenRunk under accesion number KXI89267,
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