Antibody Genetic Diversity within an
African population

Alaine Athenais Marsden (706359)

A Thesis Submitted to the Faculty of Health Sciences University of the
Witwatersrand

In Fulfillment of the Requirements

For Doctor of Philosophy in Virology

March 2025

UNIVERSITY OF THE % Gib FACULTY OF
WITWATERSRAND, \&¥ g, HEALTH SCIENCES
JOHANNESBURG



Candidate Declaration

I, Alaine (Joshua) Marsden, declare that this Thesis is my own, unaided work. It is being
submitted for the Degree of Doctor of Philosophy in Virology at the University of the
Witwatersrand, Johannesburg. It has not been submitted before for any degree or examination

at any other University.

On this, the day of March 2025 in Johannesburg, South Africa




Abstract

Antibodies, also referred to as immunoglobulins, are a critical part of the adaptive immune
response. They are produced through somatic recombination of immunoglobulin (IG) genes
from genetically complex IG loci to form two chains - the heavy chain (IGH locus) and light
chain (IGK and IGL loci). These highly variable |G loci contain extensive polymorphic diversity
and structural variation; where insertion, deletion, and duplication events create copy number
variation (CNV) in several IG genes. There is increasing evidence that genetic variation in
antibody genes affects their expression, in addition to their affinity to bind antigens, and
engage the broader immune system. In this thesis, we utilise transcriptomic and genomic
techniques to characterise IG genetic diversity in a South African population. We examined
the genes that encode the antigen binding site (variable genes: IGHV, IGKV, and IGLV), as
well as those that interact with the broader immune system (constant genes: IGHG and IGHA).
Chapter 1 examines the heavy chain variable (IGHV) genes, uncovering 53 novel alleles,
including some with novel single nucleotide variants (SNVs) in the region of the gene that
regulates antibody secretion. In addition to novel diversity, gene duplication was common in
this African population, occurring in 18 genes of which ten are newly described. Furthermore,
we provide evidence that duplication can enhance the expression of particular IGHV genes.
In Chapter 2, we sequenced the IGHA and IGHG genes, that code for the IgA and IgG isotypes
respectively. Genetic diversity in IGHA is poorly studied and here we report the addition of 26
novel alleles. While IGHG is more well-studied, this study provides an additional 29 novel
genetic variants in this gene. The allelic variation uncovered for both of these genes resulted
in protein variation that can affect how antibodies bind Fc receptors, enhancing or inhibiting
effector functions, or altering the structural aspects of antibodies such as dimerisation. Chapter
3 examined the expressed light chain lambda and kappa (IGKV and IGLV) repertoires of three
different populations (South Africa, Norway, and the United Kingdom). Despite significant
genetic differences between these groups, the same limited set of light chain genes dominate
the expressed repertoires of each group, with only five IGKV genes representing 50% of the
expressed repertoire and only two IGLV genes accounting for between 20-50% of the
repertoire. Overall, we report significant amounts of undiscovered genetic diversity in South
African IG genes, uncovering 118 novel alleles across different IG genes. This variation can
strongly affect the functional antibody repertoire. Understanding these dynamics will have
implications for broader immunology and vaccinology, especially with the advent of germline
targeting vaccine strategies for HIV and other pathogens. The work in this thesis serves as

the foundation for further functional study of genetic IG variation.
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Introduction and General Literature

Review

A broad overview of antibody biology and genetics

Basic Antibody Biology

Structure and Function of Antibodies

Antibodies, or immunoglobulins, are a key part of the adaptive immune response (1). These
Y-shaped proteins are produced by B-cells, a population of mononuclear lymphocytes.
Antibodies play a large role in recognising pathogens and signalling the immune system to
destroy the invasive entity (2). They are produced in response to an infection and adapt to
evolving threats such as viruses. The production of antibodies has been demonstrated as a

correlate for protection when assessing the efficacy of vaccines (3,4).

An antibody is formed by two identical pairs of heavy and light chains, (Figure 1) (5). There
are two different portions in an antibody, the fragment antigen binding (Fab) portion and the
fragment crystallizable (Fc) portion. It is the Fab portion of the antibody that binds to pathogen
surface molecules and other antigens, while the Fc portion interfaces with the broader immune
system to elicit effector functions (6). The Fc of the antibody also defines the isotype or class.
There are five main isotypes: IgM, IgA, I1gG, IgE and IgD (7). The IgM isotype is the first class
of antibody that is produced by an antigen naive B-cell (8). Mucosal immunity is largely
mediated by IgA antibodies (9). The most protective and most abundant class of antibody is
IgG, which is predominantly found circulating in the blood (10). IgE originally evolved to
combat parasitic worms, however in modern humans it has been linked to allergies and
diseases like asthma (11). The last isotype, IgD, is co-expressed with IgM and aids in the

development of antigen naive B-cells (12).
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Figure 1: Schematic representation of an antibody. The heavy chain is shown in blue and the light chain

is shown in green.

Antibodies perform a variety of functions within the adaptive immune response. Firstly,
antibodies are able to bind surface proteins on pathogens that are necessary for cellular entry,
thus physically inhibiting that pathogen from infecting the host cell (13). This is termed
neutralisation. Antibodies are also able to elicit effector function(s) through signalling to other
cells in the immune system (14). Antibody dependent cellular cytotoxicity (ADCC) involves
recruiting other immune cells, such as natural killer cells, which target infected host cells with
directed release of cytotoxic granules that contain perforin and granzymes (15). This process
causes lysis of the target pathogen. The target pathogen can also be engulfed by an immune
cell via antibody dependent cellular phagocytosis (ADCP), the pathogen is then destroyed
within a lysosome inside the phagocytic cell (16). An antibody is able to activate complement
through binding of C1q, which causes a complement cascade that results in the pathogen

being lysed by membrane attack complexes (17).

Effector functions are enabled through binding of immune receptors to the Fc portion of the
antibody via Fc receptors (FcRs). Different isotypes of antibodies have variable affinity for the
FcRs present on various cell types (18). This causes specific antibody isotypes to be more
effective at eliciting certain responses over others. For example, FcyRIIIA, which is expressed
by NK cells, is mostly strongly bound by IgG3 leading to stronger ADCC responses (19).
Recent studies have also indicated that allelic diversity of constant genes can also affect FcR

binding (17,20,21). This is discussed more extensively in Chapter 2.
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Generation of the Antigen Binding Region

The expressed antibody repertoire has the capacity to recognise and adapt to a wide number
of potential threats to the human body (1). The initial source of this capability arises from V(D)J
recombination (Figure 2). This is a somatic reorganisation event that occurs during the early
development of a B-cell where one variable (V) gene, one diversity (D) gene and one joining
(J) gene are joined together to form the antigen binding part of an antibody (22). This process
is facilitated by recombinase activating gene (Rag) enzymes that recognise recombination
signal sequences in IG genes and combine them together (23). The IG genes are selected
semi-randomly from a larger pool of V, D, and J genes, creating a broad array of combinatorial
diversity in the naive antibody repertoire. The rate at which certain VDJ combine with each
other is not entirely random as chromosomal location and chromatin conformation have been

shown to impact the way in which somatic recombination occurs along the loci (24—-26).

Ig heavy chain germline locus
Vv D J
s- S-S —{HHHHHEHEHRHE -3

| /0

IgK or IgL light chain
germline locus

heavy chain

Figure 2: Schematic representation of VDJ recombination. Adapted from (27).

The binding of an antibody to a pathogen is further refined through a process called affinity
maturation. When a naive IgM binds to a potential target, it undergoes clonal expansion after
stimulation by regulatory T-cells (8). During this process, an enzyme called Activation-induced

cytidine deaminase (AID) causes somatic hypermutation of the antibody sequence, altering
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nucleotide positions in the antibody sequence (28). Enzymatically, AID deaminates cytosine,
changing the nucleotide into thymine. This DNA damage is repaired by error prone DNA repair
enzymes leading to the creation of a variety of different mutations within the antibody
sequence. These mutations are concentrated in certain “hot spots” within the antibody
sequence, primarily the complementarity determining regions (CDRs) which play the largest
role in antigen binding (29). The affinity of the new B-cell will be assessed by the immune
system, where antibodies with high affinity for the target pathogen undergo further clonal
expansion and antibodies with poor affinity are discarded (2). Another process that occurs
during clonal expansion is class switch recombination, which changes the antibody isotype by
swapping the constant gene of the heavy chain, which encodes the Fc portion of an antibody
(30). These processes alter and refine antibodies to allow the immune system to respond and

adapt to evolving pressure from invasive pathogens.
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Antibody Genetics and Human Diversity

Diversity in the Immunoglobulin (IG) Genetic Loci

The genes which encode antibodies (IG genes), are contained within different genetic loci that
occur across the human genome. The immunoglobulin heavy chain (IGH) locus is positioned
on the telomeric extremity of the q arm of chromosome 14 (31). All of the genes which make
up the heavy chain are found in this IGH locus (5). This includes the variable (IGHV), diversity
(IGHD) and joining (IGHJ) genes which form together to make the antigen binding part of an
antibody. The constant genes which encode the Fc region are also contained in this locus
(IGHM, IGHD, IGHG, IGHA and IGHE) and correspond to their relevant isotypes.

The genes which form the light chain are found in two different genetic loci, leading to the
heavy chain being paired with a light chain that is produced by either locus (32). The
immunoglobulin kappa (IGK) locus is found on the p arm of chromosome 2 and the
immunoglobulin lambda (IGL) locus is found on the q arm of chromosome 22. These loci
contain variable (IGKV/IGLV) and joining (IGKJ/IGLJ) genes. There are constant genes (IGKC
/ IGLC) within the light chain loci but they do not contribute to the Fc region of the antibody.

The IG loci demonstrate incredible genetic diversity (31,32). There are two main forms of this
genetic diversity, nucleotide polymorphism and structural variation. The widespread
polymorphic diversity in the IG loci produces many alleles for IG genes, especially the variable
V genes (33). Structural variation within the IG loci results from large scale insertion,
duplication, inversion and deletion of genomic segments (Figure 3) (34). These can also
involve more complex variants that are not resolved through a single or pair of breakpoints.
Structural variants often involve several IG genes, creating alterations in copy number
variation for up to four genes at a time. The impact of genetic diversity, both through
polymorphism and structural variation, has become a key interest in the field of
immunogenetics. Specific examples and studies for the genes studied in this thesis are in the
introductions for each chapter. These are important considerations as host genetics may
influence the way in which a particular individual responds to either infection, thus impacting

disease progression, or vaccination, affecting the efficacy of the vaccine response.
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Figure 3: A representation of structural variation in the IGH locus demonstrating insertion and deletion
of IGHV genes between different haplotypes. Inserted genes are shown in light blue and deletions are

shown as dashed red lines. Adapted from (35).

Over the past decade there has been increasing momentum in the immunogenetic community
to understand human genetic diversity. These studies have examined a wide variety of I1G
genes. A large portion of studies that aim to characterise novel IG gene diversity focus on
IGHV (35—41). There are fewer studies that examine light chain variable gene diversity (IGLV
and IGKV) (42—45). Lastly, studies that sequence the constant genes, which encode the Fc,
are rare and predominantly focus on IGHG which codes for the 1gG isotype (46,47). These
studies have bolstered public databases with many new alleles for IG genes as sequencing
techniques have allowed for more individuals to be sequenced across more populations. Novel
structural variants (large scale duplications, deletions and insertions) have also been
uncovered through long read sequencing methods, adding to the complexity of genetic
diversity in the IG loci (35,39,42,43,45).

African diversity in the IG loci is less well understood. Prior studies have either utilised Yoruban
samples from the 1000 genomes project or studied South African populations
(35,38,39,42,43,45,47). The population diversity across the continent of Africa is incredibly
complex and demonstrates higher degrees of genetic diversity than what is found outside of
Africa (48-50). This diversity largely mirrors the linguistic substructure and complexity that is
found across African populations and is informed by mass human migration and admixture
events. For example, Southern African populations cluster distinctly from other Bantu
speaking populations in the more northern regions of Africa due to admixture with pre-existing
populations like the San and Khoi. Thus, it remains to be seen what population specific

architecture exists in the 1G loci across different African populations
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Immunogenetic sequencing techniques

There are a variety of techniques to examine genetic diversity across the |G loci. Amplicon
based NGS (Next Generation Sequencing) approaches have been utilised to examine
diversity in IGHG and IGHV genes from non-European populations to reveal significant genetic
diversity (38,46,47). Larger scale sequencing methods have been developed to sequence I1G
loci. Initially these were fosmid and bac clone methods, with long-read sequencing of IG loci
conjugated into these constructs (35,45). However, modern capture-based methods have also
been developed which use magnetic beads that bind specifically to large fragments of DNA
from 1G loci (39,42,43). These long-read sequencing methods allow for the analysis of both
polymorphic and structural diversity, uncovering variation that exists outside of IG genes. This

is further discussed in Chapter 1.

Outside of genomic techniques, the genetic diversity of IG genes can also be studied by
sequencing antibody transcripts. In a naive antibody repertoire, from IgM B-cell repertoires,
the germline IG genes that produce the repertoire can be inferred (37). This approach also
allows for the examination of expression biases within the repertoire, where certain IG genes
are preferentially expressed over other genes (37). However, this approach has some
important limitations. The inference of potentially novel alleles can be false due to the inherent
mutations introduced during somatic hypermutation, although this can be partially abrogated
by using low mutated IgM sequences. Transcriptomic based characterisation of IG genes also
hinges on the expression of those genes, if a gene is deleted or expressed at very low levels
this can affect the analysis for that gene. Furthermore, most sequencing of antibody transcripts
is performed on short-read sequencing platforms, such as the lllumina MiSeq, which can only
cover the VDJ region and a small portion of the constant gene (36,51,52). Thus, genetic
diversity within constant genes is not well represented in most antibody transcript datasets.
There are long-read methods for sequencing expressed antibodies, but they are not often
utilized in favor of the depth from short-read sequencing platforms (53). High sequencing

depth is necessary to be able to fully categorise an antibody response.

IG Gene Nomenclature

Here we describe the norms of describing antibody genes that are standard within the
immunogenetic community. A description of an allele may look like the following: IGHV1-2*01.
IGH denotes the locus of origin for the gene. IGHV describes the class of the gene. The
phylogenetic subgroup, for V, D and J genes only, is delineated by IGHV1. Thus, the full gene

name is IGHV1-2, where 01 is an allele of IGHV1-2. This naming convention is different for
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the constant genes, where a gene is described in this manner: IGHA1. The isotype that is
encoded by this gene is IgA1 and an allele of this gene would be described as IGHA1*01. It
should also be noted that gene and allele names are not italicised within the field of
immunogenetics, in contrast to what is the standard when discussing other genes. An allele

can refer to a single SNP or a haplotype of SNPs which differentiate various alleles of a gene.

VDJ Genes Constant Genes

Genetic Locus: IGH - IGH
Gene Class: IGHV IGHA
Phylogenetic Subgroup: [IGHV1
Gene Name: IGHV1-2  : IGHAT

Full Allele Name: IGHV1-2*01 IGHA1*01

Figure 4: Breakdown of IG gene naming conventions.
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The Antibody Response in HIV

While this thesis will focus predominantly on the germline genetic diversity in the IG loci, there
will be contextual discussion concerning infectious diseases, especially HIV. The antibody
response in HIV is specific due to the chronic nature of the infection and the high mutability of
the virus (13). This creates a dynamic in people living with HIV where the immune system and
the host's viral population evolve in tandem as the virus escapes antibody responses through
mutation and the antibody responses adjust to counter this escape (54,55). Over time, this
coevolution can produce antibodies with unique traits; such as germline gene usage, amino
acid motifs or CDR lengths; that can neutralise multiple different strains of HIV. These are
termed broadly neutralising antibodies (bNAbs). Broadly neutralising antibody lineages often
have very particular features that are shared across lineages that target the same epitope. For
example, bNAbs that target the CD4 binding site on the HIV viral envelope (such as VRCO01)
are often derived from the germline IGHV1-2 gene and exhibit a high degree of affinity

maturation with a double amino acid deletion in the light chain (56).

Germline targeting vaccine strategies are in development as potential preventative measures
against HIV (57,58). These aim to elicit potent and broad responses that can protect against
the wide array of circulating HIV strains by eliciting the creation of specific bNAb lineages. The
germline immunogen is designed with high affinity for potential precursors of a bNAD lineage,
which share the same germline genes and often specific germline-encoded residues in the
antigen-binding region of the antibody. An example of this approach is seen with the prototype
antigen nanoparticle eOD-GT8 (59). In human testing, it was found that 26 of the 27 donors
produced VRCO1-like precursor antibodies (60). The single participant that failed to produce
any VRCO1-like precursors entirely lacked either IGHV1-2*02 or IGHV1-2*04 in contrast to the
other participants. This example demonstrates that in targeting specific germline 1G genes,
the genetic composition of the germline plays a critical role. Furthermore, it is likely that
germline variation that affects the relative expression of IG genes will also have an impact on
germline targeting vaccine responses. Thus, it is vital to characterise IG germline gene
variation across different populations and elucidate the relationship between genetic variation
and the expressed antibody repertoire to better inform these germline targeting vaccine

approaches.
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Chapter Overview

This thesis examines several different types of IG genes within a South African population,
characterising novel genetic diversity and examining the potential impact of genetic variation

in IG genes on the functional antibody response.

Chapter 1: IGHV

Chapter 3: IGKV and IGLV

Chapter 2: IGHG and IGHA

-

Chapter 1: Novel polymorphic and copy number diversity in the antibody IGH locus of
South African Individuals

This chapter contains a published journal article (in Immunogenetics) that examines heavy
chain variable (IGHV) genetic diversity within a South African population utilising both

transcriptomic and genomic approaches.

Chapter 2: Identification of novel IgA and IgG antibody alleles in a South African
population

This chapter explores genetic diversity in IGHA1 which encodes most IgA antibodies, as well
as the genes that encode IgG subclasses - IGHG1, IGHG2, IGHG3 and IGHGA4. This involved

utilising a targeted amplicon based NGS approach to study these genes.

Chapter 3: Meta-analysis of IGLV and IGKV repertoires from South African and
European populations

This chapter examines light chain expressed repertoires from three different populations,
inclusive of this South African population. The aim of this was to assess dynamics of gene
usage bias within IGKV and IGLV repertoire between different populations and what link there

may be between the genetics of the germline and gene usage in the expressed repertoire.
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Abstract

The heavy chain of an antibody is crucial for mediating antigen binding. IGHV genes, which partially encode the heavy
chain of antibodies, exhibit vast genetic diversity largely through polymorphism and copy number variation (CNV). These
genetic variations impact population-level expression levels. In this study, we analyzed expressed antibody transcriptomes
and matched germline IGHV genes from donors from KwaZulu-Natal, South Africa. Amplicon NGS targeting germline
IGHYV sequences was performed on genomic DNA from 70 participants, eight of whom had matched datasets of expressed
antibody transcriptomes. Germline IGHV sequencing identified 161 unique IGHV alleles, of which 32 were novel. A further
21 novel IGHV alleles were detected in the expressed transcriptomes of these donors. We also examined the datasets for CNV,
uncovering gene duplications of 10 IGHV genes from germline sequencing and 33 genes in the expressed transcriptomes.
Many of the IGHV gene duplications have not been described in other populations. This study expands our understanding
of genetic differences in distinct populations and suggests the potential impact of genetic diversity on immune responses.

Keywords Immunogenetics - Antibodies - Human genetics - Immunology

Introduction

Antibodies, or immunoglobulins, are a fundamental com-
ponent of the adaptive immune response. The genes that
encode the heavy chain of an antibody are all found within
the immunoglobulin heavy chain (IGH) locus on chromo-
some 14 (Lefranc and Lefranc 2001). These include the
variable (IGHV), diversity (IGHD), and joining (IGHJ)
genes that are joined together through VDJ recombination
to create the antigen-binding site. The IGH locus is one of
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the most polymorphic and structurally diverse loci in the
human genome (Watson and Breden 2012). Single nucleo-
tide variants (SNVs) across the locus create allelic diversity
for IGH genes and large structural variants produce copy
number variation (CNV) through the insertion, deletion, and
duplication of multiple genes at a time (Watson et al. 2013).
Amongst IGH genes, IGHV genes are the most numerous
in the IGH locus, comprising up to 50 functional genes, 6
open reading frames, and 81 pseudogenes, divided into eight
phylogenetic subgroups (IGHV1-8) (Lefranc and Lefranc
2001). For the purposes of this study, we focus on functional
IGHV genes (IGHV1-7), avoiding pseudogenes and open
reading frames.

@ Springer
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Previous studies have demonstrated that polymorphic
diversity and structural variation exhibit population-specific
patterns (Watson et al. 2013; Avnir et al. 2016; Rodriguez
et al. 2020). For example, the duplication of IGHV 1-69 is
more prevalent in African populations than in East Asian
populations (Avnir et al. 2016). This is important because
there is evidence that germline IGHV variation affects the
expressed antibody transcriptomes, with CNV or poly-
morphism impacting IGHV gene usage (Avnir et al. 2016;
Kenter et al. 2021; Pennell et al. 2023; Mikocziova et al.
2021a). Alterations in the expressed transcriptome fre-
quently occur when an IGHV gene is involved in a dupli-
cation or complex event that alters copy number (such as
for IGHV1-69, IGHV3-64D, IGHV5-10-1, IGHV1-8,
and IGHV3-9, IGHV3-23) (Avnir et al. 2016; Rodriguez
et al. 2023). Furthermore, SNVs in intergenic regions have
been associated with alterations in gene expression across
several genes, although the mechanism for this is unclear.
For example, an A/G SNV occurring within the IGH locus
(rs8008062), occurring 120 Kbp from any IGHV gene or
known structural variant, has been shown to affect the
expression of seven germline IGHV genes (Rodriguez et al.
2023). Of the seven genes, four (IGHV4-31, IGHV3-53,
IGHV4-61, and IGHV1-69) were expressed at higher lev-
els with a G nucleotide at the position as opposed to an A.
Conversely, the remaining three genes (IGHV4-61, IGHV3-
64, and IGHV3-66) were expressed at lower levels when
a G nucleotide was found at the position in place of an A
(Rodriguez et al. 2023). This study suggests that the SNV
occurs in a regulatory region that modulates the chromatin
formation of the locus, affecting the accessibility of IGHV
genes to various enzyme complexes.

IGHV gene usage biases have also been described in a
variety of infection and vaccination responses, resulting in
convergent antibody responses across individuals. Influenza
vaccine and infection responses frequently use the IGHV3-7,
IGHV1-69, and IGHV4-39 genes. In SARS-CoV-2, there is
evidence that IGHV3 family genes are commonly used in
antibody responses (Nielsen et al. 2020; Mor et al. 2021).
For HIV-1, broadly neutralizing antibody lineages often dis-
play the same IGHV gene usage across different epitopes,
such as IGHV1-69 (MPER), IGHV4-34 (V3-Glycan),
IGHV1-2 (CD4bs and V3-Glycan), and IGHV3-15 (MPER
and V2-glycan) (Moyo et al. 2020; Doria-Rose et al. 2014,
Richardson and Moore 2019; Zhou et al. 2015; Soto et al.
2016; Walker et al. 2009). If an IGHV gene is frequently
observed in the transcriptomes of multiple individuals that
have mounted a response against a pathogen or immunogen,
it follows that the gene likely produces precursor B-cells
with high affinity. Thus, having a gene duplication or genetic
mutation that leads to overexpression of that particular
IGHV gene may be beneficial in mounting a response.

@ Springer

In addition to gene usage biases, previous studies have
shown that particular IGHV alleles can lead to more potent
and/or broad responses to pathogens (Mikocziova et al.
2021a; Safonova et al. 2022). This has been demonstrated in
influenza where there is a strong bias in the usage of IGHV1-
69 and also key IGHV 1-69 alleles that have a phenylalanine
at position 54 produce more potent neutralizing responses
(Avnir et al. 2016; Wheatley et al. 1950; Pappas et al. 2014;
Jackson et al. 2014; Avnir et al. 2014). In HIV, a recent study
has shown that VRCO1-like CD4bs antibodies are produced
more frequently in participants that express IGHV1-2*02
(Vaccine genetics of IGHV1-2 VRCO1-class broadly neu-
tralizing antibody precursor naive human B cells - PubMed
[Internet]. 2024).

We have previously sequenced the V-regions of
functional IGHV genes in 28 participants from the
CAPRISA cohorts (Scheepers et al. 2015). Here, we
expand the scope of sequencing IGHV genes to include
the regulatory parts of the gene, including the leader
sequence and the recombination signal sequence (RSS).
We developed an amplicon-based NGS approach to
sequence the full IGHV gene from germline DNA,
to identify novel IGHV alleles and genotypes for
CNYV. Furthermore, we mined existing transcriptomic
data, sequenced from naive IgM B-cells of matched
donors, to explore genetic diversity and its link to gene
expression. Haplotype reconstruction was utilized from
the transcriptomic data to examine CNV. Overall, we
used a combination of both germline sequencing and
transcriptome sequencing, within matched donors,
to evaluate the impact of germline variation on the
transcriptome.

Methods and materials
Study participants

This study utilized samples from the CAPRISA 002 and 004
cohorts. These cohorts consisted of black African women
recruited in the KwaZulu-Natal province of South Africa.
CAPRISA 002 examined acute HIV infection (Loggeren-
berg et al. 2008), while CAPRISA 004 was a clinical trial of
tenofovir gel in preventing HIV (Abdool Karim et al. 2010).
There is overlap between the participants that were involved
in both studies, thus representing a combined cohort. A total
of 70 women from both CAPRISA cohorts participated in
this study, of whom 58 were participants living with HIV,
including the 28 donors in the previous study by Scheep-
ers et al. (2015), and 12 were participants without HIV.
Informed consent was obtained from all participants for
sample collection and storage for future studies.
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Amplification of germline IGHV genes

Genomic DNA was extracted from stored peripheral blood
mononuclear cells (PBMC) using the Wizard® Genomic
DNA Purification Kit (Promega; Madison, WI, USA). Prim-
ers were designed to amplify the full IGHV gene, includ-
ing the regulatory regions, for the first six IGHV subgroups
(Supplementary Table 1). The IGHV7 subgroup of genes
failed to yield full-length amplicons and was omitted from
this study. However, we have previously reported on IGHV7
in this population, which was done utilizing a different set
of primers designed to target within the V-region of the
IGHV gene (Scheepers et al. 2015). The primers used in
this study differ in that they bind outside the entire IGHV
gene, in the untranslated regions because our aim was to
produce full-length sequences. The forward primer for each
subgroup bound before leader part 1 of the respective IGHV
gene and the reverse primer bound after the RSS. Amplicon
sizes ranged from~ 570 bp for IGHV 1 genes to ~ 880 bp for
IGHV4 genes. Each PCR reaction contained 15.75 uL of
molecular grade water, 5 puL of 5 X Platinum SuperFi Buffer,
0.5 pL of a ANTP mix (10 uM each), 1.25 pL of forward
primer (10 uM), 1.25 uL of reverse primer (10 pM), and 0.25
uL of Platinum SuperFi Polymerase (Thermo Fisher Scien-
tific; Waltham, MA, USA) (2.5 U/uL). To this mix, 1 pL of
DNA (10 ng/uL) was added. The cycling conditions had an
initial denaturation of 30 s at 98 °C. There were 35 cycles of
denaturation at 98 °C for 30 s, annealing for 10 s, and exten-
sion at 72 °C for 1 min. The final extension was for 2 min at
72 °C. Annealing temperatures varied by primer pair (see
Supplementary Table 1). Each sample was run in duplicate
to ensure adequate coverage and minimize primer biases.

NGS library preparation and sequencing of germline
IGHV genes

The IGHV amplicons were purified using AMPure XP beads
(Beckman Coulter; Brea, CA, USA). Beads were added to
the amplicons at a 1:0.75 ratio, to ensure the removal of
small DNA fragments (<200 bp). IGHV1 amplicons were
sequenced on the Illumina MiSeq platform due to MiSeq
being more appropriate for the amplicon size (570 bp) and
the greater sequencing depth that can be produced in a
run. This was necessary due to the large number (n=21)
of genes in this subgroup and the high allelic diversity of
IGHV1 genes, such as IGHV1-69. The other subgroups
were sequenced using the PacBio Sequel platform (IGHV2
through IGHV6); these were then pooled using a gene-
appropriate ratio (Supplementary Table 1), where the
final concentration for each subgroup was proportional to
the number of genes in each reaction. All amplicons were
indexed with participant-specific molecular barcodes.
IGHV 1 amplicons, sequenced on the Illumina MiSeq, were

indexed with the Nextera Flex indices (Illumina; San Diego,
CA, USA) using the Failsafe PCR kit (Epicentre; Madison,
WI, USA) in a limited 11 cycle PCR. Each indexing reac-
tion contained 10 pL of Nextera index mix, 25 uL of Fail-
safe PCR 2X PreMix, 13.5 pL of water, 0.5 uL Failsafe
PCR enzyme mix, and 1 pL of amplicon DNA. IGHV2 to
IGHV6 were indexed using Pacific Biosciences (Menlo, CA,
USA) barcodes and the Platinum SuperFi kit, using the same
protocol as initial amplification except with the indexes as
primers.

Sequencing library quality assessment and sequencing
were performed by the NICD Sequencing Core. Briefly, the
amplicon library concentration was measured on a Qubit®
3.0 Fluorometer (Invitrogen; Waltham, MA, USA) and the
size of the amplicons were then visualized using the 4200
TapeStation (Agilent Technologies; Santa Clara, CA, USA).
The purified amplicon libraries were normalized to 2 nM
and then sequenced on the Illumina MiSeq platform using
the Tllumina MiSeq v3 kit with a 10% PhiX spike in, to
obtain 2x 300 bp paired-end sequences. The library prepa-
ration for PacBio libraries was done using the SMRTbell
Template Prep Kit (v.1.0) (Pacific Biosciences). Sequencing
was carried out on PacBio® Sequel system using SMRT cell
1 M with a movie time of 600 min, pre-extension time of
90 min using Sequel Binding Kit (v.2.1), Sequel Sequencing
Plate (v.2.1) and loading was done by diffusion. The result-
ing subreads were demultiplexed and the circular consen-
sus sequences (CCSs) were generated using the “ccs” com-
mand (0.9999 minimum predicted accuracy and 3 minimum
passes) on SMRT Link (v.6.0) (Pacific Biosciences).

Sequence analysis of germline IGHV sequences

Paired-end MiSeq FASTQ files were paired using PEAR
(v0.9.8) (Zhang et al. 2014). PacBio CCS FASTQ files did
not require this step. Primers were then removed from all
reads, from both platforms, using CutAdapt (v3.5) (Martin
2011). The FASTQ files were converted to FASTA using
the FASTX toolkit (Lab 2010). Removal of low-quality
reads (Q score <33), dereplication, and removal of low-
abundance reads were done using VSEARCH (v2.22.1)
(Rognes et al. 2016). Processed sequences were assigned
gene and allele annotations using a custom Julia script
developed for this analysis utilizing modules and packages
from BioJulia (https://github.com/NICD-AIRU/AMarsden_
IGHV_Analysis_2024). Briefly, the V-region of the IGHV
genes were compared to a custom database, created using
reference sequence data from IMGT (imgt.org, accessed in
Jan 2023) (Lefranc et al. 2015; Manso et al. 2022; Lefranc
2014) and IgPdb (https://cgi.cse.unsw.edu.au/~ihmmune/
IgPdb), using BLAST (v2.12). The BLAST output was then
parsed to select the closest match with the highest sequence
identity for the sequence and assign a gene and allele for
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the sequence. Pairwise alignment was then performed to
identity SNVs (single nucleotide variants) in the regulatory
regions of the gene using reference leader, intron, and RSS
sequences from IMGT, noting the region and frequency of
SNVs across the gene. The script also examined the number
of unique alleles per person for each gene; if there were more
than two unique alleles assigned to a gene, that gene was
assumed to be duplicated in that participant.

Analysis of antibody transcriptome datasets

Of the 70 CAPRISA donors used for the germline IGHV
sequencing, eight had donor-matched bulk IgM transcrip-
tomic sequencing, obtained pre-infection, that were utilized
in this study. Amongst the eight, two have been published
in a study examining public clonotypes in longitudinal sam-
ples from HIV-infected individuals (Setliff et al. 2018). The
sequence data from the previously published study was pro-
duced with the methodology outlined in the original paper
(Setliff et al. 2018). Briefly, unbiased amplification of VDJs
was performed using a multiplex approach, with forward
primers designed to amplify all heavy chain regions by tar-
geting the framework-1 region. These underwent quality
assessment before sequencing on an Illumina MiSeq. The
unpublished data in this study was produced using a 5" mul-
tiplex method to amplify full VDIJs, using a different primer
set which targets the leader sequence (Vazquez Bernat et al.
2019).

All transcriptomic sequencing data were processed from
paired-end Illumina MiSeq reads that were paired using
PEAR. Sequence data was identified and annotated using
PyIR, a python wrapper for IgBlast (v1.20.0) (Soto et al.
2020). Novel allele inference was performed using IgDis-
cover (v1.01) (Corcoran et al. 2016). Individual haplotypes
were reconstructed with RabHit, based on the allele assign-
ment and inference of novel alleles, initially made by IgDis-
cover using IGHJ6 as a gene anchor, which was heterozy-
gous in 4/8 participants and yielded reliable results (results
with confidence scores above 3 according to RabHit (v0.2.5)
(Peres et al. 2019). Other IGHJ genes, IGHJ1-IGHJS, were
assessed, but fewer participants were heterozygous with
sufficient expression for RabHit for these genes (IGHJ1:0,
IGHJ2:0, IGHJ3:0, IGHJ4:2, IGHJS5:0). Custom Julia scripts
(https://github.com/NICD-AIRU/AMarsden_IGHV _Analy
sis_2024) were used to compare the outputs of the tran-
scriptomic and germline sequencing analyses. In brief, the
scripts count the number of unique alleles per haplotype.
The expressed allele calls were compared with the germline
allele calls for the participants to establish concordance.
The novel IgDiscover calls are compared to existing novel
alleles from the germline sequencing and IgPDb alleles. We
assessed the impact of duplication on expression by compar-
ing unique VDI counts between haplotypes with duplication
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to haplotypes without duplication, on a per gene basis. This
was conducted on a gene-wise basis to avoid the effect of
variable expression between genes. Duplications were also
excluded from this analysis if they had a read count under
50 or if the Bayesian significance factor (k-value) was under
3.6, deeming the inference as unsubstantial (see Supplemen-
tary Table 7).

Results

Novel alleles identified by germline and bulk IgM
transcriptome sequencing

Full-length germline sequencing of IGHV genes from 70
individuals revealed 161 alleles (Fig. 1A, Supplementary
Table 2) across 33 IGHV genes. While 56% (n=387) of these
alleles matched known sequences in the IMGT database
(indicated in black), 21% (n=32) were novel (indicated in
red). Novel sequences and their identity to known IMGT
alleles are detailed in Supplementary Table 3. The majority
of the remaining alleles (13%, n=21) matched those pre-
viously identified from the same donors, indicated in grey
(Scheepers et al. 2015). The final 10% (n=16) of alleles
matched inferred sequences from the IgPDb or OGRDB
databases (indicated in blue). Unique alleles were deter-
mined using full-length sequences, inclusive of all regions
of the IGHV gene. This created instances where V-regions
between alleles were identical but there were differences in
other regions such as the intron or leader sequence (Sup-
plementary Table 4).

Some genes had less sequences than other genes, as evi-
denced by lower or non-existent allele calls, particularly
those genes within the IGHV3 family. Due to the fact that we
were able to amplify them in the transcriptomic data from
the same donors (Fig. 1B) and have amplified them in previ-
ous germline sequencing (using different primers) (Scheep-
ers et al. 2015), it is unlikely that the missing sequences
result from germline deletions. Therefore, the missing
sequences likely result from PCR biases due to primer multi-
plexing, with the primers favouring some genes over others.
It is also possible that unknown nucleotide variation lays in
the primer binding sites.

We next aimed to examine the expressed antibody tran-
scriptome for further novel variants and determine if the
novel alleles described in this study can be observed in
expressed antibodies. From the larger cohort of 70 indi-
viduals, eight had matching bulk IgM-expressed data-
sets comprising more than 5 million total sequences. We
performed germline inference to identify IGHV alleles
in these expressed datasets (Fig. 1B, Supplementary
Table 2). There were a greater number of IGHV genes
observed using this approach, with alleles being identified
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Fig. 1 Distribution of IGHV alleles identified through transcriptomic
and germline sequencing. A Alleles identified from germline NGS,
coloured by the alleles that were novel (red), previously identified in
Scheepers et al. (2015) (grey), matched alleles in the IgPDb/OGRDB
(blue), and IMGT (black) databases. B Alleles identified from tran-
scriptome sequencing of bulk IgM, coloured by the categorization of
the alleles with novel alleles (green), the alleles which match previous
genomic sequencing from Scheepers et al. (2015) (orange), inferred
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Heatmap showing the overlap between the genomic and transcrip-
tomic sequencing datasets for seven matched participants. Partici-
pant 228 was excluded due to low VDI count. Grey represents where
either approach is lacking data for that gene. The sequencing depth
from the transcriptome sequencing is represented by the bar graph to
the right that shows the number of unique VDIJs identified per partici-
pant
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A Distribution of SNPs across Germline IGHV Sequence

1

Number of SNPs

I:_ |

Nucleotide Position

CDR1 CDR2 CDR3
[ [ | [N
[ Vv-Region 1 corRs M RsS

DLeader =~ Intron

Diagram of Leader Variation Types

C Distribution of Variation
Across IGHV Genes

SNV Mismatch B WT EE SNV [ Mismatch
Leader Intron V-Region Leader Intron V-Region
IGHV5-51
Feference 01 Alete ._- .—- IGHV4-61
IGHV4.
Reference 02 Allele
IGHV3-30-:
EaficomLme E_- i
IGHV1-!
IGHV1-18:
IGHV1-2
U U U U U 1
0.0 0.2 0.4 0.6 08 1.0
. Proportion of Participants
D SNVs in the Leader Sequence
1.0
] G
1
g |
§ o5
: G G TAGY T
® 1
£ ] j Y G G 1
T T T R T I T W AR W WY W R A E B NS B BB RN R uuuu avuwuuuuu 4% a1

E Amino Acid Changes that Result from SNVs in the Leader Sequence

1.0

R
S A

12 34 5§ & 7 8 9 1 11 12 13 14 15 16

Frequency
°
o

°

for 48/50 IGHV genes (compared to 33 in the germline
data). In total, 123 alleles were identified; the majority
(75%, n=92) of which matched known alleles in the
IMGT database (black, Fig. 1B). Most non-IMGT alleles
were novel (green), making up 15% (n=18) of alleles;
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identity to known IMGT alleles is shown in Supplemen-
tary Table 3. A small proportion (7%, n=38, blue) of the
sequences matched inferred alleles from other studies
found in IgPDb or OGRDB (Lees et al. 2020), while a
minority matched alleles from genomic sequencing in
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«Fig.2 Genetic diversity in the leader sequence of IGHV genes from
germline sequencing. A SNPs across the full-length IGHV gene. The
peaks represent the number of single nucleotide variations across the
IGHV gene. The various regions of the gene are highlighted both on
the graph and below in a schematic. It should be noted that CDR3
in this figure does not represent the whole CDR3 in a final antibody
sequence as this is the germline IGHV portion of the CDR3, distinct
from the CDR3 in the protein of an antibody that arises from the
junction of the V, D, and J genes during somatic recombination. B
Schematic representation of differing forms of leader part 1 sequence
diversity; alignment is demonstrated in Supplementary Fig. 1. C Dis-
tribution of leader sequence diversity across specific IGHV genes
with SNV in red and Mismatch in green. D Logogram represent-
ing the relative frequency of novel leader sequence variations when
contrasted against reference leader sequence data (from IMGT). The
novel bases are represented in purple. E Logogram of translated
leader sequence data, representing novel amino acid changes (purple)
as the result of leader sequence diversity

either this or the previously study on these donors (4%,
n=>3, orange).

We compared the allele assignments for the donors
that had high VDIJ counts and found strong concordance
between the germline and transcriptomic sets (Fig. 1C).
This analysis focussed on genes where there was suffi-
cient overlap between the datasets, excluding genes where
there was substantial missing data. One of the participants
(CAP228) was also excluded due to low VDJ counts. In
genes where coverage from both techniques for a partici-
pant was high, concordance was strong (>80%). The dis-
crepancy between the datasets, where concordance was
low, is partly due to large differences in IGHV coverage
between the two methods. Furthermore, discordance may
arise in calls between the datasets (the white boxes) as
the result of the different way alleles are identified. In the
transcriptome, not all IGHV alleles, or even certain IGHV
genes, may be expressed, hampering the ability to effi-
ciently discriminate true alleles from somatically mutated
sequences. For example, IGHV2-70 is highly discordant in
our dataset. This likely results from the low levels at which
IGHV2-70 is expressed which makes it difficult to cor-
rectly infer alleles for this gene. For CAP312, there are two
genomic novel alleles (IGHV6-1¥03_C288T and IGHV6-
1*01_C288T) which differ to the transcriptome (which
shows IGHV6-1*%01). It is possible that the genomic alleles
contain mutations that prevent their expression or were
not expressed at high levels at the particular time point
sampled. Furthermore, the mutation lies towards the end
of the transcript sequence where uncertainty from infer-
ence exists due to variable v sequence lengths. Thus, the
discrepancy likely arises from technical limitations in the
inference process. The primers utilized in the germline
approach may sit in regions where unknown polymorphic
diversity lays, affecting their efficacy, as opposed to the
primers in the transcriptomic approaches which target con-
served regions within the IGHV gene.

Leader sequence variation in full-length germline
IGHV sequences

Using full-length germline sequences, we examined the
distribution of nucleotide diversity across the whole gene,
including the leader sequence and V-region (Fig. 2A). This
revealed variation across all parts of the IGHV gene, not
just in the V-region, which is the most extensively studied.

Within the first part of the leader region (before the
intron, Supplementary Table 5), we identified two types of
variation: one involving single nucleotide variation (SNVs)
and the other in which the leader sequence is represented in
IMGT but is associated with a different V-region than what
has been detected in these sequences, resulting in a mis-
match between the expected leader and V-regions. This lat-
ter variation resulted in a different assignment of the leader
sequence from the V-region identity, which we termed mis-
match (Fig. 2B). The mismatch may arise from nucleotide
variation, such as SNVs, or these variants are the product
of homologous recombination. The different variations
are also represented in alignment form in Supplementary
Fig. 1. These analyses excluded novel alleles and alleles that
matched truncated data from IgPDb, as there is no reference
leader sequence for these alleles for comparison to identify
SNVs or mismatch. The mismatch variation was observed in
20% of alleles and present in eight genes, in contrast to the
SNV which was detected in 6% of alleles and only present
in two genes. Notably, all IGHV 1-18 alleles had mismatched
leaders.

Despite the variations being across different genes and
alleles, there was commonality in the variable nucleotide
positions (Fig. 2D). For several positions (nucleotides:
A19T, A37G, and C46A) across the leader, novel muta-
tions were more prevalent than the nucleotides from refer-
ence IMGT leader sequences. Several of these leader vari-
ants lead to amino acid changes (Fig. 2E), which may have
implications for antibody expression that warrant further
investigation.

Gene duplication confirmed by reconstructed
haplotypes

CNV analysis was performed on both germline and tran-
scriptomic datasets to examine the presence of gene dupli-
cation. For the germline NGS data (Fig. 3A), duplication
was called when there were more than two unique alleles
for a gene in a participant. From this, we estimated duplica-
tion in 10/33 IGHV genes. Gene deletion, conversely, was
difficult to estimate with accuracy as a single unique allele
may indicate homozygosity rather than a deletion. Further-
more, no alleles detected for a particular gene may be the
result of poor sequencing coverage; thus, deletions were
excluded from this analysis. A caveat of this approach is
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IGHV Gene Duplication from Germline NGS
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«Fig.3 Gene duplication in IGHV genes. A Duplication of IGHV
genes detected in germline sequencing of 70 participants. The bars
represent the proportion of the participants who were homozygous
(grey), heterozygous (black), or were duplicated (green) for a given
gene. B CNV detected from haplotype reconstruction of donor-
matched expressed IgM data. The bars represent the proportion of the
participants who contained no duplication (grey), a single haplotype
duplication (blue), and duplications on both haplotypes that were
resolved (green). C Fold change in expression between haplotypes
with duplication and those without duplication. Expression was cal-
culated by taking the difference between the relative proportions a
particular gene was expressed as in association with either haplotype

that two unique alleles may exist on one chromosome while
the other chromosome contains a deletion. Furthermore, this
approach cannot take into account that duplications may be
the result of completely identical alleles; thus, we could be
underestimating duplications in this dataset. The partici-
pants that contained duplications and the alleles that con-
tributed to duplication are noted in Supplementary Table 6.
It should be noted that the analysis was performed on a per
gene basis, examining participants that had coverage of that
gene. Thus, the proportions do not represent a proportion
of the total population but those that had sequences for a
particular gene. For example, there were few participants
that had IGHV3-33 sequences which resulted in two alleles
identified (Fig. 1A); however, both of these participants were
heterozygous for IGHV3-33.

Gene duplication has been reported in nine IGHV genes
in other studies (Watson et al. 2013; Avnir et al. 2016). Of
those genes, four (IGHV1-46, IGHV4-59, IGHV 1-69, and
IGHV2-70) were also duplicated in individuals in our popu-
lation. The most commonly duplicated gene was IGHV1-69,
which was duplicated in more than half of the population,
while the other genes were less commonly duplicated (20%,
n=14). Furthermore, six IGHV genes (IGHV6-1, IGHV1-
3, IGHV4-4, IGHV2-26, IGHV4-38-2, and IGHV5-51)
demonstrate novel duplication, not reported in other CNV
studies. The most commonly duplicated gene amongst the
novel duplications was IGHV4-38-2 (27%, n=19), show-
ing prevalence similar to genes with reported duplications.
The remaining genes had less than 10% prevalence in the
population, although this level of prevalence is still striking.

We performed haplotype reconstruction on the transcrip-
tome data to analyse the presence of CNV. Briefly, haplo-
type reconstruction leverages the process of VDJ recombi-
nation to examine which alleles of a particular IGHV gene
are expressed with a particular IGHJ allele (in this study,
as with many, IGHJ6, served as the anchor). As genes that
undergo VDJ recombination exist on the chromosome,
a haplotype can be reconstructed from examining which
alleles exist together in certain VDJ combinations. We were
able to resolve CNV on a chromosome level by examining
the number of alleles assigned for each gene to a particular
haplotype. As a result of higher IGHV gene coverage in the

transcriptomic data, compared to the germline sequencing,
we identified duplications in 18 genes (Fig. 3B). The dupli-
cations often consisted of the same IGHV gene alleles on
both chromosomes. Furthermore, through haplotype analy-
sis, we were able to resolve whether duplications occurred
on a single chromosome or both chromosomes. Duplications
on both chromosomes were present in 4/50 IGHV genes in
this dataset. These indicate that there is inheritance of these
duplications from both parents, suggesting a wider preva-
lence of IGHV gene duplication in our population. Due to
the complexity innate to assigning alleles to particular genes,
there may be overrepresentation of duplication for certain
genes. An example of this is IGHV3-30 where allele *18
is identical to an allele of IGHV3-30-5. Indeed this allele
is implicated for several participants as part of IGHV3-30
duplication and thus may not represent true duplication.
Furthermore, no alleles were assigned to IGHV1-69D and
IGHV2-70D which are duplicated genes and highly homolo-
gous to IGHV1-69 and IGHV2-70. Therefore, it is possible
that some alleles assigned to the non- “D” genes are in fact
alleles of those genes. However, this would not necessar-
ily change the detection of duplication within this dataset.
This also holds true for the genomic data produced in this
study. This analysis is further complicated by the differences
in expression between alleles of IGHJ6, as in the case of
CAP088 and CAP256. The haplotyping process of Rab-
Hit was adjusted to account for this but may however be
a limitation. Nevertheless, these data provide information
on potential CNV events that can be validated by genomic
techniques.

Unique VDJ counts were normalized as a proportion of
the transcripts to control for variable VDJ counts between
participants. These were then used to calculate a fold change
in expression between haplotypes that did not have a dupli-
cation and those that did. With the reconstructed haplotypes
from transcriptome data, we were able to connect the pres-
ence of a duplication with differences in expression and vali-
date duplication observed previously in germline sequencing
(Fig. 3C). While most of the genes demonstrate marginal
fold changes as the result of gene duplication (> onefold
change), there were six genes that demonstrate a much
more distinct increase in gene expression when duplicated
(IGHV1-3: 5.2 fold, IGHV3-9: 3.4 fold, IGHVS5-51: 1.4 fold,
IGHV1-69: 1.2 fold, IGHV2-70: 3.1 fold, IGHV3-73: 10.5
fold). This is consistent with what has been reported in other
studies, where duplicated genes such as IGHV1-69 demon-
strate biased usage (Avnir et al. 2016; Kenter et al. 2021;
Pennell et al. 2023). The broad range (1.4-10.5 fold change)
in expression levels amongst these genes suggests that dupli-
cation alone is not the only causative factor in enhanced
expression indicating a more complex basis for this phe-
nomenon. Some of these differences in expression could be
explained by biased allele usage, which has been reported
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in several genes (Ohlin 2021). This may particularly be the
case for the duplicated haplotypes for IGHV1-3 which har-
bour an 01 allele which is expressed much more highly than
the 02 alleles present in the haplotypes that lack duplication.
While this is the only allele with reported usage biases that is
present in the haplotypes of the dataset, it remains possible
that as yet unknown allelic biases may be contributing to the
observed differences in expression.

Discussion

Here we examined the genetic variation in both the IGHV
sequences of a South African population, using multi-
ple approaches. We observed significant levels of novel
genetic diversity including in the leader peptide sequence,
a functionally important portion of the gene that modulates
expression. Importantly, many of these novel alleles were
expressed as part of the antibody transcriptome, suggesting
that they are utilized in the adaptive immune response. Fur-
thermore, gene duplications were observed in the majority
of the sequenced genes with some evidence of changes in
expression levels as a result of duplication.

There are currently more than 300 alleles recorded in
IMGT and other databases (Lefranc et al. 2015; Manso et al.
2022; Lefranc 2014; Lees et al. 2020). Through sequenc-
ing of 70 African donors, we have contributed an additional
32 novel IGHV alleles. We have also provided full-length
sequences for 37 previously truncated alleles, allowing
more confident inclusion of those sequences within human
germline reference data. High levels of novel variation are
consistent with several recent studies that examine the IGH
locus (Watson and Breden 2012; Watson et al. 2013; Rod-
riguez et al. 2020; Corcoran et al. 2016; Gidoni et al. 2019;
Hardt et al. 2023; Boyd et al. 1950). Other studies have
examined African participants; however, our population
yielded different alleles to those identified in largely Yoru-
ban samples (Watson et al. 2013; Scheepers et al. 2015). It
is probable that IG loci follow the population sub-structures
identified more broadly in African genomes (Choudhury
et al. 2020; Sengupta et al. 2020; Tau et al. 2017; May et al.
2013). Notably, however, the samples used in this study
come from a single geographic population (KwaZulu-Natal,
South Africa) and likely do not represent the broader genetic
diversity across South Africa or the Southern African
region. Further studies in cohorts across Southern Africa,
and Africa more broadly, are likely to reveal novel genetic
diversity.

Transcriptomic sequencing data derived from a subset of
8 of these individuals revealed further novel genetic diver-
sity and explored linkage to gene expression. These results
included confirmation that novel alleles discovered are
expressed and contribute to a functional antibody response.
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Furthermore, the transcriptome sequencing showed better
coverage across IGHV genes than the germline sequencing.
This is likely the result of the sequencing method being more
unbiased than the germline approach. The transcriptomic
approach targeted highly conserved regions (framework 1
and the leader sequence) within the gene, whereas the ger-
mline sequencing used primers that target intergenic regions
outside of the gene. Unknown polymorphisms in these inter-
genic regions may have impacted the ability of these primers
to amplify all IGHV genes reliably. Our approach could be
improved by a more complete understanding of the genetic
diversity in intergenic regions in the IGH locus for Southern
African individuals. Newer approaches, like hybrid capture
described in Rodriguez et al. (2023), can provide complete
characterization of both structural and allelic diversity in the
IGH locus and could be applied in future studies.

There has been a large increase in the number of antibody
transcriptomic studies being performed globally. Many of
the data for these studies are housed in public databases
such as iReceptor (Corrie et al. 2018) and VDJbase (Omer
et al. 2020) and there are rigorous processes for the valida-
tion of novel alleles described from inference (Ohlin et al.
2019). This study indicates the utility of leveraging previ-
ously generated data to examine genetic diversity in IGH
genes and creates a useful link to expression in the antibody
transcripts. Meta-studies enable a deeper understanding of
human genetic variation in the IG loci.

Full IGHV sequences were produced by amplicon
sequencing, allowing for the examination of the leader
sequence upstream of the variable gene. Similar to variable
genes, substantial diversity was uncovered in the leader
sequences. This has also been reported in the heavy chain
(IGH) and light chain (IGK, IGL) loci of other populations
(Mikocziova et al. 2020; Zhu et al. 2021; Mikocziova et al.
2021b; Huang et al. 2021). This study confirms that this phe-
nomenon occurs in many of the same genes discussed in pre-
vious studies IGHV1-18, IGHV1-58, IGHV2-26, IGHV4-4,
IGHV4-61, IGHV5-51), inclusive of the mismatch varia-
tion described here. Furthermore, many variants identified in
these studies are present in our dataset. For example, many
of the IGHV4-4 alleles identified in this study demonstrate
variation at IMGT position —31 in the leader between G
and C, which is consistent with what has been reported in
previous studies (Mikocziova et al. 2020; Zhu et al. 2021;
Mikocziova et al. 2021b; Huang et al. 2021). These stud-
ies broadly focussed on European populations and here we
described similar variation in African populations, suggest-
ing that this phenomenon is common across different human
populations. The uncovered mismatches in allele assignment
between the leader and the variable regions may be the result
of nucleotide variation that simply matches other alleles or
could possibly represent a recombination event between
alleles due to high sequence homology. It is probable that
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Chapter 2:

|dentification of novel IgA and IgG antibody alleles in a South

African population

Abstract

The Fc region of an antibody mediates interactions with cells of the immune system through
binding to Fc receptors (FcRs). Genetic variation in the genes encoding the Fc region can
impact these interactions, through altering binding kinetics. The Fc region is encoded by a set
of IG (immunoglobulin) genes which also determine the isotype of the antibodies. Here we
examine genetic diversity in IGHG and IGHA genes, which encode the IgA and IgG class of
antibodies, in a South African population. We focus on these genes as they are most relevant
to the study of viral infections. The genetic diversity of IGHG genes has been examined
extensively, including in African populations, revealing a large number of alleles at variable
demographic frequencies. In contrast, IGHA is less well understood with no genetic studies
having been performed in the past 20 years. We performed targeted amplicon-based NGS in
a South African population to examine if similar diversity is seen in IGHG and IGHA genes as
was observed in the IGHV genes. For IGHA and IGHG we analysed sequences from 58 and
8 participants, respectively, identifying 65 total alleles, 83% (n=56) of which were determined
to be novel. The largest number of novel alleles were found in IGHA1 (n=26) but novel alleles
were also detected for IGHG1 (n=10), IGHG2 (n=7), IGHG3 (n=3) and IGH4 (n=9).
Furthermore, within IGHA1, we characterised 9 new allotypes, including variation at position
411 (F>Y), a key residue in binding pIgR, facilitating antibody translocation across cellular
membranes. Furthermore, mutations in IGHG that have been implicated in either enhancing
or reducing several effector functions like ADCC were identified. Altogether we have described
significant novel genetic diversity in IGHA and IGHG genes of African origin, which may have

implications for the function of antibodies across different populations.
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Introduction

Antibodies play a large role in the adaptive immune response. Several antibody classes exist
across the various compartments of the human body and perform different functions. The
fragment crystallizable (Fc) region determines how an antibody interacts with the broader
immune system (1). The Fc region is encoded by the IGHC gene classes which also determine
the isotype of the antibody: IGHM - IgM, IGHG - IgG, IGHE - IgE, IGHA - IgA, IGHD - IgD (2).
These genes are all found within the IGH locus on chromosome 14. In this study, we focus on
the IGHA and IGHG genes as they play the largest role in antiviral immunity (3). IgG is the
most abundant isotype circulating in blood and is vital in engaging cells of the immune system
(4). The IgA isotype is commonly found in the mucosae, in its dimeric form, where it is critical
for mucosal immunity (5). The monomeric form of IgA can be found in human serum, however

studies have demonstrated that IgA is most effective as a dimer (6).

Structurally, the Fc has three constant heavy domains (CH1-3) and a hinge (or several in the
case of IgG3) between CH1 and CH2 (7). It is through interaction between the Fc region and
various cellular receptors that an antibody enacts effector function (8). These include antibody-
dependent cellular cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP),
antibody-dependent complement deposition (ADCD), and trogocytosis. The cellular receptors
that bind the Fc region are called Fc receptors or FcRs, often binding through interactions with
CH2 (9). There are seven FcRs with variable affinities for different antibody isotypes that are

expressed on a variety of cells in the body.

The IGH locus, which contains all of the constant region genes, is one of the most polymorphic
and structurally diverse regions of the human genome (10). The most allelically diverse gene
is IGHG3 which has 29 recorded alleles in IMGT, the gold standard immunogenetic reference
database (11). The next largest are IGHG1 and IGHG2 which have 14 and 17 alleles,
respectively. Finally, IGHG4 has only eight alleles but interestingly exhibits gene duplication,
which is more commonly found in IGHV genes (12,13). These reference data have been
produced in large recent studies from different populations in geographic locations across the
world such as Africa and Brazil (13-15). IGHA, by contrast, has very few known reference
alleles (only four for IGHA1 and three for IGHA2) (11). This is largely due to there being no

known large-scale genetic studies on IGHA genetic diversity.

Protein diversity in IGHA and IGHG genes has previously been described through serological

methods (16). The various protein variants are termed allotypes, where one allotype
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represents a specific haplotype of amino acid mutations. In recent IGHG genomic studies,
amino acid mutations that result from genetic variation have given rise to newly described
allotypes (13—15). Currently, there are 46 described allotypes for IGHG genes (IGHG1=12,
IGHG2=12, IGHG3=20, IGHG4=2) (13,17). While there is no described allotypic variation for
IGHA1, two allotypes have been identified for IGHA2 (17). For ease of reading, we will also
describe novel protein variants as allotypic variations to easily discriminate between specific

amino acid residue changes and a haplotype of amino acid changes.

There are functional implications for variation in the protein sequence of the Fc region as
demonstrated in a series of papers that have been published examining the effect of mutations
on key elements of the IgA Fc (5, 18,19). Many of these lead to enhanced binding of FcaRl
and consequently increase effector function (18,19). For the IGHG genes, both naturally
occurring and induced mutations have been examined for their impact on Fc function. Allelic
variation in CH2 has been demonstrated to enhance binding to FcyRllla and other FcRs
leading to enhanced effector functions such as ADCC (20-27). Fc mutations can also affect
other aspects of antibody function. CH3 mutations have been identified that create bispecificity
in 1gG antibodies, which either occur naturally or can be engineered (22,26,28-30).
Bispecificity is created when antibodies with different paratopes are combined to create a new
antibody that has the specificities of both. These have been useful in cancer immunotherapy
but have also been developed to make antibodies that bind pathogens at multiple sites or from

multiple strains.

This study aimed primarily to address the relative lack of information on IGHA genetic diversity,
specifically within a South African population, and to contribute valuable new sequences. We
also examined if the IGHG genetic diversity observed in this population is similar to what has
been reported in other studies where there is considerably more data. We further aimed to
determine through structural analysis if the genetic variants that we uncovered could have

potential functional implications.
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Methods

Participant samples and ethics

The same CAPRISA samples, from cohorts 002 and 004, from the paper in Chapter 1 were

utilised here, under the same ethics clearance. This is also detailed in Samples and Ethics.

Germline IGHA library preparation and sequencing

Genomic DNA was extracted from participant PBMCs using the Wizard® Genomic DNA
Purification Kit (Promega; Madison, WI USA). To generate IGHA genomic datasets, the DNA
first underwent a gene-specific PCR amplification. In-house primers, initially designed for
Sanger sequencing, were adapted for PacBio library preparation with the addition of an

adapter section on the 5' end of each primer.

Forward primer:
5-GCAGTCGAACATGTAGCTGACTCAGGTCACGGGCCGCGTCCTCACAGTGCATTC-3’
Reverse primer:
5-TGGATCACTTGTGCAAGCATCACATCGTAGCAGACAGGCGCCGGATGGAAGCG-3

Due to high sequence homology between IGHA1 and IGHA2 and evidence from prior Sanger
sequencing, a single primer pair was used to amplify both genes. However, the primer pair
was strongly biased towards the amplification of IGHA1, as only a single IGHA2 sequence
was recovered during analysis. Each PCR reaction contained 14.75 pL of molecular grade
water, 5 pL of 5x Platinum Superfi Buffer, 0.5 pL of a dNTP mix (10 uM each), 1.25 pL of
forward primer (10 uM), 1.25 uL of reverse primer (10 uM), and 0.25 pL of Platinum SuperFi
Il Polymerase (Thermofisher Scientific; Waltham, MA USA) (2.5 U/uL). To this mix 2 pL of

DNA (10 ng/pL) was added. The cycling conditions were as follows:

Initial Denaturation 98°C|30s
Denaturation 98°C|10s
Annealing 60°C|10s 25 Cycles
Extension 72°C|1m
Final Extension 72°C|5m
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Each sample was run in duplicate to aid in the elimination of erroneous reads during data
analysis. Once this initial amplification was complete the amplicons were purified, eliminating
remaining PCR reagents, with Ampure XP beads (Beckman Coulter; Brea, CA, USA). These
beads bind DNA and were added at a 1:0.75 ratio, to ensure the removal of small DNA
fragments (<200 bp).

The cleaned PCR product was evaluated with a Qubit Flex (Thermofisher Scientific; Waltham,
MA USA), and positive amplification demonstrated a high concentration of DNA. After this QC
step, the duplicates were mixed. To each participant sample, a unique PacBio barcode was
added and another PCR was performed with the same Platinum SuperFi Il Kit, with the

following cycling conditions:

Initial Denaturation 98°C|30s
Denaturation 98°C|10s
Annealing 60°C|10s 15 Cycles
Extension 72°C|1m
Final Extension 72°C|5m

The PCR was cleaned again using magnetic bead purification and submitted to the NICD
sequencing core for Next Generation Sequencing. Before sequencing on a PacBio Sequel I,
the samples were evaluated on both Qubit and Agilent Tapestation (Agilen; Santa Clara, CA,
USA) to ensure that there was sufficient concentration and correct amplicon size. The library
preparation was done using the SMRTbell Template Prep Kit v. 1.0 (Pacific Biosciences,
Menlo Park, CA, USA). Sequencing was carried out on PacBio® Sequel system using SMRT
cell 1M with a movie time of 600 min, pre-extension time of 90 min using Sequel Binding Kit v.
2.1, Sequel Sequencing Plate v. 2.1 and loading was done by diffusion. The resulting subreads
were demultiplexed and the circular consensus sequences (CCSs) generated using the “ccs”
command (0.9999 minimum predicted accuracy and 3 minimum passes) on SMRT Link v. 6.0

(Pacific Biosciences).

Previously generated data was used to examine IGHG diversity, which was produced in the
same way as in this study with different primers (see next page). The original study was a pilot
testing the utility of PacBio to sequence IGHG3. However, due to high sequence homology
between the different IGHG genes the sequencing produced sequences for all four genes. In
this study, we re-examine this data to categorise variation in IGHG genes for eight of the
CAPRISA participants.
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Forward Primer:
5-GCAGTCGAACATGTAGCTGACTCAGGTCACGCTCTGTCCCACACCGCAGTCA-3
Reverse primer:

5-TGGATCACTTGTGCAAGCATCACATCGTAGGGGGTACGTGCCAAGCATCCTC-3

Data analysis

The data output of a PacBio sequencing run is in the form of CCS reads. The following
description of the data process and analysis was performed on all of the IGHG and IGHA
genes. Low-quality reads were discarded after being processed by VSEARCH (Q score <
30)(31). The reads were then oriented correctly as PacBio reads can be in either strand,
correct 5' to 3' orientation or in the reverse complement. This was achieved using a custom
Julia script (all scripts were developed for this study and are hosted at:
https://github.com/NICD-AIRU/AMarsden_IGHC). The same script also removed primer and
adapter sequences before deduplicating the sequences. Reads with a depth of less than ten
were discarded. The filtered sequences were then passed through a local BLAST to determine
the identity of the sequences. The BLAST database contained full-length reference IGHC
sequences from IMGT. These results were then parsed through a separate Julia script. The
purpose of this script was to eliminate sequences with low identity to functional IGHA and
IGHG genes, as pseudogenes and chimeras are possible within this dataset. Any sequence
with more than ten mismatches from the closest reference sequence was discarded, as these
were deemed likely chimeras due to high sequence homology between functional and non-
functional IGHA genes. However, it is possible that this meant eliminating complex novel
sequences with large mismatch but given the large number of novel alleles identified in this
study, that is not likely. Furthermore, novel IGHA alleles from a newly published study also
vary by less than ten nucleotides, thus reinforcing this filtering criteria (32). The sequences

were then compiled into separate gene-specific FASTA files.

The gene-specific FASTA files were then processed by a custom Julia analysis script, which
was run per gene. In brief, the script limited sequences to the top two most abundant
sequences per individual. This was performed under the assumption that no gene duplication
occurs, which has yet to be reported for IGHA and IGHG1-3 genes. While duplication has
been reported for IGHG4, it does not seem to be a common phenomenon in African
populations (32). All of the sequences were then collapsed from all participants to identify

unique alleles. Once alleles were assigned to sequences, genotypes were described for all
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participants. Each allele was then examined by extracting the CH regions. These were
compared to reference sequences to identify mutations on both a nucleotide and amino acid

level. Requisite FASTA files were produced for all steps as appropriate.

To represent nucleotide diversity, unique alleles for each gene were loaded into Geneious.
From this, the variant frequency was determined (in comparison to the most abundant match
to reference allele from IMGT) and alignments were visualised utilising the Highlighter tool
from LANL (https://www.hiv.lanl.gov/content/sequence/HIGHLIGHT/highlighter_top.html).
The amino acid diversity was also shown by demonstrating where changes lay on a crystal
structure. These were obtained from PDB (IGHA1:1IGA, IGHG1:61FJ, IGHG2:4HAG,
IGHG3:6D58, IGHG4:5W5N) and PyMol was utilised for visualisation.
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Results

Overview of IGHA and IGHG sequencing

In this study, we utilised genomic NGS to characterise IGHA and IGHG genetic diversity in an
African population. The genomic sequencing for IGHA was performed on 58 participants
yielding 27 unique allele sequences. Only a single IGHA2 sequence was obtained and
matched the reference 01 allele. For IGHG, genomic sequencing data from an unpublished
study of eight participants was used to determine if the variants we uncovered are similar to
those previously reported in African populations. Novel alleles were called when nucleotide
differences were observed compared to reference sequence data in IMGT, the immunogenetic

reference database.

The greatest number of alleles, 27, were identified in IGHA1 sequences (Figure 1A). There
were fewer alleles detected for IGHG overall, due to the smaller sample size. For IGHG1, 11
alleles were detected, 9 alleles were observed in IGHG2, 8 alleles were found for IGHG3, and
11 alleles for IGHG4.
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Figure 1: Description of IGHA and IGHG germline sequencing. A: The left-hand bar graph shows the
number of participants that were sequenced for each IGHC gene. The right-hand bar graph shows the
number of unique alleles identified for each IGHC gene. B: This demonstrates the proportion of unique

alleles that were designated as novel (in purple) or matched IMGT reference data (in black).

Amongst these unique alleles, many novel alleles were identified (Figure 1B). In IGHA1, 26 of

the 27 alleles were novel. Amongst the IGHG alleles, 29 alleles were novel (IGHG1:10,

Chapter 2 | 39



IGHG2:7, IGHG3:3, IGHG4:9). In total, this makes 56 novel alleles identified in the study

population.

IGHA1 nucleotide and amino acid variation

Next, we investigated the location and frequency of the nucleotide diversity in the 27 IGHA
allele sequences produced by NGS from 58 CAPRISA participants compared to a reference

sequence (Figure 2).
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Figure 2: Distribution of nucleotide diversity in IGHA. A: Shows the frequency and position of SNPs
across the whole IGHA1 gene. B: A highlighter plot showing the position of observed SNPs within the
alleles. Novel alleles are designated with an 'n' in the allele name. C: Shows the number of participants

for which each allele was observed.

In total, there were 27 positions across the whole ~1.5 kbp gene where variation was observed
in the dataset. All of these were single nucleotide polymorphisms (SNPs), which were often

present across multiple alleles. These SNPs occurred at different frequencies, ranging from
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3.7% to 96.8% (Figure 2A). When compared to the reference IGHA1 alleles (IGHA1*01,
IGHA1*02, IGHA1*04, IGHA1*06), all sequences, except for one which matched IGHA1*01,
differed from the reference alleles. The novel alleles contained a range of SNPs (from 1 ->
10). Of the 27 SNPs, 17 occur within the CH regions of IGHA1. The most diversity was
observed in CH3, where eight variants were uncovered. The other regions, CH1 and CH2,
had fewer with four and five respectively. Interestingly, there were seven alleles where the
changes occurring in the CH3 regions were completely identical to the CH3 region observed
in IGHA2. We did not consider these as chimeras because there was sufficient read depth
(>10 reads), indicating these may be instances of gene conversion which commonly occurs in

IG constant genes (13,14).

Next, the amino acid and allotypic variation that results from the novel genetic diversity was
examined (Figure 3A, Table 1). We have identified several novel allotypes, designated with
an 'n’. In total, there were nine novel allotypes revealed. These novel allotypes result from
seven different amino acid changes that occurred across the three CH regions, with 4 of 7
found within CH3, consistent with the nucleotide changes observed. The most prevalent of
these novel allotypes (*02n) contains a single amino acid change, R392H, in CH3 and occurs
in 39.7% (n=23) of participants. The second most frequent allotype (*03n) contained a single
change in CH1, E295D, which was present in 20.7% (n=12) of participants The remaining
allotypes (*04n - *10n) have a variety of mutations in the CH3, having a combination of R392H,
F411Y, D428E, L451M mutations.

We further examined the location of shared amino acid mutations in the structure of an IgA1
antibody (Figure 3C). One mutation (F411Y), which occurs in three of the novel allotypes
uncovered, alters a position within the CH3 region. This position is critical for the binding of
plgR (Polymeric Immunoglobulin Receptor), although it is unclear the effect this mutation may
have on plgR binding (33,34).
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Figure 3: Novel allotypic variation in IGHA1. A: Graphical display of the different allotypes identified in

the dataset, with each change noted in its appropriate region using Burr numbering (the standard for

numbering amino acid changes in IGHA). B: The proportion of participants with each allotype and the

proportion of unique alleles that translate into that protein variant. C: A protein model demonstrating

the location of each amino acid change in the structure of an IgA1 antibody. The CH regions (CH1-

CH3) are circled and labelled in blue.
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Table 1: Alleles associated with IGHA1 allotypes

Allotype Alleles

01 01, 05n, 12n, 15n, 18n, 08n, 20n, 13n, 04n, 10n, 07n
02n 17n, 19n, 21n, 16n

03n 11n, 14n, 06n, 09n, 23n
04n 24n

05n 27n

06n 29n

07n 25n

08n 28n

09n 22n

10n 26n
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IGHG nucleotide and amino acid variation

The IGHG sequences from the eight CAPRISA participants were analysed in the same way
as the IGHA sequences, identifying the location and frequency of SNPs across the genes.
The number of SNPs across the four IGHG varies although they, like the IGHA sequences,
lay predominantly in the CH regions of the genes, with others occurring in the intron mostly,

with few in the hinge regions (Figures 4 and 5).

For IGHG1, 10/11 of the sequences were closely matched with the *05 allele, except for one
which was similar to *02. There were 17 SNPs that occurred in IGHG1 with 11 SNPs within
the CH regions (CH1:4, CH2:1, CH3:6) (Figure 4A-C). While most of these SNPs occurred at
low frequencies amongst the alleles (<10%), 4 positions exhibited more prevalent mutations
(45-72%). The IGHG2 sequences were split between identity to *02 and *06 reference alleles.
There were fewer SNPs identified in IGHG2 (13 total) with eight of these variants present in
CH regions (CH1:2, CH2:1, CH3:5) (Figure 4D-F). Many of the SNPs identified in IGHG2 were

present at higher levels with eight being above 10%.
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Figure 4: Nucleotide diversity in IGHG1 and IGHG2 genes. B, E: Each highlighter plot shows the SNPs
observed in the dataset in comparison to IMGT reference sequences. A, D: Above each alignment, a
graph represents the frequency at which particular variants are observed within the dataset. C, F: the
right of each graph is a graph showing the nhumber of participants each allele was observed in. A-C:
shows IGHG1 and D-F: shows IGHG2

IGHG3 (Figure 4A-C) is the longest of the IGHG genes due to hinge duplication, which can
vary between three to four hinges. This can be seen within the sample data where participant
alleles that closely match IGHG3*03 contain a large gap between CH1 and CH2, in contrast
to other IGHG3 alleles. This is the result of these sequences having two hinges as opposed
to three (Figure 5A). The other alleles closely matched the reference *10 allele. Overall, 17

SNPs were observed in IGHG3 with most of these occurring in CH3. These SNPs were
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observed at relatively high (14-70%) levels, although the number of participants is lower than

other genes. In IGHG4 (Figure 4D-F), the alleles closely matched the reference *04 allele with

more SNPs than in other genes (n=23), however, these were overall less frequent across the

dataset (with 21 SNPs exhibiting frequencies between 9-18%). The vast majority of these (17
SNPs) lay in the CH regions, predominantly in CH3 (10 SNPs).
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Next, we examined how this nucleotide diversity may affect the protein of an IgG antibody,
matching the allotypes to previously reported allotypic diversity (Figure 6, Table 2). Despite
the allelic diversity observed within IGHG1, only one allotype (the reference *01 allotype) was
observed. In IGHG2 (In red, Figure 6), there were two allotypes observed, *06 and the
reference *01. The variant allotype observed (*06), consisted of an A378S change accounting
for 20% (n=2) of IGHG2 alleles. This position is significant as the change to a serine residue

at this position has been demonstrated to adversely affect complement deposition (35).

IGHG3 (blue in Figure 6) had three different allotypes that differed from the reference *01
allotype in our population. The first allotype (*01m) contained a Q419E mutation, which has
previously been described in a South African population from the CAPRISA cohort and has
been associated with increased binding of FcyRIIl and FcyRIIb, leading to enhanced ADCC
responses (15). The allotype occurred in one participant. The next allotype (*14) contained
two amino acid changes, P291L and S384, the first of which has been determined to reduce
ADCC responses when a leucine residue occurs at position 291 in the CH2 region (36). The
final IGHG3 allotype (*03) had both the four amino acid changes and was the most prevalent
- occurring in half the participants. The allotype was defined as containing: M397V, K409R,
Q419E, and 1422V. Both positions 397 and 409 have been altered in another study to facilitate

the swapping of Fab arms, creating bispecific antibodies (37).

The last gene, IGHGA4 (in green in Figure 6), was determined to have three novel allotypes,
as well as the reference *01 allotype. These novel allotypes were less frequently observed in
the dataset than other IGHG variants, occurring in either one or two individuals and all resulting
from a single allele. The first identified allotype (*01n) contained an L445P mutation towards
the end of CH3. The next allotype (*02n) had two amino acid changes in CH2, V308l and
N325. However, for the last allotype (*03n), there were similar mutations to what was observed
in IGHG3: R409K, E419Q, and V422l. It is important to note that these are the opposite of
what was detected in IGHG3, e.g. R409K -> K409R.

When we examined where the mutations were positioned in the structure of an antibody, all
the changes existed within the CH2 and CH3 regions (Figure 6 C-E). Furthermore, many of
the mutations observed on the surface of the protein increasing the likelihood that they affect

interactions between the Fc and various receptors and proteins.
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Figure 6: Allotypes in IGHG. A: Allotypes, as they differ from the 01 allotype, identified in the dataset,
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allotypes identified in this study. B: The left bar shows the percentage of participants in which the variant
is found, and the right graph demonstrates the percentage of unique alleles that translate into that

protein variant. The genes are differentiated by colour, with IGHG2 in found,GHG3 in blue, and IGHG4
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in green. IGHG1 demonstrated no protein variation in the data set. C-E: Protein variation in the structure
of IGHG Fc region (CH2-CH3). All three are protein models of the Fc portion of IgG antibodies. Amino
acid changes are indicated by spheres and labeled accordingly. C represents IGHG2, D represents
IGHG3 and E represents IGHGA4.

Table 2: Alleles associated with IGHG allotypes

Gene | Allotype Alleles

IGHG1*05_1, IGHG1*05_2, IGHG1*02_3, IGHG1*05_4, IGHG1*05_5,
IGHG1 01 IGHG1*05_6, IGHG1*05_7, IGHG1*05_8, IGHG1*05_9, IGHG1*05_10,
IGHG1*05_11

IGHG2*03_1, IGHG2*03_2, IGHG2*06_5, IGHG2*03_6, IGHG2*06_7,

01 i .
IGHG2 IGHG2*03_8, IGHG2*03_9
06  |IGHG2*06_3, IGHG2*06_4
01 IGHG3*10_2, IGHG3*10_3
01m  |IGHG3*10_5
IGHG3
14 |IGHG3*10_1
03  |IGHG3*03_4, IGHG3*03_6, IGHG3*03_7
o IGHG4*04_2, IGHG4*04_3, IGHG4*04_5, IGHG4*04_7, IGHG4*04._8,
IGHG4*04_9, IGHG4*04_10, IGHG4*04_11
01n  |IGHG4*04_1
IGHG4

02n  |IGHGA4*04_6

03n  |IGHG4*04_4
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Discussion

In this study, we have uncovered novel IGHG and IGHA alleles by sequencing the antibody
genes of a South African population group. Furthermore, we have demonstrated that some of
this novel genetic diversity contributes to alterations in the amino acid sequences of IgG and
IgA antibodies. These changes may have implications for how FcRs bind to different protein
variants which can impact how antibodies induce a variety of effector functions with

consequences for dealing with infectious agents.

Overall, we describe 56 novel IGHA and IGHG alleles. Although IMGT contains various IGHA
and IGHG alleles that are truncated, none of the novel alleles described in this study represent
extensions of these truncated alleles and are entirely novel. A majority of the novel alleles
were found in IGHA1, likely due to the greater sample size and the fact that IGHA is studied
far less than IGHG. The lack of IGHA2 sequences is likely the result of primer biases in the
original amplification performed on the samples and also may potentially be impacted by
undescribed nucleotide variation in the primer binding regions. Although we sequenced fewer
participants for IGHG, we were able to identify a series of novel alleles across all four IGHG
genes. Some of these sequences may be chimeras due to the high sequence homology
between the genes, however, it is possible that these represent gene conversion events which
have also been reported in other studies (13,14). IGHG3 produced fewer sequences than the
other IGHG genes, which is possibly the result of primer biases that favoured IGHG1, IGHG2
and IGHG4. This could be remedied with an alternative approach to library preparation taking
into account hinge length variation. While SNPs were identified in the other parts of the gene,

such as the intron and the hinge, their relevance is unclear.

A previous study by Bashirova et. al examined 94 participants from the same geographic
locale (Kwa-Zulu Natal, South Africa) as the samples used for this study, albeit from different
cohorts, amongst other populations (13). Bashirova et. al utilised Sanger sequencing of the
CH regions of the genes to characterise allotypic diversity and uncovered novel variants, which
we have used as the basis of naming the allotypes detected in our study. The study found that
the populations demonstrated inter-population differentiation in IGHG1, IGHG2 and IGHGS,
where certain alleles were present at different frequencies and in different haplotypes across
the populations. The South African populations had haplotypes that differed from European
samples and were also distinct from African-American samples. For example, a haplotype
consisting of IGHG1*02, IGHG2*06, and IGHG3*01 was prevalent in South African samples

but altogether missing in European samples. The study also examines the prevalence of
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different IGHG allotypes within the South African population. In both this, and the previous
study the IGHG1 reference (*01) allotype is the most prevalent allotype within a South African
population. However, for IGHG2 the most prevalent allotypes detected in Bashirova et. al were
*03 and *06, while our data demonstrates a high prevalence of *01 and *06. This discrepancy
is likely due to the sample size differences between the two studies. Lastly, when comparing
IGHG3, Bashirova et. al also reported that the most prevalent allotypes are *01 and *03, which
is in agreement with our dataset. Therefore, despite differences in technique and sample size
there is a strong overlap in the distribution of allotypes between our dataset and those reported

in Bashirova et. al.

A sequencing method has been published which allows for resolution of an entire antibody
transcript including the full Fc region, termed FLAIRR-Seq (full-length adaptive immune
receptor repertoire sequencing, 38). Through this method the original study also uncovered
novel IGHG alleles. There was overlap between the alleles identified here and those described
in the study. Overall, there were seven IGHG4, two IGHG1 and one IGHG2 novel alleles from
our dataset that matched alleles described using FLAIRR-Seq. The approach provides a
promising avenue for combining bulk VDJ sequencing with Fc variant discovery to create a
powerful dataset to examine the relationship between IG germline diversity and the functional
antibody response. Future studies in African populations can utilise this methodology to

comprehensively genotype a vast portion of the IGH locus.

Furthermore, whole IGH locus sequencing has also uncovered novel genetic diversity across
a breadth of demographics, both polymorphic and structural (33). The African participants that
were sequenced in the study demonstrated higher levels of novel allelic variation than other
populations, which reinforces the large number of novel alleles described here. There are
alleles described here that are also observed in this whole locus study (IGHA1: 9, IGHG1:3,
IGHG2:1, IGHG3:4 and IGHG4:3). This overlap indicates that the novel variation uncovered
in this study is not wholly contained within the specific South African population sampled.
Furthermore, the large number of novel alleles both described here and in the study that aren’t
shared between different populations reveals that variation in IG constant genes is much

deeper and more widespread than initially suggested.

We examined how genetic diversity in IGHG and IGHA genes created alterations in the protein
sequence of the Fc region of antibodies (summarised in Table 3). In the case of IGHA1, we
described 9 novel allotypes that differ from the reference IGHA1 sequence. The potential
consequences of most of these amino acid changes are unknown. However, previous
mutagenesis experiments have implicated an F residue at position 411 in CH3 as affecting
the translocation of dimeric IgA through binding to plgR (32,39,40). Abundant in the
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gastrointestinal tract, pIgR binds to the CH3 region of dimeric IgA to facilitate movement of the
antibody across the outermost epithelial membrane of the mucosae, allowing for antibody
mediated protection at the mucosal surface. Whether the F411Y mutation identified here will
have a similar impact will require functional characterisation. Such investigations could lead
to the identification of additional mutations that improve functionality leading to broader

efficacy of antibody therapy.

Although fewer of the allotypes that were uncovered for the IGHG genes were novel, we
observed amino acid changes that have described effects for an IgG antibody (summarised
in Table 3). There were three novel allotypes identified for IGHG4. In IGHG, three positions
(291, 378, 419) lead to an increase or decrease in effector function, two through ADCC and
one via CDC. Participants who have these mutations may therefore have an impact on their
immune response against an infection or vaccination. The remaining two mutations are known

to create bispecificity (37).

Table 3: Summary of mutations in IGHG and IGHA sequences from this study
and their potential effects

Gene | Position | Participants | Allotypes | Binding Effect

Translocation of IgA across
IGHA 4n 5 3 PIgR epithelial membranes

Reduction of ADCC
291 1 1 FcyRINA response if Leucine at
position

Decrease in CDC activation if

378 8 1 Clq Serine at position
IGHG 397 3 1
) Creation of bispecificity
through Fab arm swappin
409 5 2 J J
FeyRI Enhancement of ADCC if
419 5 2 and Glutamine at position
FcyRIIb P
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There are several ways to examine the functional implications of diversity in the Fc region. A
previous study has demonstrated that Fc effector function assays can be used to examine
how antibodies with Fc region variation lead to alterations in the recruitment of ADCC (15).
This approach can be utilised to understand how the mutations described in this study can
affect how antibodies with these mutations can alter effector function. Furthermore, binding
assays can also be utilised to examine the impact of Fc mutations on binding to FcRs, which
will indicate the impact the mutations have on effector function. It is possible that, in addition
to impacting effector function, the mutations we have uncovered may lead to differing serum
levels between the various protein variants through altered class-switching and receptor
binding (41). Fluorescence microscopy is a common method to study the translocation of
proteins in tissues and cells and has been used to examine the role of IgA antibodies in HIV
infection of mucosal surfaces previously (42,43). This is an approach that can be used to
categorise how altered pIgR binding in IgA affects the movement of IgA across mucosal

membranes.

It is important to note that the genetic diversity described in this study comes from a particular
South African population. Performing sequencing in other South African and broadly African
populations will likely yield more novel diversity. Future studies understanding how mutations
in the Fc region affect the function of an antibody may enable better understanding of how
different populations mount immune responses against pathogens. Moreover, these mutations
may be useful for the production of therapeutic mAbs, allowing for the creation of more

effective interventions.
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Chapter 3:

Meta-analysis of IGLV and IGKV repertoires from three distinct

populations

Abstract

The light chain of an antibody contributes to antigen binding capacity and is encoded by two
distinct genetic loci, the immunoglobulin kappa (IGK) locus and immunoglobulin lambda (IGL)
locus. Like the heavy chain, the variable genes (IGKV and IGLV) play a major role in antigen
binding and demonstrate extensive polymorphic diversity. Prior studies on a small sample of
participants from Australia and Papua New Guinea demonstrated that even genetically
divergent populations show strong overlap in gene usage from a set of limited genes that
dominate the expressed light chain repertoire. This has been postulated to result from specific
regulatory mechanisms to limit the production of autoreactive responses. In this study, we
examined the expressed IGK and IGL repertoires of six South Africa individuals and
contrasted these with the expressed repertoires of 100 Norwegian participants and ten
participants from the UK, obtained from public databases. Novel allele inference was
performed uncovering 41 novel alleles, 38 of which were from IGKV genes. Next, we examined
gene usage biases across these three different populations. There were eight genes that
comprised the majority of the IGKV repertoire in Norwegian and UK samples: IGKV4-1,
IGKV3-20, IGKV3-15, IGKV3-11, IGKV1-5 IGKV1-39/IGKV1D-39, IGKV2-28/IGKV2D-28,
IGKV1-33/IGKV1D-33. These biases matched what was observed in the South African
repertoires, with the exception of IGKV4-1, which was rarely expressed in South African
samples. For the IGLV repertoires, there were two genes that dominated the repertoires
across all three populations: IGLV3-1, IGLV2-14; although the strength of these biases were
greater in the Norwegian population. This overlap in IGLV and IGKV gene usage bias is
consistent with previous reports. Thus, biases exist despite significant levels of diversity
between the European and South African populations, reinforcing the hypothesis that the light
chain repertoires are constrained by regulatory mechanisms. It is important to understand
these dynamics to inform how these biases may impact pathogenesis and vaccination efforts,
such as germline targeting vaccine strategies which need to be effective across genetically

diverse populations.
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Introduction

Antibodies target pathogens through their antigen binding sites which have affinity for specific
surface molecules. The antigen binding site comprises the variable regions of both the heavy
and light chains of an antibody, which are encoded by highly polymorphic v-genes (1). We
have previously discussed (in Chapter 1) the heavy chain variable (IGHV) genes, here we
examine the light chain variable genes in the same population. The light chain can arise from
one of two genetic loci in the human genome, the immunoglobulin kappa (IGK) locus on

chromosome 2 or the immunoglobulin lambda (IGL) locus on chromosome 22 (2).

The genetic loci for the light chain are different in their composition from the IGH locus. The
light chain entirely lacks a diversity (D) gene and has a significantly shorter constant gene,
which does not define the isotype of the antibody like the IGH constant genes (3). There are
33 functional IGLV genes that are subdivided into eleven phylogenetic subgroups (4,5). There
are 38 functional IGKV genes that are separated into six phylogenetic subgroups and are
further divided into two largely identical clusters, proximal and distal (4). Genes from the distal
IGKYV cluster are designated separately with a 'D’ in the gene name (i.e. IGKV1D-16) and exist
in the opposite orientation to genes of the proximal IGKV gene cluster (3,6). These separate
IGKV gene clusters arose through a large-scale segmental duplication. This structural
arrangement is consistent across almost all human individuals, in contrast to the more recent

duplication/insertion/deletion events in the IGH locus that vary largely by population (2,7).

The IGK and IGL loci also demonstrate significant polymorphic and copy number diversity,
similar to what is observed within the IGH locus. However, there is less genetic diversity within
both light chain loci when compared to the heavy chain locus (8,9). Far fewer alleles and
structural variants have been described for IGKV and IGLV genes. This may be in part due to
the trend across antibody repertoire studies to focus on the heavy chain, as evidenced by IGH

repertoires taking up the large bulk of publicly available data (10,11).

Recent locus hybridization capture studies have uncovered novel allelic and structural variants
in the IGK and IGL loci (12,13). In the IGK locus, 67 novel alleles were discovered across a
dataset of diverse populations (12). The populations demonstrated allele frequencies that
could be differentiated along demographic lines, similar to that which has been observed in
the IGH locus where African populations demonstrate particular patterns of genetic variability
in contrast to other populations (14). Two novel structural variants were also uncovered in the

IGK loci sequenced in this study, which are large scale transversion and inversion events that
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occur between the proximal and distal IGKV loci. These events were observed at higher
frequencies in African populations than in other populations. Hybridisation capture was also
performed on the IGL locus (13). There were 36 novel IGLV alleles uncovered in this study.
However, there was only a single structural variant uncovered which was not in the variable
genes but amongst the constant genes, being a duplication of IGLC3. Another recent large
scale study on the expressed repertoires of 100 Norwegian participants has also uncovered
novel genetic variation, with 48 novel IGLV and IGKV alleles uncovered 11 of which were
validated by Sanger sequencing (15). Furthermore, the study uncovered novel variation in the
leader sequence of light chain variable genes, similar to what was observed and discussed in

Chapter 1 of this thesis for the heavy chain locus.

Previous studies have shown that the light chain variable genes show strong usage biases,
independent of selective pressure from antigens (15-18). In general, IGKV genes are
expressed more than IGLV genes, at a ratio of 2:1 (19). Furthermore, these biases in gene
usage have been examined across two different populations, Australian and Papua New
Guinean, where the same biases were present across both populations (17,18). For the IGKV
genes, there is enrichment of seven genes: IGKV3-20, IGKV3-15, IGKV3-11, IGKV1-5,
IGKV2-30, and IGKV1-39/IGKV1D-39 (17). One gene, IGKV3-20, was present in more than
30% of the repertoire for certain individuals. Furthermore, proximal cluster IGKV genes are
expressed at much higher levels than distal cluster genes (20). In IGLV genes, more than 20%
of lambda rearrangements were shared between different individuals; although it was
uncertain from this study what genes contributed to these IGL responses. However, it must
be noted that these studies were performed in only two participants from either group and with
sequencing technology that provided much more limited depth than what is available currently.
Therefore, it remains to be seen if studies of more participants and more populations will reveal

the same biases.

There is a fundamental regulatory reason for the gene usage biases in the light chain
repertoires (2,21). During B-cell development, nascent light chain rearrangements cycle
through combinations of IGKV and IGKJ genes after establishment of a productive and non-
autoreactive heavy chain. Combinations that have high affinity for self-antigens are discarded
due to their susceptibility for autoimmune reactions (22). Once the IGK locus has been
exhausted, then IGL combinations are utilised (21). This is what contributes to the prevalence

of IGK expression over IGL expression and restricts the usage of particular light chain genes.

Germline targeting vaccine design is a promising avenue for the field of HIV prevention (23—
25). This involves creating immunogens that bind with high affinity to B-cell precursors which

exhibit traits that are present in broadly neutralizing anti-HIV lineages. One of the key traits
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that often defines these lineages is the germline IG genes that produce the antibodies. An
early human trial of the germline immunogen designed to elicit VRCO01-like antibodies showed
that the alleles present in an individual for the target gene, IGHV1-2, dramatically impacted
production of the target response (26). The individual in the study that lacked either IGHV1-
2*02 or IGHV1-2*04 produced no VRCO1-like precursor. This indicates that the composition
of the innate germline of an individual is a crucial factor in the efficacy of a germline targeting
vaccine. Furthermore, it is also likely that the ability of an individual to mount the desired
response to a particular germline immunogen may be affected by the expression of those

germline genes (27).

The aim of this study is to analyse IGK and IGL repertoires from South African individuals for
novel alleles, and to understand the expression usage bias of IGK and IGL genes.
Furthermore, we compared these data to that from two other populations from the United
Kingdom and Norway, contrasting the usage of genes across IGKV and IGLV repertoires.
Given the gene usage biases in IGLV and IGKV genes that were observed, we also assessed
the likelihood of beneficial precursors for anti-HIV lineages based on their light chain germline

usage.
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Methods

Participant samples and ethics

The samples used for this study are from the same transcriptomic datasets utilised in Chapter
1, detailed under Samples and Ethics. The transcriptomic datasets were produced using a
5MTPX (MulTiPleX) approach with multiplex primers that enrich IGLV and IGKV through

targeting their leader sequences (28). This study also utilises naive IGK and IGL

transcriptomes from two other studies (15,29). The first is a dataset of 100 transcriptomes
from a sample of Norwegian participants, termed the NOR dataset in this study, produced by
bulk 5’RACE (Rapid Amplification of cDNA Ends) sequencing of naive B-cells (15). The
second is a dataset of ten individuals sampled randomly from the UK blood bank service -
NHSBT, termed the UK dataset in this study, produced through 10X Genomics single-cell
sequencing of naive b-cells (29). These datasets were publicly available from SRA (UK,
BioProject:PRJNA1030331) and VDJBase (NOR, VDJBase Study Project:P1).

Preprocessing of raw sequences

The raw sequencing data from the CAPRISA samples was processed and analysed using the
same method outlined in Chapter 1, to infer the germline alleles present in each repertoire,
inclusive of inferring novel alleles. In this study, however, instead of using IMGT reference
data as a reference database for inference, we utilised a custom database from

https://bitbucket.org/yaarilab/processpipeline/src/master/igblast reference/, from Mikocziova

et. al (15). The reason for this is that it accounts for the inability of inference pipelines to
discriminate between identical V-regions from the proximal and distal gene clusters by
assigning sequences to a unified gene name, for example IGKV1-39/IGKV1D-39 are denoted
as IGKV1E-39. This avoids a skewed representation of proximal/distal gene usage or
assignment. The antibody sequences from the NOR dataset were analysed in the same way
that we have performed our analysis, so the processed output from the supplementary data
of the paper was utilised for this study. The UK dataset was only accessible as raw reads. The
raw data was obtained from SRA and preprocessed using MiXCR (30,31), utilising the same

custom reference database.
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Analysis of IGLV and IGKV sequences

The processed tabular files from IgDiscover and MiXCr were processed through a series of
custom Julia scripts (https://github.com/athenamarsden-bio/LC_PhD_Scripts). Briefly, the
scripts calculated gene usage for each light chain variable gene by determining the percentage
of unique VJ sequences associated with each gene as a proportion of total unique VJ
sequences. The means for gene usage in each gene was calculated for each population in
these scripts as well. The tabular output from these calculations was visualised in GraphPad
Prism 8. The scripts also compiled all unique allele sequences inferred into population specific
files for downstream processing. The sequences were annotated by population (SA, NOR,
UK) and aligned using Clustal Omega (32). IGKV and IGLV highlighter plots were created
using LANL alignment plots, the tables were produced using Google Sheets.

(https://www.hiv.lanl.gov/content/sequence/HIGHLIGHT/highlighter_top.html)
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Results

IGKV and IGLV allelic diversity

The IGKV and IGLV expressed repertoires from six South African individuals were analysed
as part of this study, each repertoire containing an average of "500 000 unique VDJ
sequences. The repertoires came from naive B-cells, thus representing baseline gene usage
biases and allelic expression. First, allele inference was performed on these sequences with
a custom database. There were a total of 93 unique IGKV alleles uncovered across 35/38
functional genes. Of these alleles, 38 were novel (41%, Figure 1A and C) occurring across 22
of the 35 IGKV genes. These were observed in both proximal and distal genes (denoted with
a D), however for some genes, such as IGKV1E-39, it was impossible to determine if the
alleles were from distal or proximal genes. There were also alleles that matched non-IMGT

alleles from a recent genomic study (n=7, 8%) (12).

There were fewer IGLV genes recovered with only 21 of the total number of 33 functional
genes detected (Figure 1B and D). This was likely due to IGLV genes being less expressed
in general than IGKV genes. There were 36 unique IGLV alleles observed in the dataset, three
of which were determined to be novel (8%). The remaining six (17%) alleles matched non-

IMGT alleles from a recent genomic study (13).

When we compared the proportions of novel alleles between the variable genes of the |G loci
(IGK, IGL and IGH; Figure 1C, D and E), there was a greater proportion of novel alleles in IGK
(41%) when compared to IGL (8%) and IGH (21%). The sequencing performed on naive IGKV
and IGLV repertoires was performed on the same individuals from Chapter 1 with naive IGHV
transcriptomes indicating that novel diversity is prevalent across all IG loci in South African
individuals. Sequences from the previously mentioned locus capture studies were also
identified (denoted as ‘other’ in Figure 1)(12,13). These sequences accounted for 8% of IGKV
alleles and 17% of IGLV alleles.
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Figure 1: Distribution of IGKV and IGLV alleles. A: The number of IGKV alleles per gene that were novel
(blue), matched IMGT reference data (black), or matched alleles from other studies (grey). B: The
number of IGLV alleles per gene that were novel (red), matched IMGT reference data (black) and
matched alleles from other studies (grey). C: The proportion of IGKV alleles that were novel (blue) in
contrast to reference IMGT alleles (black), or matched alleles from other studies (grey). D: The
proportion of IGLV alleles that were novel (red) matched IMGT reference data (black) and matched
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(purple), IMGT (black) or matched alleles reported in other databases (grey) from transcriptome

sequencing.
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IGKV and IGLV gene usage biases between different
populations

Next, we compared the gene usage in naive light chain repertoires from these six South
African repertoires with a Norwegian population (n=100, 30 000 unique VJs per participant)
and a population based in the United Kingdom (n=10, "50 000 cells analysed per participant).
This was done to examine whether gene usage biases are similar across different populations,
as has been previously observed, or if there are certain population specific gene biases
(17,18). We utilised the Norwegian dataset as the baseline for comparison, identifying the
most used genes in the datasets and contrasting them with usage in the UK and SA
populations. The Norwegian and UK datasets were chosen as they were the only

comprehensive paired IGKV and IGLV naive repertoires publicly available.

The IGKV repertoires demonstrated strong overlap in gene usage biases between the three
populations (Figure 2). When we contrast these gene usage biases with the European
datasets, we observe that there is similarity between the IGKV genes that comprise the
maijority of the expressed IGKV repertoire (Figure 2B and C). There is greater variability in the
Norwegian dataset (Figure 2B), which is the result of the sample size being significantly larger
(n=100). The most prominent genes (median above 5%) in the NOR dataset were: IGKV4-1,
IGKV3-20, IGKV3-15, IGKV3-11, IGKV1-5 IGKV1E-39, IGKV2E-28, IGKV1E-33. These same
genes were prominent in the UK population at roughly the same prevalence (difference
between the means only exceeded 4% for IGKV3-11, Figure 2F). While the same expression
bias was observed for many of the genes in the SA dataset, there was a notable difference in
the expression of IGKV4-1 between the South African population and the European
populations. The expression of IGKV4-1 was very low (<1%) in South African populations but
is much more prevalent in European populations (5%-20%). Across all data sets, distal (D)

genes were lowly expressed.
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Figure 2: IGKV gene usage biases. A-C: The distribution of gene usage biases across IGKV genes in
NOR (A, green), SA (B, blue) and UK (C, red) populations. The percentage of the repertoire that each
gene occupies within individuals of the population is represented. D-F: The differences in mean gene

usage between the three populations (black line, measured on the right).

We also assessed the genetic similarities between the three populations in this study for the
eight most prominent genes identified in the NOR dataset (Figure 3). For all genes, there were
more alleles present in the NOR dataset, likely due to the large sample size. Most of the
differences between different alleles were single SNPs, with the exception of IGKV1-5 and
IGKV1E-39 where there are more significant differences between alleles. The SA and UK
datasets also expressed many of the same alleles. In IGKV4-1, the same *01 allele was
present in all datasets and the only allele described for SA and UK and even NOR participants,
despite the greater numbers in this cohort. This suggests the marked difference in expression
for IGKV4-1 is influenced by other, possibly intergenic, changes. There are four novel alleles
from the SA population which contribute to these dominant gene biases (two alleles for IGKV1-
5; one for IGKV3-15, IGKV1E-33 and IGKV2E-28).
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The IGLV genes also demonstrate patterns of gene usage bias between African and European
populations, with these biases often being starker than what was detected in the IGKV
repertoire (Figure 4). The most prominent eight IGLV genes (median above 10%) in the NOR
population were: IGLV3-1, IGLV2-14, IGLV3-19, IGLV2-23, IGLV3-25, IGLV1-40 and IGLV1-
44. There is one gene, IGLV3-1, that occupies between 10-65% of the IGLV repertoire in NOR
individuals. This is also amongst the most prevalent IGLV genes in the SA dataset (25-28%)
and UK dataset (9%-18%). The next most prominent gene, IGLV2-14, is also prevalent across
the three datasets: SA - (9%-15%), NOR - (18%-68%), UK - (7%-14%). These two genes
account for a significant portion of the repertoire in these datasets, with other genes
contributing less to the repertoire. The biases in these two genes appear to be stronger in the
NOR repertoires, although this seems to be common across all IGLV genes, with many genes
having a mean bias difference greater than ten for both the UK and SA repertoires (Figure 4D
and F). The third most prominent gene in the SA dataset is IGLV3-25 (10%-15%), this is
distinct however from the European repertoires where IGLV3-25 is less prominent than other
genes such as IGLV1-40. Overall, there are two genes that dominate the IGLV repertoire
(IGLV3-1, IGLV2-14) and this is consistent between the different populations, while other

genes do show population differences.

Genetically, IGLV genes show less allelic variation than in IGKV, with the exception of IGLV2-
14, where NOR alleles show significant nucleotide variation (Figure 5). Interestingly, IGLV3-1
which dominates the IGLV repertoire in all populations only has five alleles present in the data
set, with very few SNPs that differentiate them. As with the IGKV alleles, there is strong overlap
between the alleles present between the SA and UK datasets. There are two genes with
significant expression that expressed novel alleles in the SA population, IGLV2-23 and IGLV3-
25.
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Figure 4: IGLV gene usage biases. A-C: The distribution of gene usage biases across IGLV genes in
gene occupies within individuals of the population is represented. D-F: The differences in mean gene

NOR (A, green), SA (B, blue) and UK (C, red) populations. The percentage of the repertoire that each

usage between the three populations (black line, measured on the right).
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Expression of genes associated with public anti-HIV

antibodies for germline targeting immunogen design

For germline targeting strategies to have the best chance of eliciting the desired precursors, it
would be beneficial to target lineages with genes that show high levels of expression across
a variety of populations. For example, there are five bNAb lineages that use IGKV3-20
(VRCO1, 1-18, PCDN76-33A, CHO1 and PCT64-35Md; Table 1), of which the VRCO1-like
class produces especially broad and potent antibodies across different individuals and has
been demonstrated to be an effective target for germline targeting design (26,33). Across all
three populations that were analysed in this study, IGKV3-20 is a prominently expressed gene,
occurring at mean prevalence between 14% and 18%. Another IGKV gene, IGKV1-33, part of
three bNADb lineages (12A12, 3BNC117, VRC-CH31; Table 1), demonstrates mean
prevalence around 6% across the three populations and may prove to be effective as a target
of germline vaccine strategies. In contrast, PCIN63.711 is derived from IGKV1-6 which occurs
at low prevalence in all populations (1.5%-0.8%) and is therefore unlikely to be an effective

candidate for immunogen design (Table 1).

The lambda genes might be less useful targets across different populations and individuals
given that we and others have demonstrated that gene usage biases are strongly restricted to
two IGLV genes (17,18). The most prominent IGLV3-1 gene (14%-25% mean prevalence
across study populations) is only utilised by one bNADb lineage (CH103). The PGT121 bNAb
lineage, which is derived from IGLV3-21, is rarely expressed in the SA dataset but shows
reasonable expression in the UK and NOR datasets. These examples demonstrate that more
knowledge is needed about the germline expression dynamics across different populations
and how they may inform germline targeting strategies. The ability of a germline targeting
immunogen to elicit bNAb responses has, in prior studies, focussed predominantly on the
heavy chain gene usage. While it is likely that IGHV germline variants, that we discuss in
Chapter 1 have implications for germline targeting vaccine strategies, we focus in this thesis
on expanding the analysis to include variation in the light chain variable genes as this is under-
studied.
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Table 1: HIV bNAD lineages prioritised for germline targeting immunogens

Adapted from Haynes et. al (25). Multiple light chain genes are also coloured. Prevalence in the repertoire is shown

for the light chain gene used. The legend for colouring at the bottom of the table.

HIV-1 bnAb Breadth |Potency [VH VL Mean Mean Mean Germline-targeting
epitope (%) (g ml- |gene gene Prevalence |Prevalence |Prevalence |priming immunogen
1) in SA in NOR in UK
repertoire |repertoire |Repertoire
12A12 93 0.221 VH1-2 [VK1-33 5.92 5.97 7.30|eOD-GT8
426¢c.TM4AV1-3
BG505 SOSIP 4.1
VRCO1 91 0.377 VH1-2 [VK3-20 18.16 13.92 14.47|GT1, eOD-GT8
3BNC117 89 0.116 VH1-2 [VK1-33 5.92 5.97 7.30|eOD-GT8
VRC-CH31 84 0.321 VH1-2 [VK1-33 5.92 5.97 7.30
426¢.TM4AV1-3, eOD-
PCING3.711 84 0.46 VH1-2 [VK1-6 1.462 0.812 0.753|GT8
IOMA 49 2.33 VH1-2 |[VL2-23 6.95 12.96 4.13
1-18 97 0.048 VH1-46 [VK3-20 18.16 13.92 14.47
426¢.TM4AV1-3, eOD-
cD4 CH235.12 89 0.7 VH1-46 [VK3-15 10.91 7.50 10.52|GT8
Binding
Site CH103 67 2.28 VH4-59 (VL3-1 24.92 21.74 13.66CH505 T/F33
MD39-11MUTb, RC1-
PGT121 66 0.072 VH4-59 (VL3-21 >0.01 13.43 7.00|4Fill
BG18 61 0.032 VH4-4 ([VL3-25 15.99 9.79 4.16
BF520.1 53 7.31 VH1-2 [VK3-15 10.91 7.50 10.52
MD39-11MUTb, N332
PGDM12 54 0.14 VH3-11 [VK2-24 0.93 1.18 0.40|GT5
DH270.6 51 0.21 VH1-2 ([VL2-23 6.95 12.96 4.13
V3 CH848 SOSIP 10.17
Glycan |PCDN76-33A |46 0.5 VH4-34 [VK3-20 18.16 13.92 14.47|DT
PG9 87 0.154 VH3-33 [VL2-14 >0.01 33.62 0.65
BG505 SOSIP 4.1
PGDM1400 83 0.02 VH1-8 [VK2-28 2.98 6.75 6.86 GT1, BG505 SOSIP
4.1GT1.1,2ZM233,
VRC26.25 70 0.004 VH3-30 [VL1-51 11.72 7.15 7.59|KER2018, BB201.B42
BG505 SOSIP 4.1
CHO1 54 1.38 VH3-30 [VK3-20 18.16 13.92 14.47 GT1, BG505 SOSIP
4.1 GT1.1, ZM233,
V2 CM244 Q23.17 ,
apex PCT64-35Md |35 0.41 VH3-15 [VK3-20 18.16 13.92 14.47|WITO132, T250
Breadth 0-25% 25-50%  50-75% 75-100%
Potency 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2-2.5 >2.5
Mean 0-5% 5-10% 10-15%  15-20% 20-25% 25-30% 30-35%

Chapter 3 | 72



Discussion

In this study we uncovered novel IGKV and IGLV alleles, with a majority of these found in
IGKV genes. While it has been suggested that IGKV and IGLV genetic diversity is almost fully
categorised, this study and other recent studies indicate this not to be the case (2,9,12,15).
As more populations across the globe are sequenced with modern techniques, both
genomically and transcriptomically, it's very likely that more novel alleles will be uncovered.
Specifically, the small South African population used in this study cannot represent broader
African diversity and thus other populations need to be examined to build a more

comprehensive understanding of African diversity in the light chain loci.

In total we identified 41 novel alleles, 38 of which were from the IGKV genes. Of these novel
alleles, three IGKV and four IGLV sequences matched novel alleles uncovered in prior locus
capture sequencing studies (12,13). This represents a significant contribution to global
immunogenetic databases as the variation in the light chain genes is relatively understudied,
compared to the IGHV genes. The study was performed on six people and it is likely that these
variants are common in a larger population. Due to this limitation in size, it is difficult to
ascertain the frequency at which these and other variants are present in Southern African
populations. Thus, it is likely that more rare variants are present in the broader population and

these may have an impact on usage of IGKV and IGLV genes.

While we were able to recover sequences from the majority (35 out of 38) of IGKV genes,
there were 12 missing IGLV genes in the repertoires of the study population. This may be due
to the fact that IGKV genes are much more readily expressed as light chains and due to the
restriction of IGLV genes where only two genes dominate the repertoire, it may require more

depth in future studies to recapitulate IGLV genes that expressed at significantly low levels.

Previous studies have shown that light chain repertoires demonstrate particular patterns of
gene usage bias (2,17,18). In this meta-analysis, we provide updated evidence with modern
techniques and more diverse datasets that support these findings. The IGKV repertoire
demonstrated strong overlap in the bias of IGKV3-20, IGKV3-15, IGKV3-11, IGKV1-5, and
IGKV1-39/IGKV1D-39 between European and African populations. Furthermore, we confirm
that distal IGKV genes are significantly less expressed than proximal IGKV genes which is
consistent with existing literature (20). In the IGLV repertoire, two genes dominated the
repertoire, IGLV3-1 and IGLV2-14, across all datasets, concordant with previous studies.

These strong patterns of gene usage bias existed despite genetic differences between the
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alleles that were present between African and European participants. However, for some
genes such as IGKV4-1, despite genetic similarity there were substantial differences in the
expression between African and European samples. It is possible that these differences result
from genetic variation that exists in other parts of the locus as it has been demonstrated that
intergenic variation can affect the expression of IG genes (34,35). Overall, IGLV genes
showed much stronger differences in expression between the Norwegian population and the
South African and UK populations. This may be partially explained by the large difference in
sample size but also may be indicative of population specific divergence that has yet to be
categorised, such as an undiscovered structural variant that affects the IGL locus.
Furthermore, there are differences in the unique VJ counts between the three datasets, which
were also produced through distinctly different means. While this may impact the comparison
between the datasets, the strong concordance between gene usage identified and how this

analysis reaffirms pre-existing data suggests that this is likely not the case.

In this study, as opposed to other chapters in this thesis, only transcriptomic methods were
utilised. While germline methods are a more comprehensive way to examine |G genetic
diversity, here we describe a significant number of novel variants demonstrating the strength
of transcriptomic sequencing in immunogenetic study. Sequencing expressed repertoires also
allows for the examination of gene usage biases which is a key finding in this chapter and
provides information on the relationship between genetic diversity and expressed antibody
repertoire, showing here that despite genetic differences between populations there is
significant overlap in gene usage between these distinct populations. Furthermore, while the
Norwegian used in this study had been used in the original publication to also examine
allelically encoded biases, where certain alleles are expressed more readily than others, the
South African dataset lacked the participants to sufficiently do a powered analysis of allelic
expression. However, future datasets can be generated with more individuals to examine this
as understanding more nuances of what factors influence expression is vital for connecting

genetic diversity with the functional antibody response.

Understanding the dynamics of gene usage bias in light chain repertoires is important as it
informs strategies such as germline targeting vaccine design. Here we have demonstrated
that certain lineages such as VRCO1 are likely better candidates for population agnostic
vaccine strategies as the germline IGKV gene that it is derived from is highly expressed in all
three populations that were examined. However, targeting of other genes may produce a less
predictable response for all populations. More studies that examine the bias in naive antibody
repertoires are needed to fully understand and characterise the nuances inherent in different
demographics. These studies would need to include IGHV gene biases as well to create a

comprehensive understanding of how population variation may impact the formation of
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responses to germline targeting vaccination. We have previously demonstrated that there are
a variety of potential factors that can and do impact IGHV gene expression in Chapter 1, it is
likely that a combination of these factors and the constrained light chain repertoire will need

to be considered together across different populations.
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Conclusion

Summary discussion of thesis findings

In this thesis, we have examined genetic diversity and its implications across several different
Immunoglobulin genes, specifically focusing on those that contribute to antigen binding (IGHV,
IGKV, and IGLV) and those that engage effector cells within the immune response (IGHA,
IGHG). Overall, 118 alleles uncovered in this thesis were novel, marking a significant
contribution to our understanding of immunogenetic diversity as well as expanding and
diversifying international databases. We also described novel gene duplications in 11 IGHV
genes, in which CNV is common. The novel allelic variation in the IGHA and IGHG results in
amino acid changes within the Fc region of antibodies, some of which have been shown to
impact the effector function of antibodies by altering Fc receptor binding or the structure of an
antibody. We also demonstrated that despite significant genetic diversity between three
distinct (Norwegian, South African, and United Kingdom) populations in the expressed IGKV
and IGLV repertoires, there was strong overlap in the usage of a limited set of genes that

dominate light chain repertoires.

While this study sequenced relatively few samples (70 for genomic sequencing and 8 for
transcriptomic sequencing), the allelic variants uncovered in this study contribute to the
growing inclusive and diverse databases of immunogenetic diversity as more studies are
undertaken in non-European populations (1-9). Historically, much of the immunogenetic
diversity recorded in public databases was from individuals of European descent (10-12).
Although more studies are examining other populations, many of the largest datasets in these
public databases are still European (13—-15). While we examined African individuals in this
thesis, the cohort comes from a specific region of South Africa, which is extremely unlikely to
represent all novel diversity in African populations. It remains to be seen if immunogenetic
variation follows the broader complex inter-population architecture that has been mapped out
across the continent in recent years (16,17). Southern African populations cluster distinctly
from other African populations due to admixture of Bantu-speaking people with older
populations that were residing in the region before the Bantu migration southward, such as
the San (16—18). Therefore, certain variants uncovered in the |G genes of this study population

may be absent in populations outside of Southern Africa.

The majority of the genetic diversity described in this thesis is allelic, involving nucleotide

variations between variants of the same gene. We were also able to detect differences in copy
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number variation within the IGHV genes in the form of gene duplication, which is an instance
of structural variation. Structural variation is a prevalent form of genetic diversity in the IG loci
(12,19). The transcriptomic and genomic methods in this thesis can partially examine
structural variation through haplotype reconstruction and estimating duplication through
unique allele counts. However, these methods are unable to fully assess structural variation,
as these methods cannot span the large genomic regions which encompass the structural
variants. Alternative analytical tools such as read depth analysis could be used to examine
CNV in the datasets presented in this thesis, however these tools are designed for WGS
(whole genome sequencing) data (20). This presents a significant obstacle to implementing
these approaches for our amplicon-based genomic and transcriptomic datasets. Indeed, for
the transcriptomic datasets, usage biases (as detailed in Chapter 3) would prevent
normalisation of the sequencing data for read depth analysis, as reads per gene are not simply
influenced by CNV but by multiple other factors such as B-cell regulation and chromatin
conformation. While tools exist for read depth analysis of amplicon-based genomic datasets
(such as those produced in Chapter 3), they require optimisation to eliminate primer biases
that may influence read depths which was not performed to ensure sequencing at sufficient
depth to capture of all alleles present (21). Despite these limitations, future experiments can
be designed around downstream read depth analysis as a method to examine CNV in further
studies by reducing primer biases. However, new long-read sequencing techniques that can
sequence the entire IG loci provide an approach that can adequately examine structural
variation within the IG loci and also provide information on nucleotide variability that exists in
intergenic regions (3-5). These approaches can overcome the high variability and sequence
homology of the IG loci, which has proved a significant obstacle for many traditional
sequencing and computational approaches. Techniques like this could yield more data about
the genetic composition of the IG loci in African populations. IG loci sequencing has robust
bioinformatic development and support that is publicly available to analyse the data; however,
the laboratory component of this approach necessitates expert training and specialised

equipment.

Beyond describing novel genetic variation, we also examined some of the functional
implications that nucleotide diversity may have on the antibody response. We examined gene
usage biases of the variable genes from both the heavy and light chains. It has been shown
that duplication increases the expression for IGHV1-69, which was beneficial in the context of
influenza vaccination, and this may hold true for other IGHV genes (22). However, it appears
that duplication alone is not enough to explain how IGHV genes may have enhanced
expression. Several studies have shown that IGHV gene expression is impacted by chromatin

conformation (6,23,24). The looping structure of the IGH locus is highly regulated and it has
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been demonstrated that mutations can affect the way that chromatin loops form. This alters
the accessibility of IG genes to various enzyme complexes, enhancing or inhibiting gene
expression (25,26). This has been studied in mice, through epigenetic sequencing of pro-B-
cells from the bone marrow. While it is ethically inconceivable to reproduce in human studies,
induced pluripotent stem cells that have been differentiated into pro-B-cells may be an

approach to examine looping dynamics across diverse populations (27).

Furthermore, leader sequence mutation, shown in Chapter 1, has been utilised in commercial
antibody production to enhance expression in vitro (28,29). It is part of the optimisation
procedures in commercial production of antibodies to ensure effective expression of mAbs in
bacteria or yeast platforms by altering the leader sequence. This could also explain why
certain alleles or genes are expressed more readily, but this needs to be explored in vivo by
more comprehensive and large-scale studies that examine the expression of allelic or leader

variants across different individuals.

In contrast for the light chain loci, IGKV and IGLV genes of three distinct populations, there
was a heavily constrained pattern of gene usage bias where more than 50% of the IGKV
repertoire was derived from five genes and 20-50% of the IGLV repertoire was dominated by
two genes. These data reinforce previous studies showing that relatively few light chain
variable genes comprise the majority of the expressed IGKV and IGLV repertoire (30-32).
While there were some population differences for some genes, these biases persisted across
the geographically and genetically disparate populations examined in this thesis (Norwegian,
South African, and from the UK). Thus, while the IGH locus has variability in expression due
to a range of genetic factors, the light chain loci demonstrate consistency in gene usage. This
is due to regulatory mechanisms during B-cell development which restricts light chains that
are prone to self-reactivity (32,33). The necessity of these mechanisms is further supported
by the altered gene usage observed in autoimmune conditions, where typically rare IGKV

genes are expressed at significantly higher levels (34,35).

The allelic diversity in the constant IGHG and IGHA genes was linked to allotypic diversity,
uncovering novel mutations in the protein translation of the Fc region. This was particularly
high in IGHA1 accounting for 96% of the variants. These allotypes contained a variety of amino
acid mutations that can be linked to IgA dimerisation, decreasing or increasing effector
function, and could potentially lead to the creation of bispecific antibodies (36—38). Bispecific
antibodies are able to target two different epitopes through the union of chains from two
different antibodies. This is useful in targeting complex diseases, such as HIV, where antigenic

drift presents a significant immunological challenge. Understanding how these variants may
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impact effector function is important for informing better design of monoclonal antibodies
(mAbs). Monoclonal antibodies are a potential therapeutic avenue for the treatment and
prevention of diseases. Many mAbs have been developed for the treatment of autoimmune
conditions and cancers which remain challenging to treat with other drugs (39,40). Passive
immunisation, the infusion of neutralising antibodies to prevent infection, has also been
developed in HIV and RSV (41,42). Mutations in the Fc have been used to increase the half-
life of mAbs, create bispecific antibodies, and enhance effector functions; all to improve the

efficacy of mAb therapeutics (43—47).

The therapeutic implications for IG gene diversity extend beyond the Fc region, where variable
gene diversity has been examined in vaccination responses. It has been established that
certain host genetics can lead to favourable responses for vaccination, for example having a
duplication IGHV1-69 with favourable alleles leads to better neutralising responses against
influenza due to enhanced expression (22). This is especially true for germline targeting
vaccines. A prior study has shown that lacking certain IGHV1-2 alleles leads to the inability to
produce VRCO1-like responses, emphasizing the role of germline variation (48). We have
shown, in Chapter 3, that there is variability in the expression of germline genes, beyond
sequence variation, and this will be an important consideration as demonstrated in the above
example in influenza vaccination. Thus, it is likely true that other potential germline targeting
strategies will be dependent on variability in both the expression and genetic sequence of
other IGHV genes. In HIV, these strategies aim to target germline genes that are associated
with broadly neutralising antibody lineages that bind to various regions on the viral envelope.
For example, an immunogen has been designed to target the N332 supersite by engaging
PGT121-like precursors which are derived from IGHV4-59/IGLV3-21 (49). This immunogen
has yet to be tested in human individuals thus it is unknown whether the efficacy of the
immunogen is dependent on certain germline variants of IGHV4-59/IGLV3-21, however,

there will likely be some effect of nucleotide or expression variation on the responses.

Overall, this thesis uncovers a great deal of novel genetic diversity in the |G genes of an
African population. This remains vital as we strive to make immunogenetic databases more
comprehensive and inclusive. The novel diversity detailed in this thesis will be submitted to
public databases such as OGRDB and Genbank as these data are published, as with the
novel IGHV alleles from Chapter 1 which are already under review by the Inferred Allele
Review Committee (IARC) of the AIRR community. These data also contribute to our
understanding of what genetic diversity exists in human populations and how this genetic

diversity contributes to the functional antibody response. This is important as we move towards
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a more informed design of therapeutics such as germline targeting vaccine strategies and aids

in beginning to explain demographic differences in vaccine and infection responses.
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Addendum B: Supplementary Data from
Chapter 1

Supplementary Table 1: Primers for germline NGS.

Primers designed to amplify germline IGHV genes, grouped by target subgroup. The number

of genes expected to be amplified by a particular primer pair or grouping is indicated as well

as the amplicon size expected to be produced.

Number
. Annealing of . Expected s .
equencin
Subgroup I:lr::::r Temperature| Target Psta)::gg Sequence (5' - 3') Amplicon Pcl' tf 9
(€) IGHV Size (bp) attorm
Genes
Multi TGTGCCCTGAGAGCA
Forward TCACCCA
1-2 AGCACAGCTGCCTCC
Reverse TCCCTKG
1-3 AGCACAGCTGCTTCC
Reverse CCCCTGG
1-18 AGTGCAGCTGCCTCC
Reverse TCCCTGG
1-45 AGTGAAGCTGCCTCC
Reverse 4 1:2 TCCTTGG
1-46 CCACATCCCTTCTCT
Forward ACAGAAG
1-46 GCACAGCTGACTCCT lllumina
Reverse 65 1 CCCTCAG MiSeq
1-24 CCCAGAGACCATCAC
Forward ACAACAGC
1-24 CACAGCTGCCTCATT
Reverse 1 CCTCAG
1-69 ATTCCTCCTCTRAAG
Forward AAGCCCC
1-69 GCACAGCTGCCTYCT
Reverse 2 YCCTCAG
1-58 AACCACATCCCTCCG
Forward CTAGAG
1-58 GTACAGCTGCCTCCT
IGHV 1 |Reverse 1 1:2 TCCTGG ~570
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TCACTGCTCCTCACC

Forward ACAGATG
Reverse TTTCATGCTSAATCTT
1 62 2 TGTCAA
Reverse TTTCATGCTGAATGTT
IGHV 2 2 1 1:10 TGACAA ~860
GACCCTGCAGSTCTS
Forward RGAG
Reverse CTGATCAGTGGCTCC
1 7 TGAGC
Reverse TGACTCTGATCAGYG
2 2 GGTCC
Reverse TCCTGGGACCTGTCC
3 2 CGYMC
Reverse CCTATGCTCAGTGTG
4 1 TCTTGAG
65
Reverse TGCCCTGGAGACAG
5 2 CCCCGTG
Reverse TGGACTTGCCCCTGG
6 2 GGACAG Pacific
R TCTCAGATGCCCCTG Bioscience
everse
1
7 2 CAGCG Seque
Reverse CCTCCTGTCTTCCTG
8 2 CAGGG
Reverse TCGCCCAGTGTTCCT
IGHV 3 9 1 5:10 GCAGG ~640
Forward AGACTGGGGSCTCC
1 10 CTCMTC
Forward 64 AGACTGGCGCCTCTC
2 1 TCATC
Reverse ATGTGAGGAAGYAGA
IGHV 4 1 2.5:10 ACCACAS ~850
GATTTATCACCTTCAC
Forward AGGGTC
60
GGACACAAACAGCCA
IGHV 5 |Reverse 3 01:10 GTGTTTC ~880
GTTTCCTGTTTAAATG
Forward TAGCC
65
Revers TAGAACTTCTTTGAG
IGHV 6 e 1 0.5:10 GCACACTG ~880
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Supplementary Table 2: IGHV Alleles Detected

This table lists the genes and alleles detected in this study. For representation and analysis,
alleles of genes with a designated "D" at the end were treated as alleles of the original gene
without "D", e.g. IGHV2-70D and IGHV2-70. This is because these genes are duplications of
the original gene. However, these alleles are preserved here so they can be matched with the
correct database allele. The genes/alleles are also differentiated by source, either genomic or

transcriptomic.

IGHV Gene Germline Alleles Transcriptomic Alleles
IGHV1-18 01, p05, 01_T121G 01, 01_A190G
IGHV1-2 02, 06, 04, 05, 02_G301A 02, 04, 06, 06_G34A
IGHV1-24 01 01

IGHV1-3 01, 02, 03, 02_T125G 01, 02

IGHV1-45 02, 03 02

IGHV1-46 01, 03 01, 01_G73A, 03
IGHV1-58 02, p03, 01 02_G61T, 02

p30, 10, 14, 04_A163G, 12, p35,

p34, 13, p19, p32, p33, 15, p31, 02, 13_G163A, 02_A18G, 16, 13, 15, 12,

p37, 11_A163G, 13_C191T, 14_G163A, 01, 01_C191T, 04_A244G, 04_A163G,
IGHV1-69  15_G48A, 13_G112A, 04_A163G 05

IGHV1-69-2 01,01_T171C 01,01_T21C
IGHV1-69D 01 n.d

03, 01, p12, 02, p09, 02_G4A,
IGHV2-26  p10 01, 01_C134G, 03
IGHV2-5 05, p11, 01, 02_G60A 01, 02

15, p24, 05, p14, 04_C221G, p25,
IGHV2-70 01, 16, p16, 15_G303A 15, 04, 15_G14A, 16
IGHV2-70D 14 n.d
IGHV3-11 04, 05, 01 04, 01, 05, 06_A240G
IGHV3-13 03, 01, p06 01
IGHV3-15 01 01, 01_G147A
IGHV3-20 04 01, 04
IGHV3-21 nd 01, 03
IGHV3-23 03, 04, 03_G51T 01, 04
IGHV3-23D 01 n.d
IGHV3-30  p20 02, 02_T201C, 04, 05_G293A, 18
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IGHV3-30-3
IGHV3-30-5
IGHV3-33
IGHV3-43
IGHV3-43D
IGHV3-48
IGHV3-49
IGHV3-53
IGHV3-64
IGHV3-64D
IGHV3-66
IGHV3-7
IGHV3-72
IGHV3-73
IGHV3-74
IGHV3-9

IGHV4-28

IGHV4-30-2
IGHV4-30-4
IGHV4-31
IGHV4-34
IGHV4-38-2
IGHV4-39
IGHV4-4
IGHV4-59
IGHV4-61
IGHV5-10-1
IGHV5-51
IGHV6-1

01

02, 03_G301A
02, 01
01, p03
04, 03
n.d

n.d

02, 01
n.d

n.d

n.d

n.d

n.d

01

n.d

n.d

05, p08, 01, p09, 07_T290C,
01_A152C

01, 01_G291A, 01_C21G,
01_G129C

p09

n.d

n.d

p04, 02, 03_A291G, 03_G4C
n.d

07, p11, 02, 01_C46T, 02_A245C
01, p19, 08, p15, p18

09, 02, 01, 07

n.d

p11, 01

01, p03, 03_C288T, 01_C288T

01

n.d

01, 08, 06

01, 02

03, 04

01, 03

04, 03

01, 02

01, 07

09

01, 02, 01_A193G
01, 03, 05

01, 01_C54T

01, 02

01, 01_G297A
01, 01_G106A, 03

05

01

08, 07, 01

03, 03_C198T

01

01, 01_A291G, 03_A291G
01, 07

02, 07, 09

01, 11, 08, 01_A164G
02, 09_C163T, 09

01

01, 03

01
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Supplementary Table 3: Identity of Novel IGHV Alleles

A list of the novel alleles identified in this study, along with the dataset that the alleles were

identified in, as well as the closest IMGT allele match for each sequence and the identity of

the sequence to that allele match.

Novel Allele
Designation

IGHV1-69*12_G48A
IGHV1-3*02_T6C
IGHV1-3*03_A58G
IGHV1-69*04_A163G
IGHV1-69*11_A163G
IGHV1-69*13_C191T
IGHV1-69*15_G48A
IGHV1-69*13_G112A
IGHV1-69*04_A163G
IGHV1-18*01_T121G
IGHV1-3*03_C309T
IGHV1-3*02_T125G
IGHV1-2*02_G301A

IGHV1-69-
2*01_T171C

IGHV3-23*03_G51T
IGHV2-70*04_C221G
IGHV2-70*15_G303A

IGHV4-30-
2*01_G291A

IGHV4-30-2*01_C21G

IGHV4-30-
2*01_G129C

IGHV4-4*01_C46T
IGHV4-4*02_A245C
IGHV2-26*02_G4A
IGHV4-28*07_T290C
IGHV4-28*01_A152C
IGHV6-1*03_C288T

Genbank Sequence
ID

IGHV1-69*novel_2
IGHV1-3*novel_2
IGHV1-3*novel1_2
IGHV1-69*novel.8_1
IGHV1-69*novel.1_1
IGHV1-69*novel.2_1
IGHV1-69*novel.4_1
IGHV1-69*novel.6_1
IGHV1-69*novel.7_1
IGHV1-18*novel_1
IGHV1-3*novel_1
IGHV1-3*novel.1_1
IGHV1-2*novel_1

IGHV1-69-2*novel_1
IGHV3-23*novel_1
IGHV2-70*novel_1
IGHV2-70*novel_1.1

IGHV4-30-2*novel_1
IGHV4-30-2*novel_1.1

IGHV4-30-2*novel_1.2
IGHV4-4*novel_1
IGHV4-4*novel_1.2
IGHV2-26*novel_1
IGHV4-28*novel_1
IGHV4-28*novel_2
IGHV6-1*novel_4

Accession
Number

OR079005
OR079011
ORO079012
ORO079027
OR079028
ORO079029
ORO079034
OR079038
ORO079043
OR079045
OR079048
ORO079049
ORO079056

ORO079062
ORO079079
ORO079085
OR079086

OR079096
ORO079097

OR079098
OR079103
OR079105
OR079114
OR079131
OR079132
ORO079136

Closest IMGT
Allele Match

IGHV1-69*12
IGHV1-3*02
IGHV1-3*03
IGHV1-69*04
IGHV1-69*11
IGHV1-69*13
IGHV1-69*15
IGHV1-69*13
IGHV1-69*04
IGHV1-18*01
IGHV1-3*03
IGHV1-3*02
IGHV1-2*02

IGHV1-69-2*01
IGHV3-23*03
IGHV2-70*04
IGHV2-70*15

IGHV4-30-2*01
IGHV4-30-2*01

IGHV4-30-2*01
IGHV4-4*01
IGHV4-4*02
IGHV2-26*02
IGHV4-28*07
IGHV4-28*01
IGHV6-1*03

Percentage

Identity to Closest

Match
99.65
99.65
98.96
99.31
99.65
99.65
99.65
99.65
99.31
99.65
99.65
99.65
99.65

99.65
99.65
98.63
99.66

99.66
98.97

99.66
99.65
99.65
99.66
99.65
99.65
99.66
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IGHV6-1*01_C288T

IGHV4-38-
2*03_A291G

IGHV4-38-
2*03_A291G

IGHV4-38-2*03_G4C

IGHV3-30-
5*03_G301A

IGHV2-5*02_G60A

IGHV1-3*02_C108T

IGHV1-69*01_C191T

IGHV1-69*04_A244G

IGHV1-69*13_G163A

IGHV1-69-2*01_T21C

IGHV2-70*15_G14A

IGHV3-30*02_T201C

IGHV3-74*01_G107C

IGHV1-46*01_G73A

IGHV1-58*02_G61T

IGHV1-69*02_A18G

IGHV2-26*01_C134G

IGHV3-30*05_G293A

IGHV3-66*01_A193G

IGHV3-72*01_C54T

IGHV4-61*09_C163T

IGHV3-11*06_A240G

IGHV6-1*novel_2

IGHV4-38-2*novel_1

IGHV4-38-2*novel_1.1
IGHV4-38-2*novel_1.2

IGHV3-33*novel_1

IGHV2-5*novel_1

IGHV1-3*02_S4863/1-
296

IGHV1-
69*01_50281/1-296

IGHV1-
69*04_55190/1-296

IGHV1-
69*13_54396/1-296

IGHV1-69-
2*01_S3231/1-296

IGHV2-
70*15_84058/1-301

IGHV3-
30*02_89143/1-296

IGHV3-
74*01_S7653/1-296

IGHV1-
46*01_S4697/1-296

IGHV1-
58*02_83393/1-296

IGHV1-
69*02_56402/1-296

IGHV2-
26*01_S1353/1-301

IGHV3-
30*05_54259/1-296

IGHV3-
66*01_54464/1-293

IGHV3-
72*01_S2905/1-302

IGHV4-
61*09_85977/1-299

IGHV3-
11*06_S8453/1-300

ORO079137

OR079148

OR079149
OR079150

OR079152
ORO079157

OR078942

OR078943

OR078945

ORO078946

ORO078947

OR078948

ORO078949

ORO078952

ORO078953

ORO078955

ORO078956

ORO078957

ORO078958

ORO078959

ORO078960

ORO078961

ORO078962

IGHV6-1*01

IGHV4-38-2*03

IGHV4-38-2*03
IGHV4-38-2*03

IGHV3-30-5*03
IGHV2-5*02

IGHV1-3*02

IGHV1-69*01

IGHV1-69*04

IGHV1-69*13

IGHV1-69-2*01

IGHV2-70*15

IGHV3-30*02

IGHV3-74*01

IGHV1-46*01

IGHV1-58*02

IGHV1-69*02

IGHV2-26*01

IGHV3-30*05

IGHV3-66*01

IGHV3-72*01

IGHV4-61*09

IGHV3-11*06

99.66
99.65

99.65
99.65

99.65
99.31

98.96
99.65
99.65
99.65
97.22
99.66
99.65
96.18
93.75
99.65
99.31
99.66
99.65
99.65
99.66
99.31

99.65
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IGHV3-9*01_G106A
IGHV4-31*03_C198T

IGHV4-38-
2*01_A291G

IGHV4-38-
2*03_A291G
IGHV1-2*06_G34A
IGHV1-18*01_A190G
IGHV3-15*01_G147A
IGHV1-69*14_G163A
IGHV3-74*01_G297A

IGHV4-59*01_A164G

IGHV1-69*04_A163G

The transcriptomic data has additional columns for the number of reads, the length

IGHV3-9*01_S4376/1-

298
IGHV4-

31*03_58471/1-299

IGHV4-38-

2*01_S0244/1-294

IGHV4-38-

2*02_S8107/1-296
IGHV1-2*06_S5931/1-

296
IGHV1-

18*01_S4206/1-296

IGHV3-

15*01_52325/1-302

IGHV1-

69*14_85279/1-296

IGHV3-

74*01_S4752/1-296

IGHV4-

59*01_56809/1-293

IGHV1-

69*04_S4205/1-296

ORO078963

ORO078964

ORO078965

ORO078966

ORO078967

ORO078969

ORO078970

ORO078971

ORO078973

ORO078974

ORO078975

IGHV3-9*01

IGHV4-31*03

IGHV4-38-2*01

IGHV4-38-2*03

IGHV1-2*06

IGHV1-18*01

IGHV3-15*01

IGHV1-69*14

IGHV3-74*01

IGHV4-59*01

IGHV1-69*04

99.65

99.66

99.65

99.65

99.65

99.65

99.66

99.65

99.65

99.65

99.65

distribution (minimum, maximum and mean) and the read error distribution (minimum,
maximum and mean) of each inferred novel allele.

Allele

IGHV1-69*04_A163G

IGHV1-69*14_G163A

IGHV1-58*02_G61T

IGHV4-31*03_C198T

IGHV3-74*01_G297A

IGHV4-59*01_A164G

IGHV1-69*04_A244G
IGHV3-66*01_A193G

Number
Of Reads

4924.0

9597.0

109.0

4035.0

3755.0

2798.0

4995.0
9723.0

Mean
Length

293.167952
8838343

293.359174
7421069

292.330275
2293578

296.538289
9628253

293.812250
3328895

292.571479
62830595

293.537337
33733736

290.838115

Max
Length

295.0

303.0

295.0

312.0

304.0

307.0

295.0
328.0

Min
Length

269.0

266.0

283.0

285.0

281.0

279.0

271.0
278.0

Mean V
Error

3.175670186
8399677

1.197353339
5852871

1.440366972
4770642

4.633705080
545229

4.476431424
766977

23.79949964
260186

3.008008008
008008

6.154684768

Max V
Error

52.0

55.0

17.0

92.0

39.0

59.0

74.0
65.0

Min V
Error

0.0

0.0

0.0

0.0

0.0

0.0

0.0
0.0
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IGHV4-38-
2*01_A291G

IGHV2-26*01_C134G

IGHV1-18*01_A190G

IGHV1-46*01_G73A

IGHV1-2*06_G34A

IGHV1-3*02_C108T

IGHV3-11*06_A240G

IGHV3-72*01_C54T

IGHV3-30*02_T201C

IGHV1-69*13_G163A

IGHV1-69*01_C191T

IGHV3-9*01_G106A

IGHV3-15*01_G147A

IGHV1-69*02_A18G

IGHV3-30*05_G293A

IGHV4-61*09_C163T

IGHV3-74*01_G107C

IGHV4-38-

2*03_A291G

IGHV1-69-2*01_T21C

IGHV2-70*15_G14A

4011.0

4921.0

41562.0

2004.0

8130.0

777.0

5335.0

1346.0

86389.0

18599.0

3381.0

12313.0

15696.0

8883.0

14448.0

9746.0

947.0

10413.0

4319.0

3422.0

80787824

291.750186
98578907

298.084738
8742126

293.874380
4436745

294.879740
5189621

293.913161
13161133

294.620334
62033463

296.814058
1068416

299.464338
781575

293.846542
9626457

293.425936
8783268

293.361727
2996155

294.671322
9919597

300.005542
81345563

293.478779
69154564

293.459509
96677743

296.546993
63841576

293.926082
3653643

294.208297
32065687

293.074322
7598981

296.922852
1332554

302.0

301.0

304.0

295.0

295.0

295.0

306.0

324.0

301.0

295.0

295.0

306.0

310.0

295.0

296.0

310.0

295.0

301.0

295.0

300.0

278.0

277.0

266.0

275.0

275.0

274.0

285.0

288.0

266.0

266.0

268.0

278.0

284.0

272.0

270.0

279.0

287.0

269.0

270.0

271.0

075697

6.545499875
3428075

2.017069701
2802274

1.951277609
354699

0.602794411
1776448

10.84095940
9594095

9.752895752
895753

5.806935332
7085285

11.40713224
3684993

7.498581995
392932

2.385397064
358299

6.152026027
8024255

4.005278973
442703

6.807148318
042813

1.107396149
9493414

6.772563676
633444

3.011594500
3078184

1.082365364
3083422

7.722078171
516373

12.47395230
3774022

10.46317942
7235534

95.0

46.0

71.0

21.0

49.0

59.0

63.0

51.0

86.0

56.0

67.0

51.0

64.0

32.0

61.0

67.0

23.0

63.0

58.0

53.0
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0.0

0.0

0.0
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0.0

0.0
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0.0
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0.0
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0.0
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Supplementary Table 4: IGHV alleles with matching V

regions showing mutations in other regions

This table contains some examples of different IGHV alleles (column 1) which have identical

V regions but differ in other parts of the gene. The variation is annotated with the region, if it

matches another allele and how many SNVs are contained in that region which differ from the

closest reference

Accession
Number

OR079099.1

OR079100.1

OR079106.1

OR079108.1

OR079116.1
OR079112.1

OR079123.1
OR079124.1

OR079129.1
OR079133.1

OR079142.1

OR079143.1

OR079159.1
OR079161.1

Sequence ID

IGHV4-4*07_3
IGHV4-4*07_8
IGHV4-4*07_2

IGHV4-4*07_1

IGHV2-26*02_1
IGHV2-26*02_5

IGHV4-61*07_1
IGHV4-61*07_1.1

IGHV4-28*01_3
IGHV4-28*01_1

IGHV3-30-3*01_1

IGHV3-30-
3*01_1.1

IGHV4-59*01_9
IGHV4-59*01_3

V region allele
match Variation in non V regions

IGHV4-4*07 V-INTRON: matches 08

V-INTRON: matches 08, L-PART1:
IGHV4-4*07 matches 08

V-INTRON: matches 05 with 1 SNV, L-
IGHV4-4*07 PART1: 1 SNV

V-INTRON: matches 05 with 1 SNV, L-
IGHV4-4*07 PART1: matches 08

IGHV2-26*02  V-INTRON: 10 SNVs

IGHV2-26*02  V-INTRON: 1 SNV

IGHV4-61*07  L-PART1: matches 09

IGHV4-61*07 No Variation

IGHV4-28*01 No Variation

IGHV4-28*01  V-INTRON: matches 06 with 1 SNV

IGHV3-30-3*01 L-PART1: 1 SNV

IGHV3-30-3*01 No Variation

IGHV4-59*01 No Variation

IGHV4-59*01  V-INTRON: matches 11 with 1 SNV
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OR078984.1
OR079053.1

OR079057.1
OR079054.1

OR078978.1
OR079047.1

OR079046.1
OR078997.1

OR079016.1
OR079058.1

OR079059.1
OR078982.1

OR078976.1
OR079044.1

IGHV1-2*02_8
IGHV1-2*02_1

IGHV1-2*06.1_1
IGHV1-2*06_1

IGHV1-3*02_24
IGHV1-3*02_1

IGHV1-3*03_1
IGHV1-3*03_3

IGHV1-24*01.1_2
IGHV1-24*01_1

IGHV1-45*02_1
IGHV1-45*02_9

IGHV1-18*01_35
IGHV1-18*01_1

IGHV1-2*02

IGHV1-2*02

IGHV1-2*06

IGHV1-2*06

IGHV1-3*02

IGHV1-3*02

IGHV1-3*03

IGHV1-3*03

IGHV1-24*01

IGHV1-24*01

IGHV1-45*02

IGHV1-45*02

IGHV1-18*01

IGHV1-18*01

No Variation

V-INTRON: 1 SNV, L-PART1: 1 SNV

No Variation

V-INTRON: 3 SNVs, L-PART1: 1 SNV

No Variation

V-INTRON: 2 SNVs

No Variation

V-INTRON: 1 SNV

V-INTRON: 2 SNVs

V-INTRON: 1 SNVs

No Variation

L-PART1: 1 SNV

1 L-PART1: matches 04 with 1 SNV

1 L-PART1: matches 04 with 1 SNV
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Supplementary Table 5: IGHV Leader Sequences

This table contains the leader sequences analysed in this study for novel variation. Each
leader is annotated by gene with the allele v region matches.

V_region allele matches

IGHV1-18*01

IGHV1-45*02/03

IGHV1-3*02/03/01

IGHV1-2*04/02/06/05

IGHV1-46*01/03

IGHV1-45*02
IGHV1-

69*p35/12/p34/14/12/01/p19/p30/13/1

5/p32/p33/p31

IGHV1-24*01

IGHV1-58*02/p03

IGHV1-69-2*01

IGHV1-58*02

IGHV1-58*01

IGHV1-69*13

IGHV3-30*p20/02/01

IGHV3-43*01/03/04/p03

IGHV2-70D*14

IGHV3-13*03/01/p06

IGHV5-51*p11
IGHV5-51*01/p11

Leader Sequence

ATGGACTGGACCTGGAGCATCCTTTTCTTGGTGGCAGCA
GCAACAG

ATGGACTGGACCTGGAGAATCCTCTTCTTGGTGGCAGCA
GCCACAG

ATGGACTGGACCTGGAGGATCCTCTTTTTGGTGGCAGCA
GCCACAG

ATGGACTGGACCTGGAGGATCCTCTTCTTGGTGGCAGCA
GCCACAG

ATGGACTGGACCTGGAGGGTCTTCTGCTTGCTGGCTGTA
GCTCCAG

ATGGACTGGACCTGGAGAATCCTCTTCTTGGTGGCAGCA
GTCACAG

ATGGACTGGACCTGGAGGTTCCTCTTTGTGGTGGCAGCA
GCTACAG

ATGGACTGCACCTGGAGGATCCTCTTCTTGGTGGCAGCA
GCTACAG

ATGGACTGGATTTGGAGGATCCTCTTCTTGGTGGGAGCA
GCGACAG

ATGGACTGCACCTGGAGGATCCTCCTCTTGGTGGCAGCA
GCTACAG

ATGGACTGGATTTGGAGGGTCCTCTTCTTGGTGGGAGCA
GCGACAG

ATGGACTGGATTTGGAGGATCCTCTTCTTGGTGAGAGCA
GCGACAG

ATGGACTGGACCTGGAGGTTCCTCTTTGTGGTGGCAGCT
ACAG

ATGGAGTTTGGGCTGAGCTGGGTTTTCCTCGTTGCTCTT
TTAAGAG

ATGGAGTTTGGACTGAGCTGGGTTTTCCTTGTTGCTATTT
TAAAAG

ATGGACATACTTTGTTCCACGCTCCTGCTACTGACTGTCC
CGTCCT

ATGGAGTTGGGGCTGAGCTGGGTTTTCCTTGTTGCTATA
TTAGAAG

ATGGGGTCAACCGCCATCCTCGCCCTCCTCCTGGCTGTT
ATCCAAG

ATGGGGTCAACCGCCATCCTCGCCCTCCTCCTGGCTGTT
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IGHV3-23*03/04

IGHV3-73*01/04

IGHV2-70*15/05/p14/p24/p16

IGHV2-70*p24/p25

IGHV2-70*p25

IGHV3-11*04/05/01

IGHV4-30-2*01

IGHV4-4*07

IGHV4-4*07/p11/02

IGHV4-4*07

IGHV4-4*02

IGHV2-26*03/01

IGHV2-26*p12/02/p09/p10

IGHV2-26*02

IGHV4-30-4*p09

IGHV4-61*07

IGHV4-61*02

IGHV4-61*01

IGHV4-61*07

IGHV4-28*05/p08/01/p09

IGHV6-1*01/p03
IGHV3-53*02

CTCCAAG

ATGGAGTTTGGGCTGAGCTGGCTTTTTCTTGTGGCTATTT
TAAAAG

ATGGAGTTTGGGCTGAGCTGGGTTTTCCTTGTTGCTATTT
TAAAAG

ATGGACATACTTTGTTCCACGCTCCTGCTACTGACTGTCC
CGTCCT

ATGGACATGCTTTGTTCCATGCTCCTGCTACTGACTGTCC
CGTCCT

ATGGACATGCTTTGTTCCATGCTCCTGCTACTGACTGTCC
CGTCTT

ATGGAGTTTGGGCTGAGCTGGGTTTTCCTTGTTGCTATTA
TAAAAG

ATGAAACACCTGTGGTTCTTCCTCCTGCTGGTGGCAGCT
CCCAGAT

ATGAAACACCTGTGGTTCTTCCTCCTGCTGGTGGCAGCT
CCCAGAT

ATGAAACACCTGTGGTTCTTCCTCCTCCTGGTGGCAGCT
CCCAGAT

ATGAAGCACCTGTGGTTCTTCCTCCTGCTGGTGGCAGCT
CCCAGAT

ATGAAACATCTGTGGTTCTTCCTCCTCCTGGTGGCAGCT
CCCAGAT

ATGGACACACTTTGCTACACACTCCTGCTGCTGACCACC
CCTTCCT

ATGGACACGCTTTGCTACACACTCCTGCTGCTGACCACC
CCTTCCT

ATGGACATGCTTTGTTCCATGCTCCTGCTACTGACTGTCC
CGTCCT

ATGAAACACCTGTGGTTCTTCCTCCTGCTGGTGGCAGCT
CCCAGAT

ATGAAACATCTGTGGTTCTTCCTTCTCCTGGTGGCAGCTC
CCAGAT

ATGAAACATCTGTGGTTCTTCCTCCTCCTGGTGGCAGCT
CCCAGAT

ATGAAACACCTGTGGTTCTTCCTCCTCCTGGTGGCAGCT
CCCAGAT

ATGAAGCACCTGTGGTTCTTCCTCCTGCTGGTGGCGGCT
CCCAGAT

ATGAAACACCTGTGGTTCTTCCTCCTGCTGGTGGCAGCT
CCCAGAT

ATGTCTGTCTCCTTCCTCATCTTCCTGCCCGTGCTGGGC
CTCCCAT

ATGGAGTTTTGGCTGAGCTGGGTTTTCCTTGTTGCTATTT
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IGHV3-53*01

IGHV3-23D*01

IGHV3-30-3*01

IGHV4-38-2*p04/02

IGHV2-5*05/p11/01

IGHV3-15*01

IGHV4-59*01/p15/p18/08

IGHV4-59*p19|IGHV4-59_2

CAAAAG

ATGGAGTTTTGGCTGAGCTGGGTTTTCCTTGTTGCTATTT
TAAAAG

ATGGAGTTTGGGCTGAGCTGGCTTTTTCTTGTGGCTATTT
TAAAAG

ATGGAGTTTGGGCTGAGGTGGGTTTTCCTCGTTGCTCTT
TTAAGAG

ATGAAGCACCTGTGGTTTTTCCTCCTGCTGGTGGCAGCT
CCCAGAT

ATGGACACACTTTGCTCCACGCTCCTGCTGCTGACCATC
CCTTCAT

ATGGAGTTTGGGCTGAGCTGGATTTTCCTTGCTGCTATTT
TAAAAG

ATGAAACATCTGTGGTTCTTCCTTCTCCTGGTGGCAGCTC
CCAGAT

ATGAAACACCTGTGGTTCTTCCTCCTCCTGGTGGCAGCT
CCCAGAT
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Supplementary Table 6: Alleles of duplicated IGHV genes

from genomic data

The participants that contain duplications detected in the genomic sequencing of this study
are listed here, with the alleles that contribute to the detection of a duplication. Of note,
where there are alleles listed twice, this is because while the V-region designation for the
alleles are identical the sequences differ in other regions of the gene.

CAP

IGHVS5 IGHV2 IGHV4 IGHV2 IGHV6 IGHV4 IGHV4 IGHV1 IGHV1 IGHV1 IGHV1

Participant -51

CAP121

CAP257

CAP117

CAP252

CAP8

CAP290

CAP312

CAP248

none

[ot,

P117]

ror,
P117]

[p117]

(p17,
‘01,
P117]

none

none

none

-70

none

none

[p25]

none

[15',
'p241]

none

none

none

-4

none

none

ro7,
p11]

[071]

[071]

none

none

none

-26

[011]

none

[011]

none

[p12]

none

none

none

-1

[011]

none

none

none

[011]
none
[03_C2
88T,
'01_C28

8T']

none

-38-2

none

none

none

[02]

(P04,
‘02,
'p041]

none

none

[p047]

-59

none

none

o1,
'01','08']

[011]

[011]

none

none

none

-69

[0,

12", 13,

'11_A16
3G

['p30,

'035',

P19]

none

[14',

'p35,
'P19]

none

none

none

none

-69D -3
[02_T12
none 5G]
none ['021
none none
none none
[o1',
'02', '03',
'02_T12
none 5G', '02"
none none
none none
none none

-46

none

none

none

[ot,

'01','03]

none

none

none

none
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CAP221

CAP85

CAP306

CAP301

CAP331

CAP65

CAP109

CAP148

CAP105

CAP120

CAP64

[p11,
'01]

[p117]

[p11',
P117]

[p117]

(p17,

'01]

[p117]

(p17,

P117]

[p117]

ror,
P117]

[011]

[011]

none

[151]

none

none

none

none

[151]

none

[151]

[0S,

'014',
'011

none

none

none

none

none

none

none

[02_A24
5C']

(o7,

'07]

none

none

none

none

[p12]

none

none

none

none

none

none

[011]

[011]

none

none

none

none

none

none

[03_C2
88T,
'01_C28
8T

[011]

none

[011]

[011]

[011]

none

none

none

none

none

none

['p04',
'02]

[0z,

'p041]

[02]

none

none

none

none

none

none

none

none

none

[p19]

none

none

none

none

none

none

none

12,
'13_G16
3A1

['p30,
10, 14",
'04_A16
3G

[12,

"13]

none

none

[p34',
'01_T21
C1

[12,
'p351]

none

none

none

none

[011]

none

none

none

none

[011]

none

none

[0z,

03,

'02_T12

5G', '02']

none

none

none

[0z,
'03']

none

none

none

none

o1,
'02',
'02_T12
5G]

none

none

none

none

[011]

none

none

none

none

none

[011]

Addenda | 114



CAP45

CAP225

CAP88

CAP108

CAP310

CAP244

CAP287

CAP268

CAP286

CAP280

CAP161

CAP119

ror,
P117]

ror,
P117]

ror,
P117]

[011]

[011]

[p117]

[p117]

(p17,

P117]

none

none

none

none

none

[p14',
'p251]

[p24]

['p24,
'05']

[151]

none

none

[151]

[151]

[151]

[151]

[15',
'p14',
"15_G14
Al

none

none

[071]

[0z,
'07]

[071]

[or,
'07]

[071]

none

none

none

ro7,
p11]

none

none

[011]

none

[011]

[011]

none

none

o1,
'02]

[03,
'01]

[011]

[011]

[011]

none

[P03]

[011]

[011]

[011]

[011]

none

[ot,

'p031]

none

none

ror,
'p031]

none

none

none
[p04',
02"

'p041]

['p04',
'02]

[p047]

[p047]
['p04',

'02,
'p041]

none

none

none

[02',03
_A291G'
'03_G4
C1

none

none

none

[011]

[011]

[p15]

[011]

[011]

none

none

none

none

none

none
[12',

'p32,
'p331]

none

none

none

[12,
"13']

none

none

none

none

[10',
"5,
'11_A16
3G

[12',
'p35,
'p371]

none

none

none

none

none

none

none

none

none

none

none

none

none

[011]

o1,
'02]

none

none

none

[011]

[ot,

'02]

none

none

none

none

none

[011]

none

none

none

o1,
'03']

none

none

none

none

[011]

none
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CAP145

CAP146

CAP3

CAP103

CAP387

CAP254

CAP228

CAP165

CAP330

none

none

(p17,
‘01,
P117]

none

none

none

none

none

none

[15] [02]

[15] [p111]

[15',

'p24',

'0%', '16',

"15_G14

Al [071

[p24',

'051 none

[p24',

'0%', '16',

"15_G14

Al none

[p147 none

none ['071
[o7,
'02,
'02_A24

none 5C]

none none

ro1", [p04",
'p107  [p037  'p04]
[021 ['011 none

[o1,

003,

'03_C28

8T,
[o1, '01_C28 ['p04",
'02','02"] 8T'] '02']
ro1",
02",
009,
'02_G4A ['01',
] 'p031 none
ro1",
'02','02'] none none
['011 none none

[p04',

none none 'p04']
none none ['021
none none ['021

ror,
'P15]

[p15,
'p181]

[p19,
'P15]

none

none

none

[011]

[p18]

[p19]

none

(14,
"15',
p31]

10
12,
'p35',
'p34',
13,
'"15_G48

"13_G11
2A,
'04_A16
3G

[p30',
'p341]

none

none

none

none

none

none

none

[011]

none

none

none

none

none

none

none none
none ['011
[o1',

02",

'02_T12

5G', '037 ['011
none none
none none
none none
['011 none
none none
none none
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['p04', 10,

[o7, '02', 12,
'01_C46 '01_C28 ['01', 13_C19
CAP118 none none T none none 8T '01','087 1T none [011 [011
[p34',
"5
CAP172 none none none none [011 none none 'p311 none none [011
[o1,
CAP103.2 none none none none 'p031 none none none none none none
CAP255 none none none none ['011 none none none none none none
CAP335 none none none none [p03'7 none none none none ['011 none
CAP110 none none none none none none none none none none none
CAP250 none none none none none none none none none none none
[10,
CAP137 none none none none none ['021 none 121 none none none
CAP80 none none none none none none none none none none none
CAP383 none none none none none none none none none ['021 none
[o1,
CAP378 none none none none none none none none none '03"] none
CAP365 none none none none none none none none none ['011 none
[P35,
"11_A16
3G/,
CAP363 none none none none none none none 'p341 none ['011 none
CAP349 none none none none none none none none none ['021 none
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CAP346

CAP342

CAP326

CAP314

CAP62

CAP295

CAP229

CAP288

CAP220

CAP341

CAP115

CAP177

CAP147

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

[P35,
"13]

none

none

none

none

none

none

none

[10),
'p35,
"15_G48
Al

[10',
'04_A16
3G,
'p351]

[12]

[p357]

none

none

none

none

none

none

none

none

none

none

none

none

none

(o1,
'02]
[o17]
(o1,
'02_T12
5G]
[02]
[0z,
'02_T12

5G]

o1,
'02]

none

[011]

[02_T12
5G]

none

[011]

none

none

none

none

none

none

none

none

none

none

none

[011]

none

none

none
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CAP357 none none none none none none none none none ['011 none

CAP222 none none none none none none none none none [031 none

Supplementary Table 7: RabHit output table

This table is large and complex, for ease of reading and accessibility it can be viewed
through this link: Supplementary Table 7
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