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Abstract
Phenotypic Consequences of B-Defensin Copy Number Variation in Humans
Razan Abujaber

Beta defensins (DEFB) at the 8p23.1 genomic location are multifunctional secreted
short peptides that have antibacterial and antiviral action in many species and possess
immune cell signal activity, constituting a link between innate and adaptive immunity.
In humans, the B-defensin region is known to be copy number variable (CNV) and
contains seven genes repeated as a block, with a diploid copy number between 1 and

12.

This thesis shall explore the structural variability of the B-defensin CNV region;
compare and contrast the different methods used for calling DEFB CNVs and
investigate the role of CNVs of DEFB in various diseases. One of its aims is to also
develop a model system to investigate if DEFB expression levels differ with CN in
response to treatment with Pneumolysin by using Normal Human Bronchial Epithelial

(NHBE) cells.

Results from this thesis confirm that the DEFB CNV region is 322kb in length, with a
polymorphic inversion that occurs at a prevalence of 30% at the 8p23.1 genomic
location that is independent of the DEFB CN. Paralogue Ratio Test (PRT) proved to be
the best method of genotyping DEFB CNV especially in larger cohorts. In addition, work
from this thesis also founded the basis of developing an in vitro model system to
investigate whether DEFB expression levels differ with CN in response to treatment
with pneumolysin by using Normal Human Bronchial Epithelial (NHBE) cells. As far as
case/control and cohort studies are concerned, results from this thesis show that DEFB
CN is not associated with lung function in the general population and has no effect on
patients with COPD and Asthma, nor does it support previous results that present an
association between HIV viral load and DEFB CN. DEFB CN was also found not to be
associated with recurrent UTls in VUR patients, nor with hypertension. Data suggested
that DEFB CN might be associated with BMI but this has not been reproduced in a

smaller cohort.
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1 Introduction

1.1 Copy Number Variation

The human genome consists of 6 billion nucleotides of DNA that are packed into 23
pairs of chromosomes, one of each pair inherited from each parent. There are about
20,000 human protein-coding genes. The estimate of the number of genes has been
repeatedly revised down from initial predictions of 100,000 or more as genome
sequence quality and gene finding methods have improved, and could continue to
decrease further (Pennisi, 2012; International Human Genome Sequencing
Consortium, 2004). Protein-coding sequences account for about 1.5% of the genome
and the rest is associated with non-coding RNA molecules, regulatory DNA
sequences, LINEs, SINEs, introns, and sequences for which as yet no function has been

elucidated (Lander et al., 2001).

The diversity in polymorphic genetic variation among humans is majorly accounted for
by copy number variants (CNVs) (Sebat et al., 2004) contributing to the differences
between individual humans (Hastings et al., 2009). CNVs also play an important role in
genetic susceptibility to common diseases. Human genetic variation is the genetic
diversity or variation in alleles of genes of humans and represents the total amount of
genetic diversity within the human genome at both the individual and the population
level (Conrad et al., 2010; Sudmant et al., 2010; Zhang et al., 2009). Recent studies
have stated that variations exist in the human genome at diverse levels: large-scale
microscopically visible chromosome anomalies; several kilobases to megabase pairs,
submicroscopic copy number variation of DNA segments (tens to thousands of kb

pairs) and the single base pair (bp).

Deletions, insertions and duplications of DNA segments ranging from several kilobases
(Kb) to megabases (Mb) in size at variable number, in comparison with a reference
genome are collectively referred to as CNVs (Conrad et al., 2010). A CNV can be simple
tandem duplication, or may involve complex gains or losses of homologous sequences

at multiple sites in the genome (Figure 1). It has been reported that copy number
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varies in different organs and across tissues in the same individual and can arise both

meiotically and somatically (Piotrowski et al., 2008).

The simplest form of CNV in the human genome could arise due to deletion or
duplication of a gene. A diploid genome consists of two copies of a particular gene, one
on each chromosome. Copy number can be categorized into diallelic and multiallelic
groups. Diallelic CNVs have two alleles and could produce three different genotypes in
both deletion and duplication events. A simple deletion event may change the diploid
copy number of a specific gene and hence could result in diploid copy number of two,
one or zero. Likewise a diploid genome could thus comprise two, three, or four copies
of a gene after a simple duplication event in the genome. However, the deletion
and/or duplication events in the genome do not always follow a simple pattern,
ultimately causing complex CNVs, known as multiallelic copy number variants (Wain et
al., 2009). Multiallelic CNVs (mCNVs) have more than two alleles and could produce
more than three genotypes. In general, the size of genomic segments of deletion and
duplication regions can vary from a few hundred to several million bp and could
contain an entire gene, part of a gene, a region outside of a gene, or several genes in

case of larger variants.
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Figure 1: Diallelic locus (grey) and flanking loci (green and blue) with copy number variation caused by
(A) deletion and (B) duplication, each showing the locus with (i) normal diploid copy number, (ii)
heterozygous state, and (iii) homozygous state. (C) Multiallelic locus showing (i) normal copy number,
(ii) multiple rounds of duplication on one chromosome and a deletion on the homologous chromosome,
(iii) duplication on one chromosome and no deletion on the homologous chromosome, (iv) multiple
rounds of duplication on one chromosome and no deletion on the homologous chromosome, (v) one
round of duplication on each chromosome, (vi) one round of duplication on one chromosome and
multiple rounds of duplication on the homologous chromosome, and (vii) multiple rounds of duplication
on both chromosomes. Multiallelic assays measure total diploid copy number but cannot describe

genotypes status of (ii) and (iii), or (iv) and (v). Reproduced from (Wain et al., 2009).

1.1.1 Classes of CNV

CNVs are classified into two classes, based on the mutational origin and molecular
mechanism of their formation; “recurrent” and “non-recurrent” CNVs. The mutation
rates are thought to be different for recurrent and non-recurrent CNVs (Hollox & Hoh,

2014).

Recurrent CNVs exist in areas within the genome that contain large segmental
duplications (SDs) and are mostly created by non-allelic homologous recombination

(NAHR) mechanism of CNV formation. 20-40% of normal polymorphic CNVs can be



classified as recurrent CNVs (Conrad et al. 2010). Recurrent CNVs can arise anywhere
in the genome but hotspots for these CNVs mainly exist in subtelomeric and

pericentromeric regions (Conrad & Hurles, 2007; Redon et al., 2006).

Non-recurrent CNVs on the other hand involve large genomic regions and break-point
analysis shows minimal or no-homology is required for them to form (Conrad et al.,
2010). Non-recurrent CNVs arise by non-homologous end joining (NHEJ) or fork-stalling
and template switching (FoSTeS) mechanisms (Zhang et al., 2009). Non-recurrent CNVs
are often large, are more likely to affect genes and hence more likely to have an
extremely deleterious phenotypic effect (Arlt et al., 2012). According to Hollox & Hoh
(2014), many non-recurrent CNVs are rare because negative selection acts to rapidly

remove the deletion from the population.

1.1.2 Prevalence of CNVs in the human genome

The availability of a complete human genome sequence and significant advances in
microarray technologies made it possible to obtain genome-wide maps of approximate
locations and frequencies of CNVs. In 2004, two independent research groups
investigated the human genome for CNVs. Sebat et al.,, employed Representational
Oligonucleotide Microarray Analysis (ROMA) technology in investigating large-scale
(>100 kb) CNVs in 20 healthy individuals with 85,000 probes that were 35 kb apart.
The result of their studies showed that 221 CNVs were located at 76 CNV loci. lafrate
et al., on the other hand, used Bacterial Artificial Chromosome (BAC) Comparative
Genomic Hybridization (CGH) array with approximately 1 Mb resolution where 55
individuals were investigated. 255 clones in the study revealed CNV, 41% of which

were present in more than one person, showing that these variations are polymorphic.

In 2006, Redon et al. studied 270 lymphoblastoid cell lines from the International
HapMap project that was established from people of African, European, and Asian
ancestry. In their study, they realised 1447 CNV regions occupying a sequence of 360
Mb in size. It was through their finding that CNVs was concluded to occupy 15% of the
human genome. It was also discovered that an average of 12 CNVs exist in each person

compared to a reference genome (Li & Olivier, 2013). According to Li and Olivier, using



a lower limit of 1 kb to define CNVs is discretionary because of the resolution
difficulties. Therefore, a change in the threshold setting can radically change the

number of CNVs reported.

The controversy of CNV was however summarized by Zhang et al., in 2009 who
claimed that approximately 30% (38,406 genomic variants) of the human genome
is covered by CNV. In addition to this, they asserted that CNV is a DNA quantitative
variation that exceeds 100bp. However, this value may have been over-exaggerated
because of the technology’s resolution limits in screening for CNVs resulting in high
rate of false positives in small sized CNV calls. On the contrary, inexactness in
determining CNVs varying between 1 — 20 kb could have contributed to
underestimation of the total number of CNVs. Also, the limitations of the current

reference genome must be considered when validating the data.

Conrad and colleagues in 2010 designed an experimental strategy to discover CNVs
greater than 500 base pairs using a set of 20 NimbleGen arrays, each comprising 2.1
million long oligonucleotide probes covering the assayable portion of the genome
across 40 individuals. They identified 51,997 CNV calls, 11,700 CNV loci and 8,599
validated CNVs, 5,238 loci of which were genotyped allowing to distinguish deletions
(0, 1 or 2 diploid copy number), duplications (2, 3 or 4 diploid copy number) and
MCNVs (greater than 3 possible diploid copy numbers). This data set has been the core

scientific resource on common CNVs for years (Conrad et al., 2010).

The reference genome validation and size limitation mentioned above has been
tackled in 2015 by Sudmant and colleagues. In an attempt to understand the pattern,
selection, and diversity of CNVs in the context of the ancestral human genome,
Sudmant et al. (2015) sequenced 236 individual genomes from 125 different human
populations and identified 14,467 autosomal CNVs and 545 X-linked CNVs, using a
sequence read-depth approach which provided breakpoint resolution to 210 bps. They
found that the median size of CNV was 7,396 bp, with 82.2% of events less than 25
kbp. CNVs mapping to SDs were larger on average (median = 14.4 kbp) than CNVs
mapping to the unique parts of the genome (median = 6.2 kbp). Around 50% of CNV
base pairs mapped within previously annotated SDs. In total, 7 % of the human

genome is variable because of CNVs, in contrast to around 1 % resulting from single-



nucleotide variations. Duplications were more common (4.4 % of the genome)
compared with deletions (2.8% of the genome). When comparing their data set to
Conrad et al. (2010), 67 - 73 % of calls were exclusive to their study, whereas they

captured 68 — 77 % of formerly identified CNVs (Sudmant et al., 2015).

1.1.3 Functional consequences of CNVs

The functional importance of many CNVs is relatively clear; reduced copy number of a
gene can be correlated with reduced expression level, while duplicated copies of a
gene can lead to increase expression level (McCarroll & Altshuler, 2007; Stranger et al.,
2007). 85% - 95% of CNVs in human and mice were reported to be associated with a

change in expression of the affected genes (Stranger et al., 2007).

The majority of the genes with CNVs play a part in the immune system, brain
development and brain functioning. CNVs were firstly linked to human diseases in the
1980s. However; their population incidence was assumed to be not only small but also
directly related to certain genomic disorders (Freeman et al., 2006; Ghanem et al.,
1988). For instance, CNV at the a-globin locus was claimed to be the causing agent of
a-Thalassaemia (Goossens et al., 1980). CNVs may also impair the performance of
adjacent regulatory signals that trigger or mute genes without directly influencing the

copy number of that gene itself (Cahan et al., 2009; Henrichsen et al., 2009).

CNVs seem to be critical for evolution; some CNV copies sustain their original function
whereas paralogues undergo rapid adaptive evolution to specialize in their functional
niche (Inoue & Lupski, 2002). In certain instances, more copies of certain CNV genes
offer a selective advantage such as, the AMY1 gene. AMY1 gene encodes the salivary
amylase enzyme. Populations whose diet constitutes high levels of starch have
significantly higher average copy number of AMY1 (Perry et al., 2007). An example of a
reduction in copy number beingimportant has been proposed for the a-globin
locus. The disorders of a -globin gene deletion in homozygotes, for example a
thalassemia, might be stabilized by resistance to malaria for heterozygotes (Higgs et

al., 1989).



Although most CNVs are benign in nature, some may have an effect on gene
expression, affecting the phenotype through not only disrupting genes, but also
changing gene dosage (Dereli-Oz et al., 2011). Copy number changes are also involved
in the formation as well as progression of cancer (Shlien & Malkin, 2009; Volik et al.,
2006). In support of this, Frank et al., (2007) argued that copy number contributes to
cancer proneness. Apart from causing cancer, CNVs increase susceptibility to
schizophrenia (Ahn et al., 2014), epilepsy (Bassuk et al., 2013; Mefford et al., 2010),
autism (Polan et al., 2014; Marshall & Scherer, 2012), Psoriasis (Hollox et al., 2008),
and HIV (Hardwick et al., 2012; Larsen et al., 2012; Liu et al., 2010). Several CNV genes
are involved in some known metabolising enzymes, such as CYP2D6 and GSTM1.
Others are widely studied such as the B-defensins at the 8p23.1 genomic location due
to their potential clinical relevance for innate immunity, inflammation, and cancer
(Groth et al., 2008). While others are potential drug targets such as CCL3L1, which may

also make significant contributions to pharmacogenomic studies (Ouahchi et al., 2006).

In 2015, Handsaker et al. sought to use whole-genome sequence data to deepen their
understanding regarding mCNVs. mCNVs are loci that exist in more states that can be
explained by the segregation of just two structural alleles (Handsaker et al., 2015).
They analysed 849 genomes sequenced by the 1000 Genomes project to identify most
large (>5 kb) mCNVs, including 3878 duplications, of which 1356 appeared to have 3 or
more segregating alleles. Handsaker at al., 2015 discovered that mCNVs give rise to
most human variation in gene dosage — 7 times the combined contribution of deletions
and bi-allelic duplications, and this in turn generates abundant variation in gene

expression.

According to recent CNV studies, the human genome has CNV distribution hotspots
(Sudmant et al., 2015). The hotspots are structural variant-rich such as the immunity
and cell-cell signalling genes and genes that encode proteins which are involved in
interaction with the environment. Another hotspot includes genes that code for

retroviruses as well as transposition related proteins (Li & Olivier, 2013).



1.2 CNV detection methods

As it was introduced above, CNVs result in several human genetic disorders. Each
person’s genome has several copy number polymorphisms of different sizes that are
believed to contribute to phenotypic variation, as well as vulnerability to multifactorial
disease. Thus, it is not surprising that a wide variety of laboratory methods have been
developed to aid in the identification of copy number changes. To fully understand the
role of genetic variation in disease, accurate and complete CNV measurements are
needed. The precise detection of a gene’s copy number faces many challenges such
as detection of CNV regions and ability to distinguish between the different classes of
CNVs. Other challenges include having robust detection algorithms for precise
detection and full understanding of the mechanisms that create CNVs (Li & Olivier,
2013). However, various methods have been developed and optimized to study CNVs.
They include fluorescence in situ hybridization (FISH), Southern Blotting, conventional
karyotyping, microarray-based copy number screening, PCR-based methods, multiplex
ligation-dependent probe amplification (MLPA), and comparative genomic
hybridization (CGH) (Wain & Tobin, 2011). Each method is associated with specific
advantages and disadvantages that determine the choice of which technique to use in
a study. Conventional karyotyping enhances detection of structural variations in the
entire genome, but its resolution is low (>5-10 Mb). FISH analysis, on the other hand,
requires metaphase chromosomes or interphase nuclei with a resolution of

approximately 100kb.

1.2.1 Quantitative PCR (qPCR)

In 1983, Polymerase Chain Reaction (PCR) was invented and used extensively within
three years after its invention (Oswald, 2007). The principle of PCR technology was to
increase a target from minute amount of starting material. At the end of amplification,
the product was run on a gel for detection of the specific product. The introduction of
Quantitative Real-Time PCR (qPCR) reduced all these processes because the
technology had the potential to combine the DNA amplification step and enhancing

immediate detection of the desired products in one tube. gPCR is a technique that is



extensively used currently in microbial ecology to describe gene or transcript numbers
that exist in environmental samples. This detection method is based on changes in
fluorescence which correlates with the increase of target. Fluorescence is monitored
throughout each PCR cycle giving an amplification plot that allows the user to track the
reactions in real time. The build-up of PCR product which is calculated in the real time
results is shown as a sigmoidal amplification curve. Many detection chemistries exist to
measure product accumulation. The chemistries include hydrolysis probes, dual
hybridization probes, molecular beacons and double-stranded DNA specific binding

dyes.

The target certainty of gqPCR is evaluated by an internal probe that allows
quantification of functional gene markers that exist in an individual. Through the use of
the gPCR technique, the gene of interest is instantaneously amplified as well as
quantified in real time. gPCR primarily involves using fluorescent techniques such as
TagMan where the threshold cycles (Ct) between the target gene and a reference gene
is compared. The generated ACt values are then used to determine the copy number.
gPCR is normally used as a justification technique for computationally identified loci
(Li & Olivier, 2013). There is a connection between the period that the fluorescent PCR
signal rises above the background and the earlier amount of input DNA. A large
guantity of input material leads to lower crossing point (Cp) values. The Cp value
symbolizes the fractional PCR cycle that is typical for the magnification curve or at

which the fluorescence exceeds a certain threshold.

The advantages of qPCR are many over the majority of the alternative methods. For
instance its instrumentation costs are minimal (Karlen et al.,, 2007). The gPCR
approaches also bring together the identification of target prototype with
guantification by recording the magnification of a PCR product through a conforming
rise in the fluorescent signal linked to product formation during every cycle in the PCR.
In relation to this description, gPCR that employs fluorescence-based detection in a
study provides greater sensitivity. It also allows discrimination of gene numbers along
a wide dynamic range (Karlen et al., 2007; Rutledge & Cote, 2003). For instance, the
use of gPCR enables discrimination of twofold changes in a given target concentration.

Apart from being rapid and straightforward, qPCR allows for the detection of tiny



duplications and deletions using as little as 5ng of DNA (Fernandez-Jimenez et al.,
2011). The homogeneous format of the products in single tubes is very beneficial since
it does away with the significant contamination risk associated with opening tubes for
carrying out post-PCR manipulation (Karlen et al., 2007). This is in tandem with the fact
that the reaction tubes can be observed and determined without opening the tubes.
However, the number of samples that can be studied at any one time is limited by the

number of available fluorophores and the instrument’s detection capabilities.

The use of gPCR has been less frequently utilised in the determination of copy number.
The overall accuracy of using the gPCR method in determination of CNVs depends on
the number of qPCR assays. Determination of CNVs involves selection of genes or
intergenic regions in which the number of the selected genes influences the number of
assays in each gene (Rutledge & Cote, 2003). When a large number of genes need to
be screened, the number of assays on each gene is often limited to one or two because
of practical and financial demands. If a CNV in a given gene is associated with a certain
disorder or phenotype, screening much more is advocated to ensure the identification
of small deletions. gPCR is considered one of the keys to success after considering the

cost as well as its resolution per sample (D’haene et al., 2010).

In their study; Haridan et al. (2015) suggested that qPCR could potentially introduce
false-positive calls, therefore CNV association studies based on gPCR should be
counter validated. Indeed, many studies showed contradictory findings on copy
number and association with disease development, for instance CCL3L1 in HIV
(Walker, Janyakhantikul & Armour, 2009), and DEFB4 in Crohn’s disease (Aldhous et
al., 2010; Fellermann et al., 2006). The disadvantage of qPCR though is common across
copy number assays and this is expected in view of the principle of CNV and the
chemistry of gPCR amplification. The absolute values also vary usually upon repetition
since qPCR is technically demanding. This again is a common phenomenon observed in

most gPCR assays (Willcocks et al., 2008).
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1.2.2 Multiplex Ligation-dependent Probe Amplification (MLPA)

Multiplex ligation-dependent probe amplification (MLPA) was first introduced in 2002
by Schouten et al. (2002) and has been extensively applied in a variety of clinical and
research situations (Schouten et al., 2002). The technique has proven to be efficient
and reliable for copy number variation detection and validation (Hills et al., 2010;

Pedersen et al., 2010; Janssen et al., 2005).

In MLPA, two sequence-tagged half probes are annealed to adjacent sites on the
genomic target sequence and ligated using a thermostable DNA ligase. The ligated
probes are then amplified with universal PCR primers, one of which is fluorescently
labelled, and quantified using electrophoresis. Each amplicon has a different size which
allows identification of specific DNA fragments. The amount of ligated probe is
proportional to copy number of target gene and can be quantified after running the
ligated PCR products on capillary electrophoresis (Figure 2b). In each MLPA
experiment, reference probes are also put in probe mixes to determine unknown copy
number. The reference probes are assumed to have a copy number (n=2) in both test
samples and control samples. The reference probes are designed from chromosomal
regions which are non-variable. Groth and co-workers estimated beta-defensin copy
number in 44 different samples using MLPA technique and a noticeable correlation
was observed with other techniques, such as gPCR and PRT (Groth et al., 2008). MLPA
detects copy number variation of maximum 45 separate genomic sequences in a single
reaction using relatively small amounts of starting DNA (20 ng) and does not require
cells for chromosome spreads. MLPA assay can be used to target any genomic
sequences for copy number analysis, irrespective of their size or proximity to each
other. MLPA allows more accurate determination of the size of deletions or
duplications in comparison to FISH or gPCR (Janssen et al., 2005). MLPA is high

throughput and results can be obtained within 20 hours.

There are difficulties in custom probe design for regions not yet available commercially
as kits. A list of criteria (probe length, melting temperature, secondary structure, GC
content, nucleotide composition at the ligation, site, sequence uniqueness, avoidance

of known SNPs, etc.) is a pre-requisite to increase the probability of a successful MLPA
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assay. Unknown SNP in the probe binding regions may affect MLPA results and appear

as exon deletions.

1.2.3 Multiplex Amplifiable Probe Hybridization (MAPH)

Multiplex amplifiable probe hybridization (MAPH) is a PCR-based method of
quantifying multiple genomic loci in a single reaction (Armour et al., 2000; Hollox et al.,
2002). The technique is based on the quantitative amplification of multiple probes that
have been hybridized to immobilized genomic DNA (Figure 2A). All the probes have
universal primers at the ends to be amplified by a single PCR. MAPH probes are
generated by cloning the target sequences into a plasmid vector, followed by PCR
amplification of cloned sequence using primers directed to the vector, to have similar
flanking sequence in all PCR products. Probes have different length and identical tails
facilitating PCR amplification with a single primer pair. Around 0.5-1 pg denatured
genomic DNA is spotted onto a nylon filter and hybridized with a set of probes
corresponding to the target sequences. The membranes are then washed rigorously to
remove unbound probe, and the remaining specifically bound probe is proportional to
its target copy number. The probes are stripped from the membrane and amplified
simultaneously with the universal primer pair and separated by electrophoresis. A
relative comparison is made between the test and control probes based on band
intensities, peak area/peak heights depending on the detection method. Reduced
band intensities or peak area/peak heights compared to internal control probes
indicate deletion and increased band intensities or peak area/peak heights indicates
duplication. Armour et al., multiplexed up to 40 probes in one single reaction and
resolved by gel electrophoresis simultaneously (Armour et al., 2000). MAPH was used

to measure B-defensin copy number (Armour et al., 2000; Hollox et al., 2002).

The designing and establishing of probes for MAPH is far simpler than the MLPA probe
generation. MAPH works with double-stranded DNA probes that are obtained from
cloning or PCR. SNPs in the probe binding regions are unlikely to affect MAPH but if
part of a region targeted by a MAPH probe is deleted, the probe may still hybridise and
the target will be scored as being present. The washing steps in the MAPH technique

which is essential to remove unbound probe, may also introduce a contamination risk.
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Figure 2: Multiplex PCR-based methods for the identification of copy-number variants. A) In multiplex
amplifiable probe hybridization (MAPH), the probes (red) of different sizes are normally cloned into
vectors and amplified by PCR such that each end is flanked by the same sequence site (blue). The
genomic DNA is fixed to a membrane and probes are hybridized to it. Unbound probes are removed
after rigorous washing and the probes are stripped from the membranes. The amount of probe present
at this stage is proportional to its copy number in the target genomic DNA. Probes are amplified by a
universal primer pair and size-separated by gel electrophoresis. Changes in peak heights relative to
controls DNA (non-CNV), indicate the copy number. B) Multiplex ligation-dependent probe amplification
(MLPA) for each target region 2 probes are designed, which hybridize adjacent to each other (probes for
2 regions are shown in red and yellow). Like MAPH, all probe pairs are flanked by universal primer sites
(blue). The probes are hybridized to genomic DNA and adjacent probes are ligated to join the two
primers together. The number of ligated primers is proportional to the target copy number. After
denaturation, the ligated probes amplify with PCR amplification. Sometimes ‘stuffer’ sequence is added
with one of these probes as having a universal primer site, which allows each probe set to produce
fragments of a different size. Size separation by gel electrophoresis is carried out as with MAPH to

detect deletions and duplications. Reproduced from (Feuk et al., 2006).
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1.2.4 Paralogue Ratio Test (PRT)

The paralogue ratio test (PRT) is a comparative PCR-based technique that
was developed by Armour et al. in 2007 (Armour et al., 2007) . In this technique, one
set of a primer pair co-amplifies a ‘test’ region which is copy number variable and a
‘reference’ region which is not variable in copy number using PCR. It is regarded an
accurate, besides a relatively high-throughput method, for identifying gene copy
number at a single loci. The use of an identical primer pair makes the amplification
efficiency for both the test and reference loci similar enhancing reproducibility. Since
the resulting amplicons differ slightly in terms of size, they can be easily differentiated
by capillary electrophoresis. The strategy of PRT reduces the problems that occur as a
result of comparison of dissimilar amplicons with different amplification efficiencies.
Experiments can be performed in duplicate by using two different fluorescent dyes to

label the same primer, and then run both products on the same capillary.

One of the main challenges of this method is primer design. The primer must anneal to
only the reference locus and copy number variable locus. This can be achieved with
the help of an algorithm, which can quickly design couple of primers, suitable for PRT
methods. The algorithm blasts the region of interest with the entire genome sequence,
masking repeated regions, in order to find specific and unique paralogous regions and
in combination with primer design software, selects the oligos annealing only for those

(Veal et al., 2013).

An estimation of the integer copy number is achieved by combining all raw values for
each assay and is calculated using maximume-likelihood approach. An associated
significance value portraying the confidence of the typed copy number compared
with all other copy numbers; between 1 and 10 is also given (Aldhous et al., 2010; Abu
Bakar et al., 2009; Armour et al., 2007). Alongside the DEFB CN estimated using the
ML approach, an alternative method to confer DEFB CN was employed by Walker et

al., 2009; and adopted in this thesis; the weighted mean integer value (2.6.5)

The precision and accuracy of the PRT assay are equivalent to MLPA and MAPH. But
PRT has the advantage of high-throughput analysis for CNV typing of large cohort

effectively using small amount (10 ng) of DNA (Armour et al. 2007; Hardwick et al.
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2014; Machado et al. 2013; Aklillu et al. 2013; Abu Bakar et al. 2009; Hollox et al. 2008;
Wain et al. 2014; Hardwick et al. 2012; Hollox et al. 2008).
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Figure 3: Schematic picture describing different steps of PRT. Both test (CNV) and reference regions are
PCR amplified using florescent labelled primers. The amount of PCR products are quantified with
capillary electrophoresis and copy number is estimated by comparing amount of test products with

reference products.

1.2.5 Array Comparative Genomic Hybridization (aCGH)

Comparative genomic hybridisation (CGH) is a technique that allows the detection of
changes in chromosomal copy number without the need for culturing cells. It gives a
global overview of chromosomal gains and losses throughout the whole genome of a
tumour. Thus, CGH is a comparatively fast screening technique that can point at
specific chromosomal regions that might play a role in the pathogenesis or progression
of tumours (Weiss et al., 1999). The development of commercial comparative genomic
hybridization arrays (aCGH) platforms for calling copy number was firstly done by
Agilent and NimbleGen. Basically, equivalent quantities of both the target and

reference DNA are fluorescent labelled differentially, usually using Cyanine 3 (Cy3) and
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Cyanine 5 (Cy5) and co-hybridized on a probe array. The created slide is scanned using
a microarray scanner and the spot intensities are measured and analysed for copy
number analysis (Ahn et al., 2013; Jaillard et al., 2010; Baris et al., 2007; Feuk et al.,
2006) In cases where the concentrations of the fluorescent dyes correlate with one
probe, the region of the patient’s genome is claimed to have equal quantity of DNA in
the test as well as the reference samples. If the ratio is altered, it indicates relative

losses or gains in a target sample.
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Figure 4: Schematic picture of array-based comparative genome hybridisation (array-CGH) adopted from
(Feuk et al., 2006). The reference and test DNA samples are differentially labelled with fluorescent tags
(Cy5 and Cy3, respectively), repetitive-elements are blocked using COT-1 DNA and then hybridised to
genomic arrays. After hybridisation, the fluorescence ratio (Cy3:Cy5) reveals copy-number differences
between the two DNA samples. Typically, in array-CGH, the initial labelling of the reference and test
DNA samples reversed for a second hybridisation (‘dye-swap’) (left and right sides of the panel) to
detect spurious signals. The red line represents the original hybridisation and the blue line represents

the reciprocal hybridisation.

The construction of probe arrays have included large insert clones like bacterial
artificial chromosomes (BACs) that range in size from 40-200 kb, small insert clones
such as cosmids (38-45 kb) along with cDNA clones (0.5-2 kb). The construction also
includes not only genomic PCR products (100bp-1.5kb), but also oligonucleotides (25-

80bp) (Carter, 2007). The probe can be selected to represent the genome or for a
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unique region allowing highest sensitivity and specificity, as summarized in the Table 1

below.

In addition to the length of the DNA probe, the resolution of the different aCGH
platforms is determined by and gaps between them. The ability to identify copy

number changes also depends on the signal-to-noise ratio (Carter, 2007).

Table 1: A comparison between the different probes used to construct CGH arrays for copy number

calling
Probe type Size (kb) Advantage Disadvantage
BACs 80-200 H|gh 5|gnf':1l—to Only large differences are detected
noise-ratio (>50 kb)
. . High signal-to- Relatively large differences are
F 4
osmid/Cosmid 0 noise ratio detected (~30kb)
-Variable resolution cross the genome
due to uneven distribution of genes
cDNA clones 0.5-2 High resolution -Signal-to-noise ratio is reduced due
to mismatch hybridization between
genomic DNA and cDNA
PCR products Single/part Complete -Poor signal-to-'noiée ratio .
gene coverage -Probe generation is expensive
High ial
Oligonucleotides | 25-80bp ' est' potentia Poor signal-to-noise ratio
resolutions

1.2.6 nCounter

The nCounter Analysis System uses NanoString digital detection technology that
detects and counts different types of molecules in one tube. This technological device
uses colour-coded molecular barcodes to hybridise directly given set of molecules to

different type of expected molecules (NanoString Technologies, 2013).

The nCounter Custom CNV Assay essentially requires the DNA to be fragmented as
well as denatured so that it can vyield single-stranded targets to be hybridised with
nCounter probe pairs. nCounter probe pairs are comprised of a ‘reporter probe’ which
carries the signal, and a ‘capture probe’ which allows the complex to be inactivated for
data collection. After hybridization, samples are moved to the nCounter prep station
where surfeit probes are removed and target complexes aligned and immobilized in

the nCounter cartridge. The cartridges are then placed in the nCounter digital analyser
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for collection of data. Every CNV probe pair is detected by the “colour code”
produced by six ordered fluorescent spots that are present on the reporter probe. The
reporter probes on the cartridge's surface are then counted and tabulated as shown in

Figure 5 below:

nCounter Digital Nucleic Acid Counting

The nCounter Analysis System is a platform for performing highly multiplexed, digital quantification of hundreds of different nucleic acid
species in a single reaction'. The system is being developed for use as a platform for in vitro diagnostic applications.

Capture Probe

CodeSet / RNA Complex

Reporter Probe

/00200 _3330

workﬂow CodeSets are color-coded “barcodes” with two 50bp probes that hybridize to the mRNA target in solution. The
Reporter Probe carries the fluorescent barcode signal and the Capture Probe immobilizes the hybridized complex
for data collection. Detection is direct, digital, and the assay does not require cDNA synthesis or amplification.
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Figure 5: nCounter Custom CNV Assay workflow. Reproduced from (NanoString Technologies, 2013).

The nCounter system has many advantages that make it a viable method for detection

of CNVs. Apart from not requiring amplification, it can analyse approximately 800
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genes concurrently (NanoString Technologies, 2013). The flexible format of this system
also allows interrogation of actual gene number. In addition to having high accuracy
for CNVs, nCounter system can analyse 12 samples in 25 minutes (NanoString

Technologies, 2013).

The applications of the NanoString nCounter technology are diverse; one example in
which nCounter was used in CNV studies was to verify the detected risk of CNVs in a
replication study which implied increased risk of congenital heart defects in Down

syndrome patients (Sailani et al., 2013).

1.2.7 Digital Droplet PCR (ddPCR)

The main difference between ddPCR and traditional PCR lie in the method of
quantifying nucleic acid amounts. Use of ddPCR also limits some challenges
encountered when using qPCR. For instance, the technical limitation of gPCR includes
the requirement for assay calibration similar in terms of quality standards with
samples to be evaluated. Multiplexing assays sometimes is not straightforward
because of the competition between assays. It also has a theoretical limit of
guantification that is not enough for CNVs applications with heterogeneous materials
(Karlen et al., 2007; Rutledge & Cote, 2003). Digital PCR was first described by
Vogelstein & Kinzler in 1999. Single molecules were separated by dilution
and each amplified by PCR. Each product was then analysed separately for either
presence or absence of mutation in the ras oncogene using fluorescent probes
(Vogelstein & Kinzler, 1999). At that time, ddPCR was used in pinpointing base
substitution mutations, chromosomal translocations, and gene amplifications. It was
also used to determine spliced products, changes in gene expression, allelic

discrimination in addition to allelic imbalances (Vogelstein & Kinzler, 1999).

A newer version of ddPCR carries out a single multiplex reaction within a sample
through use of differently labelled TagMan probes for target and reference. 20ul of
the sample studied is pipetted into the sample well of the ‘droplet generator
cartridge’. Droplet generation oil is then added into the specified well before a vacuum

is applied to the outlet wells. The vacuum draws the sample and oil via a flow-focusing
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junction in which 20,000 droplets are produced and the reaction proceeds in each

droplet individually.

After partitioning, the sample is moved into a 96 well plate and wrapped with heated
foil before thermal cycling it into an endpoint. Subsequently, the plate is shifted to a
droplet reader where every droplet from every well is aspirated and gushed to the
detector. On the way to the detector, an injection of a spacer fluid divides as well

as aligns the droplets for single-file simultaneous two-colour detection (Hindson et al.,
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Figure 6: Schematic showing the ddPCR workflow. (A) Each 20 uL sample containing the Master Mix,
primers, TagMan probes, and DNA target is loaded in the middle wells of a disposable eight channel
droplet generator cartridge. Droplet generating oil comprising the emulsion stabilizing surfactant is then
loaded into the left-hand wells of the droplet generator cartridge. A vacuum is applied to the outlet well
(right) creating a pressure difference that converts the aqueous sample into stable water-in-oil droplet
emulsions which concentrate due to density differences from the oil phase and accumulate in the
droplet collection wells of the cartridge. The droplets from each well are then transferred to a 96-well
plate, foil sealed and thermal-cycled to the end-point. (B) After amplification, the plate is then loaded to
a droplet reader where an auto sampler aspirates the droplets and, using a microfluidic singulator,
streams them single file (~1500 droplets/s) past a FAM/VIC two colour fluorescence detector. (C)
Threshold is applied and reaction mixture in units of copies/ul is calculated after being fitted to a

Poisson distribution. Reproduced from (Pinheiro et al., 2012).
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ddPCR was used by Handsaker and co-workers in their recent publication to evaluate
their genotypes for CNVs with higher copy numbers (Handsaker et al., 2015), also
Marques et al. (2014) reached their conclusion that CNVs typed via ddPCR, within

regions identified in previous GWAS, may play a role in human essential hypertension.
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1.2.8 Sequencing based methods
1.2.8.1 Next Generation Sequencing

Next-generation sequencing (NGS) represents a category of sequencing methods
developed since 2005. These can be sub-classified as second-generation methods,
including the most commonly used platforms such as lllumina (HiSeq and MiSeq), and
lon Torrent (PGM and Proton), and third-generation methods, referring to platforms

developed by Pacific Biosciences and Oxford Nanopore.

The second-generation sequencing approach relies on short fragments (reads) of 35-
400 bp, each of which can be considered as an independent experiment. Due to this,
every nucleotide is sampled several times by several reads spanning that specific
position in the genome (coverage). This strategy increases the amount of data
produced at each sequencing run since multiple experiments are running in parallel at
the same time. Third-generation sequencing platforms have been optimised in order
to maximise the read length based on the length of DNA fragments. So far, Pacific
Biosciences was reported to produce 7 kb read length data (English et al., 2012), while
Nanopore devices promise to generate read lengths of ~50 kb (Schneider & Dekker,
2012). With this approach, unamplified DNA samples can be directly sequenced
avoiding any PCR step.
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Figure 7: Schematic diagram showing the workflow of NGS. The first step of this method is to fragment
genomic DNA to a uniform size. Sequence enrichment could be performed for targeted or exome
sequencing; whole genome sequencing does not require enrichment. To make the library sequencing-
ready, adapters are ligated to both ends of the DNA. The different coloured adapters (green and red)
reflect a sequencing adapter and a barcoding adapter. The library is then immobilised to an array where
bridge amplification occurs to generate clusters (clonal libraries). Sequencing is then done by the various

available methods as per the manufacturer’s orders.

1.2.8.2 Read depth methods

Read depth methodology is a useful measure for determining absolute CN as
essentially, the number of sequencing reads that map to a specific region is
proportional to the number of copies that the region is present in the genome
(Medvedev et al., 2009). This basis for read depth methods assumes a Poisson
distribution of sequencing reads, thus a region can be assumed to be deleted or
duplicated if the region has fewer or more mapped reads than expected. This method
has been successfully applied to complex genomic regions containing multiallelic CNPs

(Sudmant et al.,, 2010). Typically, smaller CNV events and those that contain high
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genomic copy number require deeper sequence read depth (SRD) to achieve accurate
CNV measurement. One limitation of using massively parallel short-read sequencing is

the inability to uniquely map short reads to regions such as SDs (Sudmant et al., 2010)

1.2.8.3 Genome Structure in Populations (genome STRiP)

Genome structure in populations (genome STRiP) is a suite of bioinformatics tools for
discovering and genotyping structural variations using sequencing data. The methods
are designed to detect shared variation using sequence data that are distributed across
hundreds or thousands of genomes (Handsaker et al., 2011). Genome STRIP looks both
across and within a set of sequenced genomes to detect variation and in order to run
discovery or genotyping on a single sequenced genome or a small set of genomes,
running the data against a background population, such as a set of genomes from the
1000 Genomes Project is required. Advantageously, the background population does
not need to be matched to the target individuals. This method can be used for the
discovery of novel structural variations or to genotype known variants in new samples

(Broad Institute, 2015).

A schematic diagram to explain the analytical framework for analysing Genome

Structure in Populations is shown in figure 8 below:
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Figure 8: (a) Population-scale sequence data contain two classes of information: technical features of
the sequence data within a genome and population-scale patterns that span all the genomes analysed.
Technical features include breakpoint-spanning reads, paired-end sequences and local variation in read
depth of coverage. Genome STRiP combines these with population-scale patterns that span many
genomes, including: the sharing of structural alleles by multiple genomes; the pattern of sequence
heterogeneity within a population; the substitution of alternative structural alleles for each other; and
the haplotype structure of human genome polymorphism. (b) Goals of structural variation (SV) analysis
in Genome STRIP. 'Variation discovery' involves identifying the structural alleles that are segregating in a
population. The power to observe a variant in any one genome is only partial, but the evidence defining
a segregating site can be derived from many genomes at once. 'Population genotyping' requires
accurately determining the allelic state of each variant in every diploid genome in a population.

Reproduced from (Handsaker et al., 2011).

Table 2 below summarises, compares and contrasts the above mentioned methods

and techniques for typing copy number variations.
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Table 2: Methods to measure copy number variations. Adapted from (Cantsilieris et al., 2013)

qPCR* MLPA ® MAPH * PRT? aCGH" nCounter ddPCR NGS
. Change from Change from Change from Chanfge from Change from Absolute copy Absolute copy | Absolute
Detection diploid diploid . diploid L
diploid dosage diploid dosage | number number copy number
dosage dosage dosage
100-200ng
Sample 5-10ng DNA DNA 0.5-1ug DNA 5-10ng DNA 0.5-1ug DNA 200ng DNA 5-10ng DNA 1-2ug DNA
Up to 200 Genome
Loci Single >40 >40 Single >2 million regions in each 2 wide
reaction
Minimum Depends on
theoretical 100 bp 100 bp 100 bp 100 bp 5-10 kb P . 100 bp >1 kb
. probe size
resolution
Cost/sample Low Low Low Low Moderate High High High
Time to result 4h >24 h >24 h 4h >24 h 8h 4h 2-3 days
L
abour Low Low Moderate Low Moderate Low € Moderate High

requirement

a P . . . .

Minimum resolution is in general the length of a single probe
b High resolution aCGH can achieve a minimum resolution of >500 bp
© According to Nanostring website (http://www.nanostring.com/products/CNV)
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1.3 Defensins

1.3.1 Human defensins: alpha, beta, theta

Antimicrobial peptides (AMPs) are short polypeptides whose size is less than 100
amino acids (Ganz, 2003). They are located in host defence settings, and they play a
significant antimicrobial function, especially at physiological concentrations, under
specific conditions, present in the tissues they originate in (Ganz, 2003). AMPs have
antimicrobial activity against bacteria, fungi and some enveloped viruses (Schneider et
al., 2005). In humans as well as other mammals, AMPs are divided into two main
families; defensins and cathelicidins. In addition to these, there are other AMPs such as
bactenecins. Typically, AMPs are categorized based on features of their secondary
structure. For example, cathelicidins have linear a-helical peptides while Defensins
have [-strand peptides connected by disulphide bonds. Unlike defensins or

cathelicidins, bactenecins have loop peptides (Hazlett & Wu, 2011).

Individual members of these families have been associated with the antimicrobial
functioning of phagocytes, epithelial secretions in addition to inflammatory body
fluids. In humans, the two principal antimicrobial peptide families are defensins and
cathelicidins (Ganz, 2003). Defensins are broadly distributed in epithelial cells of
mammals and phagocytes, and they often exist in high concentrations. Cathelicidins,
on the other hand, are structurally as well as evolutionarily distinct antimicrobial
peptides that correlate with defensins in terms of distribution and abundance. Other
mammalian AMPs include histatins, dermcidin plus anionic peptides. Unlike defensins
and cathelicidins, these AMPs are restricted not only to a few animal species but also
too few tissues (Wang, 2014). This study, however, aims at expounding on defensins,

particularly B-defensins (DEFB).

The term defensin was first introduced in 1985 after purification of granule rich
sediments from neutrophils collected from human and rabbit. The purification of the
sediments led to the characterization of the primary structure of the leading six a-
defensins. These early studies concluded that all defensins have a highly conserved
subject of 6 cysteine residues that define their antimicrobial function. Consequently,

peptides with structures related to those of defensins introduced above were
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discovered in bovine, mouse airway, and the human intestinal epithelium in the early
1990s. They were later named B-defensins (Machado & Ottolini, 2015). Defensins, a
family of related vertebrate antimicrobial peptides, are characterized by B-sheet-rich
fold besides a framework of 6 disulphide-linked cysteines (Ganz, 2003). Apart from
being short and cationic, defensins are secreted as highly disulphide-bonded molecules
with a very low molecular weight (3-6kDa) (Chen et al., 2006). They were firstly
characterized as a family of multifunctional antimicrobial peptides and inflammatory
mediators involved in the innate immune response found at epithelial surfaces
(Schneider et al., 2005). Initially, defensins were subdivided into two main subfamilies;
a- and B- defensins. The two differ in not only the length of peptides segments that are
between six cysteines but also the pairing of the cysteines that are linked to each other
by disulphide bonds. Recently, another subfamily of defensins referred to as 8- was
discovered in the leukocytes of rhesus macaque monkeys (Ganz, 2003). As a result of
this identification, defensins are currently subdivided into a-, B-, and 8- on the basis of
not only the cysteine residues spatial distribution, but also because of the disulphide
bonds connectivity (Chen et al., 2006; Pazgier et al., 2006). However, it is shown by
many studies that the 8-defensins are found only in non-human primates like baboons
(Li et al.,, 2014; Cole et al.,, 2004; Nguyen et al., 2003). The 6- defensins evidently
evolved in primates, but they are inactivated in humans because of genetic mutations
of the regions with the code for premature stop codons (Cole et al., 2004). Distinctive
defensin peptides have been discovered in all mammals including man, chickens, and
turkeys that have been examined (Zhao et al., 2001; Brockus et al., 1998; Harwig et al.,
1994). Defensin-like peptides have also been identified in snake venom in which they
are believed to play the role of representing the snake’s adaptation defence peptides
against other predators larger than them (Correa & Oguiura, 2013). From this
assertion, we can affirm that defensins are present in cells as well as tissues associated
with host defence against infections caused by microorganisms. In the majority of the
animals, the concentration of defensins is highest in granules that are the storage of

leukocytes (Ganz, 2003).

According to Weinberg et al. (2012), a-defensins are produced by not only

polymorphonuclear leukocytes, but also intestinal Paneth cells. , B-defensins on the
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other hand are produced mainly by epithelial cells and they also form pores in many
biological membranes (Weinberg et al., 2012). The finding of B-defensins in these cells
shows that their main role is to protect the host (mammals) against microbial
pathogenesis at perilous confrontational sites. From this, in addition to
immunoregulatory perspective, we can affirm that B-defensins can engage significant
numbers of cell surface receptors to enhance chemotaxis. This is shown by the ability
of hBD-2 to involve the CCR6 receptor in immature dendritic cells (DC) as well as T cells
in a chemokine manner in addition to recruiting these cells to the sites of interest
(Weinberg et al., 2012). Additionally, it is shown that the presence of hBD-3 enhances
maturation of antigenic presenting cells (APCs) via toll-like receptors (Funderburg et

al., 2007).

Besides their antimicrobial activity against Gram-positive and Gram-negative bacteria
and fungi (Pazgier et al.,, 2006), defensins have also been found to
have important antiviral activity, especially against HIV-1 (Hollox, 2008). Defensins also
prompt some cellular functions especially when they act as ligands by binding to
certain receptors. Although different animals have been identified with defensins, it is
evident that their functions vary in relation to subfamilies. In other words, defensins
do not have one common function. For instance, a-defensins have a wide antimicrobial
activity against gram-positive and gram-negative bacteria. They also have antimicrobial
activity against enveloped viruses and fungi. Unlike a-defensins, B-defensins mainly act
against gram-negative bacteria besides yeast. In addition to this, B-defensins may also
act against gram-positive bacteria depending on lipid Il binding affinity (Ulm et al.,

2012).

B-defensins have also been shown to have immune modulatory activity. An initial
important observation was that B-defensins can recruit immature dendritic cells and
memory T cells by binding to CCR6 to sites of infection and/or inflammation providing
a link between the innate and adaptive arms of the immune system (Yang et al., 1999).
The chemoattraction of CCR6-expressing cells was also demonstrated by h-BD3 and
interestingly h-BD3 and h-BD4 have also been shown to attract macrophages (Wu et

al., 2003) which do not express CCR6, suggesting involvement of a different receptor.
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Functional interaction of h-BD3 with CCR6 or macrophages was dependent on both

peptide structure and a particular cysteine (cysV) residue (Semple & Dorin, 2012).

Defensins in general play a dynamic role in numerous growth-dependent processes,
like proliferation and healing of wounds (Seo et al., 2001). As for other species, one of
the B-defensins referred to as CBD103 has a strong effect on not only pigment type-
switching in domestic dogs, but also signalling in transgenic mice through melanocortin
receptors (Nix et al., 2013; Candille et al., 2007). In platypus, gene duplication in
addition to subsequent functional diversification of B-defensins resulted in
Ornithorhynchus venom defensin-like peptide (OvDLP) genes (Whittington et al.,
2008).

1.3.2 Molecular structure of defensins

For a-defensins, the cysteine residues form the disulphide bonds with the topology
Cys1-Cysb6, Cys2-Cys4, and Cys3-Cys5. This varies significantly from that portrayed by B-
defensins. The Cys1 links to Cys5 and Cys3 links to Cys6. Only the topology Cys2-Cys4
of a-defensins correlates with that of B-defensins as shown in figure 9 below. Contrary
to a- and B, 6-defensins have not only a circular structure, but also the cysteine
residues linked as Cys1-Cys6, Cys2-Cys5, and Cys3-Cys4 (Pazgier et al., 2006; Linzmeier
et al.,, 1999). The mature human B-defensin is claimed to contain 41-50 amino acid

residues which are all amphipathic molecules (Chen et al., 2006).

Members of B-defensins have poor sequence similarity, and as a result of this, their
respective antimicrobial activity is not influenced by their primary structure. The use of
nuclear magnetic resonance (NMR) data confirms the close similarity of hBD1, hBD2,
and hBD3 tertiary structure, despite having different amino acid sequences. The
strands of B-strands are arranged in an antiparallel pattern and held together by three
intramolecular disulphide bonds between the six cysteines (Chen et al.,, 2006).
However, the pattern of disulphide bridges may vary; the variation characterizes each
family member. The amino-terminal region of B-defensin has a short a-helical loop

that does not do not exist in a-defensins.
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T | |
HNP3: a-defensin C,YC,RIPAC,IAGERRYGTC,IYQGRLWAFC.C,

hBD2: B-defensin GGIGDPVTC,LKSGAIC,HPVFC,PRRYKQIGTC,GLPGTKC;C,KKP

Figure 9: Sequences and the disulphide pairing of cysteines of a- and B-defensins.

1.3.3 B-defensins history and tissue distribution

There is an evolutionary relationship between the defensins of vertebrate and non-
vertebrate; however, this evolutionary relationship is not clear. Despite this, phylogeny
evidences that a primordial B-defensin is the main ancestor of all vertebrate defensins,
and it is from this gene family that all vertebrate defensins evolved. This hypothesis is
justified by detection of B-defensin-like genes in other vertebrates such as reptiles (van
Hoek, 2014), birds (Zhao et al., 2001), and fishes (Zou et al., 2007). a-defensins are
mammalian specific genes, and in humans a-defensin genes and different B-defensin
genes are present on adjacent loci on chromosome 8p22—p23. The organization of this
cluster is consistent with a model of multiple rounds of duplication and divergence
under positive selection from a common ancestral gene that produced a cluster of
diversified paralogous (Maxwell et al., 2003). This expansion occurred before the
divergence of baboons and humans ~23-63 million years ago (Semple et al., 2003). In
relation to this, the present B-defensins might have evolved before mammals
separated themselves from birds resulting in a-defensins in rodents, primates as well
as lagomorphs after their separation from other mammals. Recent evidence suggests
convergent evolution of B-defensin copy number (DEFB CN) in primates, where
independent origins have been sponsored by non-allelic homologous recombination
between repeat units. For rhesus macaques this resulted in only a 20 kb copy number
variation (CNV) region containing the human orthologue of human B-defensin 2 gene
(hBD-2). Evidence claims that PB-defensins were first reported as the tracheal
antimicrobial peptide (TAP) of cow tongue and in chicken leukocytes (GAL-l) (Ganz &

Lehrer, 1994). hBD-1, which is the first human B-defensin, was isolated as a 36-residue
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peptide in early 1995 from the hemofiltrate of patients suffering from advanced renal
failure (Bensch et al., 1995). hBD-1 is constitutively expressed in the epithelial cells of
sensitive body parts such as the respiratory and urogenital tract (Janssens et al., 2010).
It is also expressed in trachea, uterus, pancreas, and kidneys (Janssens et al., 2010;
Zilbauer et al., 2010; Rodriguez-Jiménez et al., 2003). Apart from being expressed in
the lung, prostate, placenta, and thymus, hBD-1 is also present in the testis, vagina,
ectocervix, endocervix, as well as the fallopian tubes (Hazlett & Wu, 2011). In addition
to these body parts, hBD-1 is also expressed in gingival tissue, buccal mucosa and
tongue (Weinberg et al.,, 2012; Yanagi et al., 2005). Other regions that have well
expressed hBD-1 include the salivary glands, small intestine, conjunctiva, and cornea
(Zilbauer et al., 2010; Schroder & Harder, 1999). Other glands in which you can identify
hBD-1 are lacrimal gland and mammary gland. hBD-1 is also expressed in the limb
joints, astrocytes, microglia, as well as meningeal fibroblasts (Hollox, Huffmeier, et al.,

2008; Pazgier et al., 2006; Quifiones-Mateu et al., 2003).

In 1997, the hBD-2 — a 41 residue peptide which is the second human B-defensin was
isolated from psoriatic skin lesions (Schneider et al., 2005). This type of B-defensin
(hBD-2) is extensively expressed in epithelia of the skin, oral epithelia, and respiratory
tract (Braff & Gallo, 2006; Pazgier et al., 2006; Dunsche et al., 2001; McCray & Bentley,
1997). In addition to being expressed in epithelia of ocular surface and gingival
keratinocytes, hBD-2 is expressed in epithelial of gastrointestinal tract (Haynes et al.,

1999).

In 2000, hBD-3, which is regarded as the third B-defensin in the human genome, with a
67 amino acid peptide was singly identified by three groups of researchers. Harder et
al., (2003) purified it from human psoriatic lesion scales. Garcia et al.,(2003) and Jia et
al.,(2003) identified it through the aid of the bioinformatics genomics-based approach.
According to Pazgier et al. (2006), hBD-3 is expressed mainly in the skin, oral, and
respiratory as well as gastrointestinal tract. It has also been suggested that hBD-3 is
expressed in the placenta, testis, and heart. Apart from being detected in the gingival

tissues, it is also found in the primary keratinocytes.

Although hBD1, 2 and 3 have antimicrobial activity against yeast and some Gram-

positive bacteria, they are claimed to be predominantly active against Gram-negative
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bacteria in addition to increased activity strength. Unlike hBD-2 and 3, hBD-1 is
constitutively expressed. The two B-defensins; hBD-2, and 3 are expressed under
specific conditions. For the two to be expressed, they must be induced by
proinflammatory agents like Tumour Necrosis Factor alpha (TNF-a), and Interleukin 1
Beta (IL-1B) (Chen et al., 2006). They are also induced by Lipopolysaccharide (LPS)
(Hazlett & Wu, 2011).

As from the year 2000, hBD-4, 5, and 6 have been identified via use of the basic local
alignment search technique (BLAST) (Yamaguchi et al., 2002). For instance, hBD-4 is
claimed to be expressed in high levels in the testis (Chen et al., 2006) whereas hBD-5

and 6 in the epididymis (Yamaguchi et al., 2002).

The anatomical distribution as well as presentation of B-defensins in various epithelial
and mucosal tissues portrays the ability of B-defensins to counteract different
pathogens. The presented sites, like epithelial and mucosal sites, are highly prone to
microbial infections. For example, it was introduced above that hBD-2 is highly
expressed in the lung; hBD-4 strongly expressed in the testes as well as the stomach,
and hBD-3 expressed in not only the skin but also tonsillar tissues. The expression of B-
defensins in the organs and epithelial tissues that were discussed above is as a result
of inducing factors. For instance, expression of hBD-2 in the lung is as a result of
lipopolysaccharides or other kinds of bacterial epitopes together with interleukin-1p
that is produced by monocyte-derived cells. hBD-3 and hBD-4, on the other hand, are
induced by tumour necrosis factor (TNF), interferon (IFN)-y, and/or toll-like receptor
ligands (Yamaguchi et al., 2002). hBD-2 was also found to be involved in bone cell

differentiation and enhance mineralization of osteoblast-like cells (Kraus et al., 2012)

Alongside genes DEFB1 and DEFB4; hBD-26 (encoded by DEFB126) plays an important
function in reproduction. hBD-26 coats the sperm’s glycoprotein and takes part in the
attachment of the sperm to epithelia of the oviduct (Tollner et al., 2008; Yudin et al.,
2005). In support of this, the deletion of a cluster of nine B-defensin genes in a mouse
model, resulted in male sterility (Zhou et al., 2013). In human studies, a common
mutation in DEFB126 has been shown to impair sperm function and fertility (Tollner et

al., 2011).
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1.3.4 Human B-defensins at the 8p23.1 locus

B-defensin genes are arranged in three main clusters in humans. The clusters include
8p23.1, 20p13, and 20qll.1, in addition to another small cluster located on
chromosome 6p12. However, this study is concerned specifically with one cluster,

8p23.1.

The 8p23.1 region is known to be a common site of chromosomal rearrangements
facilitated by two huge blocks of low copy repeats (LCRs). The region can also be as a
result of segmental duplications (SDs). The whole 8p23.1 region, which includes the
SDs in addition to containing about 50 genes, can extend in length up to 6.5 Mb. The
two large set of SD blocks are referred to as “REPeat Distal” (REPD) and “REPeat
Proximal” (REPP). Each of the two SDs constitutes of olfactory receptor gene clusters,
defensins and FAM90A clusters that are located to copy number variable regions

(Hollox et al., 2003).

REPD and REPP are highly homologous. The LCR regions and NAHR between them
results in 8p23-inv which is one of the largest polymorphic inversions in humans. 8p23-
inv encompasses approximately 4.5Mb (Salm et al., 2012). It has been genotyped by
FISH (Giglio et al., 2001). However, FISH is not a very suitable method to high
throughput analyses since it requires viable cells in metaphase. In addition to this, the
size of the inversion’s single copy region approaches the resolution limit of FISH
techique (Raap, 1998). In 2012, Salm et al. came up with a bioinformatics tool that
utilizes SNP data in enabling accurate genotyping of the 8p23.1 inversion known as
“phase free inversion detection operator” (PFIDO). In relation to Salm et al.’s study,
Giglio et al., found out that the inversion has an estimated frequency of 21% in
Japanese populations and a frequency of 52% in African populations (Sugawara et al.,
2003; Giglio et al., 2001). The relevance of this inversion variant in the general
population is its relationship with flanking segmental duplications (REPD and REPP),
which may also be involved with generation of CNVs during crossovers (Small &

Warren, 1998).

The inversion is not the only significant chromosomal rearrangement that occurs at
this genomic location. In 1999, Devriendt et al., using cytogenetic and FISH techniques

associated recurrent deletions at 8p23.1 with congenital heart malformations and
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congenital diaphragmatic hernia in 9 patients. Wat et al., in 2009 confirmed these

results in 4 patients using cytogenetics, high resolution aCGH and sequencing analysis.

Reciprocal to the 8p23.1 deletion disorder, a genomic disorder known as the 8p23.1
duplication syndrome (8p23.1 DS) has been revealed by aCGH (Barber et al., 2008).
8p23.1 DS and CNV of the 8p23.1 defensin gene cluster are cytogenetically
indistinguishable but distinct at the molecular level (Barber et al., 2010). It has an
estimated prevalence of 1 in 58,000 and the core 3.68Mb duplication contains 32
genes (Barber et al., 2015). Barber and colleagues (2015) described four patients and
five families with eight microduplications of 8p23.1 ranging from 187 to 1082 kb in size
and 1 atypical duplication of 4 Mb. They indicated that a minimal region of overlap
(MRO) spanning 776 kb in medial 8p23.1 can give rise to features of 8p23.1 DS that
included developmental delay, dysmorphism, macrocephaly and otitis media, but not

congenital heart disease (CHD) (Barber et al., 2015).

Embedded within REPP and REPD is a large segmental duplication that carries the B-
defensin cluster. The history of the reference assembly of this region across several
builds of the human genome is shown in Figure 10. It is worth noting the presence of a
recalcitrant gap even in the most recent human genome assembly probably due to the
polymorphic nature of this region. Both physical and genetic mapping approaches
show that the current assembly is only an approximation of the actual situation. Using
these approaches, it has been shown that B-defensin repeats can be at REPD, REPP, or
both, and can be present at multiple copies at each locus (Abu Bakar et al., 2009;

Hollox et al., 2008; Hollox et al., 2003).
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Figure 10: A history of the reference assembly of the beta-defensin region at 8p23.1 showing assembly
release from hgl2 (released June 2002), with the likely arrangement deduced from both physical and
genetic mapping approaches shown at the bottom of the diagram. Not drawn to scale. Reproduced from

(Hollox, 2012).

The B-defensin copy number variable cluster constitutes of various annotated genes, 7
of which belong to the B-defensin gene family; DEFB4, DEFB103, DEFB104, DEFB105,
DEFB106, DEFB107, and DEFB109 (Forni et al., 2015). This region varies in copy number
as a whole unit with a modal copy number of 4 and a range of copy numbers from 1 to
12 with the majority of the people having 2—7 copies (Hollox et al., 2008; Hollox et al.,
2003). Since the region is copy number variable en bloc, it was suggested that stating

the copy number of the DEFB4 gene is representative of the entire B-defensin cluster.

The actual size of the B-defensin repeat unit is unclear despite the confirmation from
Hollox et al. (2003) that the pulse-field gel analysis showed the unit to be at least 260
kb in size. In 2014, Taudien et al., carried out a study aimed to narrow down the distal
border of the DEFB cluster. They established tests for length polymorphisms based on

amplification and capillary electrophoresis with laser-induced fluorescence (CE-LIF)
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analysis of seven indels containing regions spread over the entire cluster. The tests
were carried out on 25 genomic DNAs with different previously determined cluster
copy numbers. CNV was demonstrated for six indels between ~1 kb distal of DEFB108P
and 10 kb proximal of DEFB107. Their analysis fixed the minimal length of proven CNV
to 157 kb (Taudien et al., 2014).

In addition to the B-defensins, nine other genes mostly expressed in the testes are
present in the cluster (Ottolini et al., 2014). One of which is the SPAG11 gene,
associated with encoding for an androgen-dependent molecule explicitly expressed in
the epithelium of the male reproductive tract; Epididymis-Specific Secretory Protein
(SPAG11/HE2/EP2). SPAG11 portrays strong sequence homology to B-defensins since it
is formed by a head to head fusion of B-defensins (Ribeiro et al., 2012; Hollox, Barber,

et al., 2008).

Most genomic structures of the B-defensin genes constitute of two exons and one
intron. However, DEFB105 gene is an exception; it has three exons and two introns.
The first exon encodes the signal peptide whereas the second conveys information
about the mature peptide sequence heralded by a short anionic pro-peptide (Pazgier

et al., 2006).

1.3.5 B-defensins CNV and implication in disease

The consequences of CNV as it was explained above are diverse and many. They may
include not only increased gene product and production of fusion genes but also the
creation of extra coding domains as well as position effect that impair with the
expression of gene product. This extensive genome differences in humans can result in
diseases where DEFB may be linked to their pathology. This includes a good number of
autoimmune and infectious diseases. Given the common variation of B-defensin CN
and their important functional role, it has been suggested that B-defensins may be a
risk factor in susceptibility to different diseases with both genetics and environmental
components to their aetiology. The first study on the association of B-defensin CNV

with a clinical phenotype was carried out by Hollox et al., in 2005 on a cohort of Cystic
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Fibrosis (CF) patients. No association was found between DEFB CNV and lung disease

associated with CF in 355 UK patients.

Using real-time PCR for CNV typing, Fellermann et al., (2006) came to the conclusion
that low DEFB4 gene CN predisposes a person to Crohn disease of the colon.
Interestingly, Bentley et al. (2010) found out that elevated DEFB4 CN enhances the
development of Crohn’s disease (CD), challenging the data that was published earlier.
In relation to Crohn’s disease, it was shown that reduced number of Paneth cell in
ileum leads to ileal CD. Nonetheless, neither the Welcome Trust Case-Control
Consortium (WTCCC) (Craddock et al., 2010) nor the trial to repeat the study using the
PRT for typing B-defensin CN succeeded in finding the association between B-defensin

CNV and a clinical phenotype (Aldhous et al., 2010).

The studies by Fellermann et al. (2006) and Bentley et al. (2010) failed to successfully
explain the association between B-defensin and CNV. The failure of their studies might
have been as a result of not fulfilling the requirements of a powerful study which
includes a large sample size to minimize the rate of false positives, and an independent
replication in a similar sized cohort to give the findings of the studies a higher degree
of confidence. For instance, Bentley et al. had a significant sample size with no
replication. Fellermann et al. on the other hand had replication with a small sample
size. These variations must have contributed to the contradiction of the results.
Another reason for their failure could be the choice of method in typing B-defensin
CNV. Both Bentley et al.’s and Fellermann et al.’s studies opted for quantitative real-
time PCR (gPCR). The ACt method depends very much on the amplification efficiency
of control and test that are competing in a given single reaction. It has been shown
that a 4% change in amplification efficiency often results in an error of up to 400% in
ACt calculation. Thus, CNV results obtained by gPCR method are often questionable
(Fernandez-Jimenez et al., 2011). Apart from this, the data used by Bentley et al.
(2010) do not illustrate any clear tendency to cluster around integer values of all sizes
including those at low copy numbers of 2, 3 or 4. Thus, the gPCR measurements of B-
defensin CN in Bentley et al.’s study may have been influenced by other factors such as
the DNA’s physicochemical state and adequate degree which occasionally results in

incorrect integer call (Aldhous et al., 2010).
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In another association study between Dutch and German cohorts, it was found out
that the risk of Psoriasis increases with a greater genomic CN of B-defensin genes
(Hollox et al., 2008). The same findings have been found by Stuart et al.'s study (2012).
Persons with over five B-defensin copies were found to have an increased risk of

having psoriasis when compared with individuals with two copies of B-defensin.

Additionally, B-defensin CNV is reported to be involved in susceptibility to Human
Immunodeficiency Virus -1 (HIV-1) infection (Hollox et al., 2008; Quifiones-Mateu et
al., 2003) as well as progression of Acquired Immunodeficiency Syndrome (AIDS)
(Mehlotra, Zimmerman, et al., 2012; Weinberg et al., 2012). In tandem with Mehlotra
et al. (2012) and Weinberg et al. (2012) findings, a study that was carried out by
Hardwick et al. in 2012, showed that higher B-defensin CN results in increased HIV viral
load (VL) prior to highly active antiretroviral therapy (HAART), and poor immune
reconstitution following HAART. This claim can be explained by the chemoattractant
nature of the B-defensins; hBD-2 which is encoded by DEFB4 acts via CCR6 and
facilitates the seizure of T,17 cells on the vascular endothelium which is then followed
by the penetration of the mucosa. Ty17 cells which are favourably infected by HIV-1
because of the high co-expression of CCR5; the HIV co-receptor (Hardwick et al., 2012).
Thus, the levels of mucosal B-defensin expression are likely affected by the CNV which
affects the pool of T,17 cells paving way for HIV infection. Additionally, it can be
affirmed that B-defensins indirectly act to impair the immune reconstitution. They
achieve this by recruiting other cells like dendritic cells to the mucosa, which then

affect the cytokine environment (Zeng et al., 2011).

To summarise, table 3 reviews the researches that have been carried out to investigate
the role DEFB CN plays — if any — on the onset of the diseases, and the method used in

genotyping the DEFB CN.
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Table 3: summary of research carried out to study correlation of DEFB CN to the disease in question.

Disease Method of Relation Reference
Typing
_— . . (Hollox et al.,
Cystic F MAPH N
ystic Fibrosis 0 association 2005)
aCGH and Lower DEFB4 CN predisposes (Fellermann et
gPCR to colonic CN al., 2006)
Higher DEFB4 CN is a risk (Bentley et al.,
Crohn GPCR factor 2010)
. (Aldhous et al.,
PRT N
0 association 2010)
- High DEFB4 CN and risk of (Hollox et al.,
P MAPH/PRT
Soriasts / disease 2008)

) . (Park et al.
Behget’s PRT No association 2011)
Pancreatic Ductal
Adenocarcinoma (PDAC) MLPA Higher DEFB4 protects against | (Park et al.
and Chronic Pancreatitis disease 2011)

(CP).

Higher DEFB4 CN increases

HIV load prior to HAART and (Hardwick et
HIV PRT . o

poor immune reconstitution al., 2012)

after HAART
Systemic lupus
erythematosus (SLE) and PRT Higher DEFB4 CN associated (zhou et al.,
ANCA associated small with SLE and AASV 2012)
vasculitis (AASV)
Age of Onset in Huntington L (Vittori et al.,
Disease PRT No association 2013)

. (Wain et al.,

Asthma and COPD PRT No association 2014)

DEFB4 CN associated with (Jones et al
Susceptibility to otitis media PRT nasopharyngeal microbiota v

composition

2014)
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1.4 Aims of the study

= Further explore the structure of the copy number variable DEFB region via analysing

aCGH breakpoint analysis and association with inversion at the 8p23 locus.
= Compare and contrast the different methods used for calling DEFB CNVs.

= Develop a model system to investigate if DEFB expression levels differ with CN in
response to treatment with pneumolysin by using Normal Human Bronchial

Epithelial (NHBE) cells.
= Explore and replicate the DEFB association study with HIV viral load.

= |nvestigate if DEFB CN is associated with hypertension, obesity and clinical

symptoms that occur more commonly in obese individuals.
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2 Materials and Methods

2.1 DNA samples used

2.1.1 HapMap samples

The International HapMap Project was initiated in 2002 to aid in the study of genetic
diversity among different populations. A total of 270 DNA samples are present in the
project that derived from blood donors from four different populations. The Yoruba
people (YRI) of Ibadan, Nigeria provided 30 sets of samples from two parents and an
adult child. Each such set is referred to as a trio as is the U.S set (CEU), which were
collected in 1980 from U.S. residents with northern and western European ancestry by
the Centre d'Etude du Polymorphisme Humain (CEPH). However, 45 samples were
collected from unrelated individuals for each of the Japanese set (JPT) from Tokyo and

the Han Chinese set (CHB) from Beijing (The International HapMap Consortium, 2003).

The Coriell Institute (http://ccr.coriell.org) provided DNA and cell lines from the above

samples for research projects that have appropriate ethical approval.

The DEFB CN for these samples has been previously genotyped using the PRT assay by
Dr. Rob Hardwick (Hardwick et al., 2011).

2.1.2 UTI and VUR study subjects

The Randomized Intervention for Children with Vesicoureteral Reflux (RIVUR) study is a
double-blind, randomized, placebo-controlled trial which recruited 607 children aged 2
to 72 months from 19 paediatric sites across North America assigned to receive daily
doses of either antibiotics or placebo for 2 years. Biospecimens and genetic specimens
were collected every 6 months throughout the trial to study genetic and biochemical
determinants of VUR, recurrent UTI, and renal scarring (Keren et al., 2008). The study
was approved by the Nationwide Children’s Hospital Institutional Review Board,

Nationwide Children’s Hospital, Columbus, Ohio, USA.

DNA of 456 individuals from the RIVUR study was sent to us by our collaborator Dr.
David Hains (Nationwide Children’s Hospital, Ohio, USA).
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2.1.3 HIV study subjects
2.1.3.1 International AIDS Vaccine Initiative (IAVI) cohort

IAVI is a global not-for-profit, public-private partnership working to accelerate the
development of vaccines to prevent HIV infection and AIDS. This prospective cohort
was part of the Protocol C project launched in 2006 to learn more about how HIV
progresses and is transmitted. More than 600 volunteers with incident HIV infection
have enrolled in Protocol C to date. All volunteers are provided with or referred for
routine HIV care, including highly active antiretroviral therapy (HAART) provision.
Some 190,000 Protocol C samples have been collected and more than 26,000 shared
with researchers around the world. Volunteers were from Kenya, Uganda, Rwanda,
Zambia and South Africa (IAVI, 2006). Our collaborators; Dr. Jacques Fellay (EPFL,

Switzerland) and Dr. David Goldstein (Duke University) provided us with 423 samples.

2.1.3.2 Swiss HIV Cohort Study (SHCS) cohort

The Centre for HIV-AIDS Vaccine Immunology (CHAVI) is founded by the National
Institute of Allergy and Infectious Diseases. The Euro-CHAVI Consortium is coordinated
by professors in Switzerland and have various cohorts one of which is the Swiss HIV
Cohort Study (SHCS) (Fellay et al., 2009). SHCS was established in 1988, as a systematic
longitudinal study enrolling HIV-infected individuals in Switzerland. It is a collaboration
of all Swiss University Hospital infectious disease outpatient clinics, two large cantonal
hospitals, all with affiliated laboratories, and with affiliated smaller hospitals and
private physicians looking after HIV patients. Essentially, The SHCS is representative for
the Swiss HIV-epidemic (Swiss HIV Cohort Study, 2015). Our collaborators; Dr. Jacques
Fellay (EPFL, Switzerland) and Dr. David Goldstein (Duke University) sent us 3360 DNA
samples. 20uL of 1x TE buffer was added to all the samples before being genotyped for
DEFB CN using the PRT.
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2.1.4 Cardiovascular cohorts study subjects
2.1.4.1 Young Men Cardiovascular Association (YMCA)

The Young Men Cardiovascular Association Study 1 (YMCA 1) consists of 1,157
biologically unrelated, healthy males recruited in Silesia (Southern Poland)
(Tomaszewski et al., 2007; Charchar et al.,, 2004). The Young Men Cardiovascular
Association Study 2 (YMCA 2) - an extension of YMCA 1- recruited an additional sample
of unrelated 597 young men in Silesia (Tomaszewski et al., 2007). Clinical and
biochemical phenotyping protocols of each study were described in detail in previous
publications (Tomaszewski et al., 2007; Charchar et al., 2004). In brief, clinical history
was collected using anonymised, coded questionnaires. Recorded anthropometric
measurements included height and weight, as well as three consecutive BP
measurements (Tomaszewski et al., 2007; Charchar et al., 2004). Only 1.6% and 0.3%
men in YMCA 1 and YMCA 2, respectively, were on antihypertensive medication
(Tomaszewski et al.,, 2007; Charchar et al.,, 2004). BP values from those on
antihypertensive treatment were adjusted for BP-lowering effect of therapy using a
previously reported method (Tomaszewski et al., 2007; Charchar et al., 2004). The
samples were provided to us by our collaborator; Dr. Maciej Tomaszewski (University

of Leicester, UK).

2.1.4.2 Silesian Cardiovascular Study (5CS)

The SCS is a cohort of 213 Polish families and 435 singletons recruited through
probands with high cardiovascular risk (history of hypertension, coronary artery
disease, and/or multiple cardiovascular risk factors), as previously described
(Tomaszewski et al., 2009). The samples were generously provided to us by our

collaborator Dr. Maciej Tomaszewski (Glenfield General Hospital, UK).
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2.2 General Reagents

2.2.1 10x “Low dNTPs” PCR Buffer (10x Ld PCR Buffer)

The 10X Ld PCR buffer was used for the Paralogue Ratio Test method. The buffer
contained a final concentration of 50mM Tris-HCl (pH8.8), 12.5mM ammonium
sulphate, 1.4mM magnesium chloride, 7.5mM 2-mercaptoethanol, 125ug/mL non-
acetylated Bovine Serum Albumin (BSA) (Ambion®, Thermo Scientific) and 200uM of
each dNTP.

2.2.2 1x Tris-EDTA Buffer (TE Buffer)
1x TE Buffer was composed of 10mM Tris-HCI (pH8), which maintains the pH of the
solution and 1mM EDTA, a chelator of metal ions which helps protect DNA and RNA

from enzymatic degradation.

2.2.3 0.5x Tris-Borate-EDTA Buffer (TBE Buffer)
This buffer was used in agarose gel electrophoresis and was made from 40mM Tris-HCl

(pH8.3), 4mM Boric acid and 1mM EDTA.

2.2.4 Wash Buffer
This buffer was used in the ELISA protocol and was made from 0.05% Tween-20

(Sigma) in 1X Dulbecco's Phosphate-Buffered Saline (PBS) (Gibco®, Thermo Scientific).

2.2.5 Block Buffer
This buffer was used in the ELISA protocol and it was composed of 1% BSA in 1X PBS.

2.2.6 Diluent
The diluent was used in the ELISA protocol for dilution purposes and it was composed

of 0.05% Tween-20, and 0.1% BSA in 1X PBS.
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2.3 Primer design

The desired sequence was retrieved from the hgl9 human reference genome

assembly on UCSC Genome Browser Home (http://genome.ucsc.edu/).

The Primer3 software (http://primer3.ut.ee/) was used, under the default settings, to
check and confirm the thermodynamic properties of the PCR primers. The primers
retrieved were then checked using the In-silico PCR tool of the UCSC Genome Browser
to ensure that primer pairs were unique to the sequence to be amplified and that no

common sequence variants were observed.

2.4 Generic PCR optimization

All PCR-based assays were optimised for the following parameters; annealing and
extension temperature, extension time and buffer composition in order to maximise
the specificity and yield of the reaction for the expected PCR products. For each new
primer pair, a standard annealing temperature gradient between 50°C-60°C was
routinely performed using the VeriFlex option in the Veriti thermal cycler (Applied
Biosystems). Each reaction was first performed in standard Kapa A Buffer (Kapa
Biosystems) which includes 1.5 mM magnesium chloride. In presence of non-specific
products, smears or low amplification efficiency upon resolving on agarose gel
electrophoresis (2% w/v), the 10X low dNTPs PCR buffer was tried. The following

standard PCR amplification protocol was used for expected PCR products up to 1kb.
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Step Temperature (°C) | Time | No. of Cycles
Initial Denaturation 94 2 min 1
Denaturation 94 30 sec
Annealing 50-60 30 sec 35
Extension 70 30 sec
Final Extension 70 2 min 1

2.5 Agarose gel electrophoresis

PCR products were resolved on 2% agarose gel (2g of agarose was mixed with 100ml
of 0.5X TBE buffer and heated in a microwave until the agarose completely dissolved
and a transparent solution was formed). Ethidium bromide was added to a final
concentration of 0.5ug/ml to the solution to allow visualisation under UV light. The
agarose solution was then poured into a casting tray and allowed to solidify, the comb
was gently removed and the gel casting tray was submerged in the electrophoresis
tank containing 1X TBE buffer. 15ul of DNA was mixed with 3ul of 6X loading dye and
ran alongside 3ul of DNA ladder (HyperLadder™ V, Bioline). Electrophoresis was
performed at 120V for 50 minutes. The gel was then observed under a UV

transilluminator and a soft copy was kept on record.

2.6 Paralogue Ratio Test

The Paralogue ratio test (PRT) is a comparative PCR based approach that uses one pair
of primers to simultaneously amplify a copy number variable unit (test locus) and a
reference locus with a diploid copy number of two. The products are then separated

by size using capillary electrophoresis.
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Figure 11: The copy variable B-defensin genomic region showing the locations in the repeat sampled by
the PRT-based ‘triplex’ test. The primers for the PRT assays were designed to specifically amplify two loci
in the B-defensins repeat unit and their paralogues elsewhere in the genome, producing different length
amplicons. The third assay (rs5889219) examines a triallelic indel polymorphism (123/126/128 bp) that
can have different sizes in individual B-defensin repeats. This trace shows a sample with a 4 copy
number, reflected in the ratios between the ‘test’ (B-defensins) and ‘reference’ peaks in the two PRT
systems HSPD21 and PRT107A, and in the approximate 1:1:2 ratios of alleles (consistent with a total of
four copies) for the multi-allelic indel rs5889219. Reproduced from (Aldhous et al., 2010).

A modified duplex PRT protocol (Aldhous et al., 2010) was used to measure DEFB
diploid copy number. The PRT primers were designed to amplify different locations
within the DEFB repeat at 8p23.1 loci and corresponding references (Figure 11), details

of which are shown in Table 4 below:
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Table 4: PCR Primer sequences for the duplex PRT assay and indel assay. The PRT assays were used to
amplify different locations in the DEFB CN variable region whereas the indel assay amplified different

polymorphisms in the DEFB CN variable region.

. Size resolved by capillary
P ’ ’
rimer Sequence (5’ - 3’) electrophoresis (bp)

PRT107A-F | AGCCTCATTTAACTTTGGTGC

157 for Test on Chromosome 8
:RT107A " | GGCTATGAAGCAATGGCCTA 155 for Reference on Chromosome 11
HSPD21-F | GAGGTCACTGTGATCAAAGAT 172 for Test on Chromosome 8
HSPD21-R | AACCTTCAGCACAGCTACTC 180 for Reference on Chromosome 21
5DEL-F AAACCAATACCCTTTCCAAG

134,129 and 127
5DEL-R TTCTCTTTTGTTTCAGATTCAGATG

Each PCR was carried out twice using different fluorescently labelled primers (NED- or
HEX-labelled PRT107AF, FAM- or HEX-labelled HSPD21R, HEX- or FAM-labelled 5DEL).
In total; four master mixes as shown in Figure 12 below were prepared for a given
DNA plate, with the last column on each plate reserved for gold-standard control
samples (c0088 (cn=4), c0207 (cn=5), c0849 (cn=6), c0913 (cn=3), c0940 (cn=4), c0969
(cn=5)) all from the European Collection of Cell Cultures (ECACC), available from Public
Health England, Porton Down, Wiltshire, UK. The samples have not only showed
reproducible results with multiple PRT assays but their copy numbers had been also
confirmed by other methodologies such as, MAPH (multiplex amplifiable probe
hybridization) and REDVR (restriction enzyme digest variant ratio) tests (Armour et al.,
2007). The samples were also used as controls in previous studies (Aldhous et al.,

2010; Jones et al., 2014).
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Master Mix 1 Master Mix 2
Component X1 reaction Component X1 reaction
() ()

10X low dNTP Buffer (200uM) | 1 10X low dNTP Buffer (200uM) | 1
PRT107A — F[NED] (10uM) 0.5 PRTL107A — F[HEX] (10uM) 0.5
PRT107A—R (10uM) 0.5 PRT107A—R (10uM) 0.5
HSPD21 — F (10puM) 0.5 HSPD21 — F (10uM) 0.5
HSPD21 — R[FAM] (10uM) 0.5 HSPD21 — R[HEX] (10uM) 0.5
Tag DNA Polymerase (5U/ul) 0.1 Tag DNA Polymerase (5U/pl) 0.1
DNA (10ng) 1 DNA (10ng) 1

water 5.9 water 5.9
Total 10 Total 10
Master Mix 3 Master Mix 4

Component X1 r?::)t'on Component X1 r?:ﬁ‘t'on

10X low dNTP Buffer (200uM) | 1 10X low dNTP Buffer (200uM) | 1

5DEL — F[FAM] (10uM) 1 S5DEL — F[HEX] (10uM) 1
5DEL-R (10uM) 1 5DEL-R (10uM) 1

Tag DNA Polymerase (5U/ul) 0.1 Tag DNA Polymerase (5U/pl) 0.1
DNA (10ng) 1 DNA (10ng) 1

water 5.9 water 5.9
Total 10 Total 10

Under the following thermocycling conditions for 107A/HSPD21:

Figure 12: PCR components for the two PRT (PRT107A and HSPD21) and indel (5DEL) assays.

Step Temperature (°C) | Time | No. of Cycles
Initial Denaturation 95 5 min 1
Denaturation 95 30 sec
Annealing 58 30 sec 22
Extension 70 1 min
Repeat Step 3+4
Annealing 58 30 sec 1
Final Extension 70 40 min 1
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And these for 5DEL:

Step Temperature (°C) | Time | No. of Cycles
Initial Denaturation 95 5 min 1
Denaturation 95 30 sec
Annealing 58 30 sec 25
Extension 70 1 min
Repeat Step 3+4
Annealing 58 1 min 1
Final Extension 70 20 min 1

2.6.1 Capillary electrophoresis:

For each sample, 0.7uL of each PCR product was mixed with 0.1ul of an internal size
standard MapMarker® 400 (BioVentures, Inc.) and 10ul of Hi-Di Formamide (Applied
Biosystems, UK) in each well of a 0.2mL flat deck detection 96 well plate (Thermo
Scientific). The samples were denatured for 3 minutes at 96°C and immediately placed
on ice for at least 2 minutes and then resolved using POP-7 polymer with injection

time of 30 seconds on 3130x| Genetic Analyser (Applied Biosystems, UK).

2.6.2 Data analysis:

The electrophoresis output files were analysed on GeneMapper® software v.3.7
(Applied Biosystems, UK). The raw data and the images from the output files were
sized into fragment length peaks for the triplex PCR amplicons at the positions
157bp/155bp for the PRT107A assay, 180bp/172bp for the HSPD21 assay and any
combination of the 134bp/129bp and 127bp for the multi-allelic indel rs5889219.

Only peaks with area size between 500 and 40000 were considered for copy number
analysis. Samples that gave no peaks were repeated twice, if still no peaks were

detected; the samples were considered ‘failed to type’.
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Figure 13: This figure shows the HEX-traces obtained from the multiplex system, (two PRT assays;
PRT107A and HSPD21) and one indel assay (rs5889219). Predicted copy number for each individual in
these traces from this system is shown to the left. Inside the box, there are two peaks visible for each
PRT; one from the reference locus and one from the variable (test) locus. The genomic ratio of test:
reference copies for each PRT are shown below the peaks. For the indel, there are up to three distinct
alleles (123, 125 and 127bp) detected in this experiment. The genomic ratio from each peak to the

smallest peak is also shown here below the peaks.

2.6.3 Data normalization:

The raw paralogue ratios (test/reference) calculated from each dye for the duplex PRT
assays were corrected for PCR plate batch effects. The internal controls included on
each PCR run of the assay served as gold-standards of known DEFB CN to calibrate the

rest of the plate.

Data normalisation was performed in Excel by linear regression of the control sample

(2.6) ratios against their expected integer copy numbers as shown in Figure 14 below.
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The resulting regression equation was used to adjust all other PRT data for each of the
two dyes for the 107A and the HSPD21 assays. The 5DEL assay was not calibrated as
this assay does not infer an absolute copy number, rather it represents a factor of the
true integer copy number (i.e. a 5DEL ratio of 2:1:0 could be any copy number multiple

of 3).
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Figure 14: Scatter plots showing the calibration carried out for each experiment with the 6 reference
DNA samples of known DEFB copy number for the duplex PRT assay (107A top line, and HSPD21 bottom
line). The unrounded test to reference ration of each reference sample was plotted against the
corresponding copy number. The linear regression obtained from each experiment was then used to

infer the copy numbers of the unknown samples.

53



2.6.4 Estimation of DEFB CN using Maximum Likelihood analysis:

For DEFB CN estimation, the Maximum Likelihood (ML) approach was adopted from
Aldhous et al. 2010. In summary, the likelihood method considered the joint
probability of all generated data for a given sample across a range of copy numbers
from 1 to 9 with error following the Gaussian distribution for each PRT assay. For each
set of data from the triplex test, a copy number maximizing the likelihood of all the

observations was calculated and a copy number called.

An estimate of the degree of confidence in each diplotype is calculated by —2(Inb-Ina),
where (a)is the probability of the most likely copy number diplotype, and (b)is the
combined probability of all other copy number diplotypes (from 1 to 9). This statistic
follows a )(2 distribution, so P values for each copy number diplotype call can be

determined using x* tables.

2.6.5 Deduction of DEFB CN using the weighted mean raw PRT values:
Alongside the DEFB CN estimated using the ML approach, an alternative method to
confer DEFB CN was employed by Walker et al.,, 2009; the weighted mean integer

value (hereafter referred to as raw PRT) was also used to infer DEFB CN.

The weighted mean value for the PRT assays (without the 5del assay) was calculated as

follows:
(PRT107 average value*0.447) + (HSPD21 average value*0.553).

The numbers 0.447 and 0.553 are considered weightings which are proportional to the
reciprocal of the variance of the particular assay (PRT107 and HSPD21 respectively) for

a large dataset generated by Dr. Rob Hardwick and Helen Bogle.

For the 5 del assay; if the average value is equal to 1 or larger than 10, then the
average value is not taken into account and kept as blank, however if the ratio of the
value of the PRT weighted mean to the 5del average value is > 1.2, then the 5del
corrected value is taken as 5del average value multiplied by 2. If not, then the 5del

average value as taken as the corrected 5del value.
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Ultimately, the final weighted mean average is calculated as follows:

If the 5del corrected value is a blank, then the weighted mean PRT is used as the final
weighted mean CN. However, if 5del corrected has a value, the weighted mean CN is

calculated as follows:

(0.354*5del corrected value) + (0.357*HSPD21 average value) + (0.289*PRT107

average value.

2.7 Digital Droplet PCR (ddPCR)

ddPCR is a method for performing digital PCR that is based on water-oil emulsion
droplet technology. A sample is fractionated into 20,000 droplets and PCR
amplification of the template molecules occurs in each individual droplet, providing an

absolute count of target DNA copies per input sample.

A duplex TagMan PCR-based assay was carried out for genotyping the CN of DEFB
using RNaseP as the reference gene. Primers and probes for this assay were adapted
from previous work (Fode et al., 2011). The sequences of the primers and probes were

as follows:

* Bdel denotes the 5del assay average value.
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Primer and/or Probe | Sequence (5’ = 3’)

DEFB103-F CAT AGG GAG CTCTGCCTT ACCA
DEFB103-R TGCAGA ACACACCCACTICACTC
DEFB103 probe FAM - TGG GTT CCT AAT TAAC-MGB

The TagMan® RNase P Control Reagents (VIC™ dye) kit (Applied Biosystems) containing
a mixture of primers and probe for the RNaseP gene was used as the positive control in
this experiment. Optimisation of the ddPCR protocol using the gold standard controls
was performed to assess best method of DNA preparation and concentration. This
included using Hae Il restriction enzyme digested template, undigested template,
templates of different concentrations as well as running a gradient PCR to pinpoint

optimum annealing temperature.

The PCR reactions were carried out using the following components in a final volume

of 22uL:
Component Amount (pL)
2X TagMan® Universal PCR mix 11
RNase P (900nM Primer/250nM) mix 1.1
DEFB103 (900nM Primer/250nM) mix 1.1
Template (5ng/ul) 1
RNase-free Water 7.8

Each plate contains a “no template control” and the six gold-standards used in the PRT
assay. 20ul of the reaction mix was placed in a droplet generator cartridge (Biorad), in
dedicated sample wells. 70ul of droplet generation oil (Biorad) was placed in the oil
dedicated wells. The cartridge was then placed in a QX100 droplet generator (Biorad),
a device using microfluidics to combine oil with the sample reaction to generate
~200000 monodispersed, nanolitre-sized droplets for each sample, suitable for ddPCR.
40ul of the emulsion obtained per sample was then transferred to a 96-well plate
(ThermoScientifics), sealed with aluminium foil (Thermo Scientifics,) using a plate
sealer device (Eppendorf) and amplified to end point using a standard thermal cycler,

using the following protocol:
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Step Temperature (°C) | Time | No. of Cycles
Initial Denaturation 95 10 min 1
Denaturation 94 30 sec
Annealing/extension 58 60 sec 40
Final Extension 98 10 min 1

The plate was then loaded on a QX100 droplet reader (Biorad) and results were
analysed using the QuantaSoft software (Biorad). Reads with more than 10000
droplets generated were considered acceptable. Each gating separating the reads in
DEFB103+/RNaseP-, DEFB103-/RNaseP+, DEFB103-/RNaseP-, DEFB103+/RNaseP+ was
manually checked to ensure the presence of a discrete separation between the
different droplet populations. The ratio of the total number of single positive droplets
for DEFB103 on the total number of single positive droplets for RNaseP called the

diploid copy number for each sample in analysis.
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Figure 15: example result from a ddPCR experiment showing 2-D plot of droplet fluorescence. Black
cluster shows droplets with neither reference nor target gene. Green cluster shows droplets with

positive reference gene. Blue cluster shows droplets with positive target gene, and the brown cluster

shows droplets that have both reference and target genes.
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2.8 Pneumolysin treated cell lines (PnCells)

Pneumolysin is a pore forming toxin that binds cholesterol in host cell membranes. It is
released from Streptococcus pneumonia during respiratory infection by autolysis of the
bacteria. The cell lines were cultured by our collaborator, Dr. Rob Hirst as described

below:

Ciliated primary human airway cultures (NHBE were grown from brush biopsies in
basal epithelial growth media (BEGM) at 37°C. Basal cells were seeded onto collagen-
coated Transwell inserts (Corning) and cultured using differentiation medium (50:50
BEBM and DMEM) and 100nM trans-retinoic acid. The cells were then incubated with
different concentrations of pneumolysin (42.5 Hu and 170Hu)for 20 minutes at 37°C,
pelleted, placed in a slow freeze cryopreservation container at -80°C overnight before
being moved to long term storage in a -150°C freezer, and then given to us. Cells were
used for DNA and RNA extraction and the supernatant was used for protein

quantification using enzyme-linked immunosorbent assay (ELISA).

The experiment was carried out two times, each time with a different batch of NHBE

cells. Each batch was passaged three times.

2.8.1 RNA and DNA extraction from Pn treated Cells
DNA and RNA were extracted by the Maxwell® 16 instrument using the Maxwell® 16
Blood DNA Purification Kit and MaxWell® 16 LEV simplyRNA Cells Kit (Promega)

according to the manufacturer’s instructions.

2.8.1.1 Quantification of Extracted RNA

The RNA concentration and purity was determined using ThermoScientific NanoDrop™

1000 Spectrophotometer.

The ratio of absorbance at 260nm and 280nm is used to assess the purity of the RNA
with a ratio of ~2.0 generally accepted as “pure” RNA. If the ratio is appreciably lower,

it may indicate the presence of protein, phenol or other contaminants that absorb
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strongly at or near 280nm. After quantification, all RNA samples were diluted to

5ng/ul.

2.8.1.2 Reverse transcription—PCR (RT-PCR) of extracted RNA

30ng of RNA was transcribed into cDNA using Invitrogen’s SuperScript Il First —
Strand Synthesis Super Mix kit as per the kit’s instructions. Total RNA isolated
from Pn treated cell lines were primed for first-strand synthesis by using the
random hexamer primer provided with the kit in a total volume of 20ul. Random
hexamers are the most nonspecific priming method, and are typically used when the
mRNA is difficult to copy in its entirety. With this method, all RNAs in a population are
templates for first-strand cDNA synthesis, and PCR primers confer specificity during

PCR.

The following components were mixed thoroughly by pipette on ice:

Component Amount (pL)
Total RNA (5ng/pl) 6
Random Hexamer (50ng/ul) 1
Annealing Buffer 1
DEPC water 0
Total 8

The mixture was incubated at 65°C for 5 minutes, then immediately placed on ice

for at least a minute. Briefly centrifuged and added the following on ice:

Component Amount (pL)
2X First-Strand Reaction Mix 10
SuperScript 111®/RNaseOUT™ Enzyme Mix 2

The samples were then incubated at 25°C for 10 minutes followed by 50 minutes
at 50°C. The reaction was terminated at 85°C for 5 minutes and cDNA was stored

at -20°C for later use.
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2.8.2 Expression studies

2.8.2.1 Quantitative PCR (qPCR)

The cDNAs were firstly diluted down to 1:7 ratio and analysed by qPCR using
TagMan®Expression Assays for DEFB4 (Hs00175474_m1),UBC (Hs00824723_m1) and
PPIA (Hs04194521 s1). PCR was performed using TagMan® Universal Master Mix II,
with UNG (Applied Biosystems) following the manufacturer’s manual on LightCycler®
480 (Roche). The protocol was Hold at 50°C for 2 minutes, followed by 40 cycles of
95°C for 15 seconds and 60°C for 1 minute. PCR was performed in quadruplet for each

sample and data analysed using the gpcR library in R (Spiess, 2014).

2.8.2.2 Enzyme Linked Immunosorbent Assay (ELISA)

Prior to the ELISA technique, total protein in the supernatant was measured using
Bradford Protein Assay (Bio Rad Laboratories), then diluted down by a factor of 4
before being used in the ELISA.

96-well ELISA plates (NuncMaxisorp, ThermoScientific) were coated with 0.5pg/mL
goat anti-hBD-2 (Human BD-2 ELISA Development Kit, PeproTech®) at room
temperature overnight. The plates were then washed with 0.05% Tween 20 in PBS and
blocked with 1% BSA in PBS for 1 hour at room temperature. PnCells supernatants and
a serial dilution of hBD-2 standard (Human BD-2 ELISA Development Kit, PeproTech®)
from 2000pg/mL to Opg/mL were added to the ELISA plate in duplicate and incubated
for 2 hours at room temperature, followed by 2 hours incubation with 0.5ug/mL
biotinylated goat anti-hBD-2 detection antibody. Plates were thoroughly washed and
incubated with Avidin-HRP at a 1:2000 concentration for 30 minutes at room
temperature. The plates were then washed and 2,2'-Azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) liquid substrate solution (ABTS) (Sigma) was added and monitored for
colour development with ELISA plate reader (FLUOstar Omega, BMG LABTECH) at 405
nm with wavelength correction set at 650 nm at 5-minute intervals for half an hour.
Results were examined and those with a reliable standard curve were analysed. A
reliable standard curve had O.D readings which do not exceed 0.2 units for the blank

or 1.3 units for the 2000pg/mL concentration.
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Figure 16: Example ELISA standard curve Absorbance was measured at the relevant OD and protein

concentration determined by standard curve.

Sample concentrations were derived from standard curves, and analyses carried out in

GraphPad Prism v. 6 software.

2.9 Bioinformatics analysis

2.9.1 Comparison of different CNV calling methods

HapMap and Human Random Control (HRC) samples that have been typed for DEFB CN
using PRT were compared to samples typed by: array comparative genome
hybridization method (NimbleGen and Agilent platform); digital-detection technology
(nCounter); sequence read-depth method (Genome STRip) and PCR based (ddPCR). All
calculations and figures generated for comparison purposes were done using ‘R’

statistical computing program.

2.9.2 NimbleGen aCGH breakpoints
NimbleGen data was kindly provided by our collaborators; Dr. Jacky McArthur and Dr.
Donna Albertson from the University of California, San Francisco. NimbleGen arrays

with 60-mer oligonucleotide probes all across chromosome 8 were used as indicated
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by the NCBI36/hgl8 Human Genome Assembly on USCS Genome Browser website

(http://genome.ucsc.edu/)

Probes falling within the DEFB regions were checked for gains and losses using the

300bp and 600bp tracks on SignalMap V1.9 software (NimbleGen Systems) for 14 HRC

samples and 54 HapMap samples, taking into account gains and losses using the 300bp

and 600bp tracks and recorded them on an excel sheet. The regions were then

checked for genes and/or repeat elements on the NCBI36/hgl8 USCS genome

browser. Interestingly, 12 samples showed a loss in the DEFB107 gene. They were

further investigated using a 3-Primer assay as follows:

LTR-F
— LTR — HERVk-115
Exon 1 - I Exon 2
f—
LTR-R
LTR-F
—)
Exon 1 Exon 2
—
LTR _Intron - R

Figure 17: Schematic diagram for the location of the 3 primers used in further investigating the hERV-

k115 polymorphic insertion.

The Primer sequences used

Primer Sequence (5’ - 3’) Product length (bp)
LTR-F AGCCTCATTTAACTTTGGTGC
LTR-R GGCTATGAAGCAATGGCCTA H89
LTR_Intron — R | GAGGTCACTGTGATCAAAGAT 408

The PCR was done using the master mix and thermocycling program described in

‘Generic PCR Optimization’ (2.4) above with annealing temperature of 62°C. The

amplicons were then resolved on 2% agarose gel at 120V for 1 hour.

62


http://genome.ucsc.edu/

2.9.3 DEFB CNV region analysis using NimbleGen aCGH

A custom NimbleGen tiling oligonucleotide array (NimbleGen Systems Inc.) was
designed with 190,240 probes covering the DEFB region (chr8:6,185,000-84,681,910;
hgl8). Probe design, array fabrication, and array CGH experiments, including DNA
labelling, hybridization, array scanning, data normalization, and log, copy-number ratio
calculation were performed by NimbleGen Systems Inc. Array CGH was carried out on
68 cell line DNA samples with cell line AF0105 (Hollox et al. 2005) used as reference
DNA for all hybridizations.

2.10 Statistical analysis

Table 5 below describes the different platforms used in carrying out the required

statistical analyses:

Table 5: Platforms used to carry out statistical analyses.

Software Used for Available from
SPSS GLM, regression variable Provided by the university
v. 22 plot
GraphPad . .
. Categorical contingency . . .
\Ijr|6sm tables, ELISA analysis Provided by the university
Mosaic plots, PCA
R Statistical calculations, hls'tograms in
rogram scatter plots, histogram & http://www.r-project.org/
5 3g2 0 Kernel density plots, P: -rproject.org

Manhattan plots, Power
analysis and qPCR analysis.

Plink V. | SNP analysis and haplotype http://pngu.mgh.harvard.edu/~purcell/plink/

1.0.7 associations
g(::;:ze Plotting probe positions https://genome.ucsc.edu/cgi-bin/hgGenome
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3 Genomic structure and variability of B-Defensin region

3.1 Introduction

B-defensin genes in humans are arranged into 3 main clusters at 8p23.1 (9 genes),
20p13 (5 genes) and 20g11.1 (9 genes), with an additional small cluster of 4 genes on
chromosome 6p12 (Ganz, 2003; HGNC, n.d.). At the 8p23.1 genomic location, 7 DEFB
genes are found on a repeat unit that is typically present at 2—8 copies in the
population, with a modal CN of 4 (Hollox, 2012; Hollox, Barber, et al., 2008). The
mutation rate at this locus is extremely fast (~0.7% per gamete) (Abu Bakar et al.,
2009), suggestive of the high level of variability in this genomic region. Individuals with
1 copy are very rare (Zhang et al., 2014). In our previous study; (Wain et al., 2014), we
determined DEFB diploid CN in a cohort of 1149 adults and in a separate cohort of 689
children using PRT. The distributions of copy number observed in each cohort were in
good agreement with previously published distributions from the UK population (Fode
et al.,, 2011; Hollox et al., 2003), although in the children cohort we observed 9
children (>1%) with a copy number of 1, which in other cohorts is rare. This indicates
that the existence of a null allele could be deleterious and selected against. At the
other end of the DEFB CN spectrum lie rare high copy individuals (9—12 copies) with a
cytogenetically observable CN amplification at 8p23.1 that has no clinical phenotypic
effect (Barber et al., 1998).

3.2 Study rationale

10 genes and pseudogenes (DEFB109, DEFB108, DEFB4, HSPD1P, DEFB103, SPAG11,
DEFB104, DEFB106, DEFB105 and DEFB107) are arranged in a cluster of almost 218 kb
enclosed in various kinds of low copy repeats (LCR) arising from segmental duplications
(SDs) (Ottolini et al., 2014; Hollox, Barber, et al., 2008). Moreover, this DEFB cluster is
embedded in one of two complex SD rich regions involving retroviral elements and
olfactory repeat (OR) regions, collectively known as “REPD” (for repeat distal) (Giglio et

al., 2001) and another smaller OR region called “REPP” (repeat proximal), 5 Mb
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proximal on 8p23.1 which shares a high level of identity with REPD (Sugawara et al.,
2003). It is due to this repetitive structure which is intractable to analysis, the locus is
one of the few regions with a remaining recalcitrant gap in the most recent human
genome assembly; hg38, December 2013 (Taudien et al., 2014). In the hgl8 assembly,
two clusters, DEFB_R1 and DEFB_R2 (chr8:7,170,368 — 7,366,833 and chr8:7,669,242 —
7,855,043, respectively) are arranged in opposite direction on both sides of the gap
(Figure 18). The reason the hgl8 genome assembly was used is because the
NimbleGen data that was provided to us was based on probes that matched the hgl8

build.
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Figure 18: Position of the DEFB regions on chromosome 8p23.1. As dictated by the NCBI hg18 build, two
gene clusters are arranged on both sides of a gap and in opposite direction as it is clear by the individual
gene names. Segmental duplications are flanking the clusters and/ or are part of it. The segmental
duplication track shows regions detected as putative genomic duplications within the golden path. The
following display conventions are used to distinguish levels of similarity: Light to dark grey: 90 - 98%
similarity, Light to dark yellow: 98 - 99% similarity, Light to dark orange: greater than 99% similarity.
Red: duplications of greater than 98% similarity that lack sufficient Segmental Duplication Database
evidence (most likely missed overlaps). For a region to be included in the track at least 1 Kb of the total
sequence (containing at least 500 bp of non-RepeatMasked sequence) had to align and a sequence

identity of at least 90% was required (Bailey et al., 2001, 2002).

Mapping of the B-defensin CNV region has been challenging, however, determining the

size of the DEFB CNV region as reviewed by Taudien et al. (2014), was aided by
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combining information of the probe positions of the MLPA technique (Groth et al.,
2008) and PRT technique (Aldhous et al., 2010) as well as a mixture of microsatellite

and multiallelic length polymorphism analyses carried out by Abu Bakar et al., (2009).

At the start, the minimal length of the CNV region was approximated to be a minimum
of 240 kb by pulsed-field gel electrophoresis of digested genomic DNA after
hybridization with SPAG11 and DEFB4 probes (Hollox et al., 2003) however, CNV is
confirmed for 115 kb between the most distal MLPA probe in DEFB4 and the most
proximal PRT107A amplicon of PRT (Taudien et al.,, 2014). At the time, it was not
known whether the pseudogenes DEFB108 and DEFB109 were included in the CNV

region.

In 2014, Taudien at al. established tests for length polymorphisms based on
amplification and capillary electrophoresis of 7 indels spread over the entire cluster.
CNV was demonstrated for 6 indels between ~ 1 kb distal of DEFB108 and 10 kb
proximal of DEFB107, fixing the minimal length of proven CNV to 157 kb including the
DEFB108 pseudogene but excluding DEFB109 (Taudien et al., 2014). The limitation of
this technique is having defined the boundary of the DEFB repeat region by 1 indel in a
region that is too complex and polymorphic. Also, indels 1 and 2 showed chimera in 7%
and 4% of their sequences most likely due to the co-amplification of paralogues on
chromosome 4,8,11 and 12 which gives rise to high variability in the results, especially

on the proximal boundary.

The 8p23.1 region is also home to the largest polymorphic inversion known in the
human genome (Antonacci et al.,, 2009) —a ~4.5-Mb-long inversion that was
conventionally genotyped using fluorescent in situ hybridization (FISH) (Giglio et al.,
2001). Bosch et al. (2009) using Spanish individuals who were found to be homozygous
for the 8p23.1 inversion, and by means of dense SNP genotyping of the region,
haplotype-based computational analyses and FISH techniques, was able to delineate
two different homozygosity tracts composed by a total of 16 SNPs within the inverted
region, in the proximity of the REPP and REPD duplicons; The first homozygosity tract is
located at chromosome position 8.5Mb, close to the REPD SDs that flanks the 8p23.1
region, and expands ~ 172 kb. It contains 8 SNPs (rs17627505, rs10503393, rs2428,
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rs11774860, rs3827811, rs17154769, rs1876836 and rs1039916) which corresponds to
the “CGTCGAGG"” haplotype. The second tract spans almost 181 kb and lays at 10.8Mb
close to the REPP. The conserved haplotype is “TCACGAGA” and constitutes the
remaining 8 SNPs (rs1178061, rs1178247, rs3885690, rs2409691, rs13266785,
rs10282848, rs10503417, and rs2409719). Bosch and colleagues postulated that these

two 8- SNP haplotypes can be used as proxies for the 8p23.1 inversion.

The inversion shows a strong clinal distribution in human populations, with
frequencies of ~59% in the Yoruba, ~20%—-50% in Europeans, and ~12%—27% in Asians
(Salm et al., 2012). Though originally considered a neutral polymorphism and despite
the high frequency of inversion heterozygotes, the prevalence of the recurrent
inverted, duplicated, and deleted 8p has been estimated at only 1 in 20,000 (Hollox,
Barber, et al., 2008). This ectopic recombination has an associated phenotype of
developmental delay, mental retardation, facial dysmorphisms, agenesis of the corpus
callosum, and other problems including congenital heart disease (Devriendt et al.,
1995). This phenomenon has also been described in the parents of children carrying
other genomic disorders (Lupski, 1998) such as Hunter syndrome (Bondeson et al.,

1995) and Williams-Beuren syndrome (Bayés et al., 2003).

FISH is not amenable to high-throughput analyses and requires viable cells. Moreover,
the size of the inversion’s single copy region (~4.5 Mb) approaches the practical
resolution of metaphase FISH (Raap, 1998); in 2012, Salm and colleagues presented a
novel, robust high-throughput method to genotype 8p23-inv.; Phase Free Inversion
Detection Operator (PFIDO). PFIDO is a bioinformatics tool that utilizes SNP data to
enable accurate, high-throughput genotyping of the 8p23.1 inversion. Salm and
colleagues applied this tool retrospectively to diverse genome-wide SNP genotypes
datasets and were able to infer the orientation of the 8p23-inv. The inversion was
genotyped as the alleles N and /; N stands for non-inverted allele and refers to the
orientation represented in human genome reference (hgl19) and / to the inverted allele

(Salm et al., 2012).

In this chapter, three fundamental questions relating to the DEFB CNV region will be

answered; firstly, pinpointing the exact boundaries of the DEFB CNV region. This is
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essential because it might give insight into the mutational history of the locus and aid
in comprehending if the region is closely tied to the polymorphic recurrent inversion of
8p23.1, which is known to involve the REPP and REPD regions. Secondly if the DEFB
region reveals any heterogeneity, this is of significance because it sheds light on
whether a disease association is present regardless of the DEFB region state or is it
conditional to it. And lastly, if there is a specific SNP/SNPs associated with and or can
predict a certain copy number or a copy number cut-off using genome wide SNP
genotypes. SNPs are well genotyped and hence a plethora of information is available
that can be used in algorithms which enables prediction of DEFB CN on very large

datasets without direct CN genotyping.

3.3 Results

3.3.1 NimbleGen array data analysis reveals polymorphic retroviral insertion
in DEFB107

To address this, a tiling oligonucleotide array with 190,240 probes covering the region
between chr8:6,185,000 and chr8:84,681,910 was designed and aCGH performed on a
series of 68 DNA samples with known DEFB copy number. Initial inspection confirmed
the CNV of the DEFB region, together with the more complex CNV of the REPD region

flanking the DEFB region.

NimbleGen data viewer (SignalMap software) has a window averaging step which
correspond to 10 (300 bp), 20 (600 bp) and 50 (1500 bp) times the median probe
spacing on the design. Probes that fall into a defined base pair window size are
averaged and a new position is assigned to this, which is the midpoint of the window.
This averaging has two net effects; it reduces the size of the dataset, resulting in faster
computation times, and it reduces the noise in the data. Large window sizes results in

less noise, but less sensitivity when it comes to finding smaller segments.

The 300bp and 600bp tracks for all probes within both DEFB regions as dictated by the
hgl18 build was visually checked for 164 HapMap samples using the SignalMap
software. Only ‘gains’ and ‘losses’ appearing on both the 300 bp and 600 bp tracks

(Figure 19) for each sample were recorded (40 samples). Areas of gain and loss were
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specified by Log, transforming the ratio values of the probe signal intensities of
(Cy3/Cy5). See Appendix 1
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Figure 19: Data displayed in SignalMap software. The 300 bp, 600 bp and normalized signal of sample
NA19204 is shown, the red solid lines show the best fit line through the signals indicating areas of gain

or loss.

Of the 40 samples, 12 showed a presence/absence polymorphism of an LTR element in
the intron of DEFB107 confirming the results of Turner et al., (2001) which revealed an
insertional polymorphism of an endogenous retrovirus, hERV-k115. In an attempt to
further explore the hERV-k115 polymorphism, a 3 primer assay using two different
primer pairs; ‘LTR_R’ and ‘LTR_Intron-R’ (2.9.2) was carried out on two HRC samples;
co888 revealed a loss in DEFB107 gene as illustrated on SignalMap software tracks and
co007 that showed no breakpoints on the track, i.e. neither gains nor losses in

DEFB107 gene

Figure 20 below shows the results. Both samples revealed a 408 bp band that reflects

an absence of hERVk-115 insertion.
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Co007 Co888

LTR_R LTR_Intron-R LTR_Intron-R LTR_R

1000 bp

300 bp

Figure 20: Results of 3-primer assay on samples Co007 and Co888. Both samples show the band
revealing an absence of hERVk-115 (408 bp).

The first assay with a reverse primer binding to the LTR did not work as planned. With
this limitation, we can only be positive of the absence of the LTR by the presence of
the 408 bp band. Due to the heterogeneity of the DEFB region, we can only say that
one of the many copies carried by a certain individual has or does not have the hERVk-

115 polymorphism.

70



3.3.2 NimbleGen array data analysis to determine DEFB CNV region size

Approaches that detect CNV regions based on the transition from normal diploid copy
number to variable copy number are unlikely to be effective in the DEFB regions
because the DEFB CNV block is embedded within repeat-rich regions REPP and REPD.
Instead, in order to test the extent of the human DEFB CNV contiguous block, the
squared correlation coefficient (r?) pairwise between the log, ratio for each aCGH
probe and the DEFB copy number determined by triplex PRT was calculated across all
68 samples. The reasoning behind this method is that intensity values from aCGH
probes that are measuring the same CNV as the PRT will, on average, be strongly
correlated with copy number measured by PRT, across a large number of samples.
Equally, those intensity values from aCGH probes outside the CNV region measured by
PRT will not be strongly correlated with copy number measured by PRT. Importantly,
this last principle holds whether the aCGH probes map to a diploid non-CNV region or

a more complex CNV unrelated to the CNV measured by the PRT.

These r® values were plotted against the two assembled DEFB repeats present in the
human reference genome and showed a contiguous region of 322kb where the log,

ratio of the aCGH probes is correlated with the DEFB copy number (Figure 21).
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Figure 21: Analysis of CNV of DEFB regions. The correlation of each individual aCGH probe with the copy number of 68 samples estimated by PRT is shown as the track r’cn.
DEFB genes mapping to the region, segmental duplications as defined by Bailey et al. (2001), and genomic position is also shown. The red arrows indicate the copy number

variable repeat (322kb).
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This region includes the DEFB genes DEFB4, DEFB103, DEFB104, DEFB105, DEFB106,
and DEFB107 as expected, as well the sperm-associated glycoprotein SPAG11 and the
proline rich 23 domain containing 1 gene (PRR23D1). SPAG11 is related to the DEFB
genes, and is both antimicrobial and necessary for the initiation of sperm maturation
(von Horsten et al., 2004). PRR23D1 is transcribed and predicted to encode a protein,
as yet of unknown function. Other human PRR23 family members (PRR23A, PRR23B,
and PRR23C) are testis-specific genes, according to the RNA sequencing (RNA-Seq)
data provided by Illlumina BodyMap 2 and analysed by E. Hollox, strongly suggesting
that this family has a role in the male reproductive system. Within the 322kb
contiguous region is a small section which shows a lower level of correlation, due to it
being comprised of a low copy repeat that also maps to chromosome 4p16.1, 11q13.4,
and 12p13.31. This small section contains DEFB109, FAM90A10 (Bosch et al., 2008),
and FAM66B gene families, as well as a ZNF705 gene, members of the KRAB -
associated zinc-finger family of transcription factors (Huntley et al., 2006), and

members of the USP17L family of deubiquitinating enzymes (Burrows et al., 2005).

3.3.3 Inversion status analysis

In total, 1009 HGDP and HapMap samples had matching data for DEFB CN and
inversion status. The inversion status of 911 samples was deduced by PFIDO and the
remaining 98 by FISH (Salm et al., 2012). The distribution of each DEFB CN according to

the inversion genotype is shown in Figure 22.

Since there was no prior hypothesis on the nature of any association, a categorical
contingency table was created for PFIDO and FISH separately, with each DEFB CN /

Inversion genotype a separate cell in the table.
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Inversion Status as genotyped by FISH Inversion Status as genotyped by PFIDO
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Figure 22: the frequency of each DEFB copy number according to Inversion status as genotyped by FISH
and PFIDO. ‘N’ stands for non-inverted allele and refers to the orientation represented in human

genome reference (hgl9) and ‘I’ to the inverted allele.

A categorical contingency table analysis was then carried out. Because the table has
more than two columns and two rows, only the chi-square test for trend is performed
and Pearson’s residual deviation from the expected cell count was checked. The p-
value for samples genotyped by FISH was 0.638 and that for PFIDO was 0.142; both of
which were not statistically significant and confirmed there was no relation between

DEFB CN and inversion status.

3.3.4 DEFB CN region and SNP Linkage Disequilibrium

In this subsection, a subset of 891 SHCS samples (2.1.3.2) were used for the analysis,
the reason being the availability of SNP information for chromosome 8 and matching
DEFB calls using PRT for the cohort. Chromosome 8 genotypes were uploaded onto
Plink software, and a list of 802 SNPs used by Salm et al. (2012), publically available
online were extracted from the dataset. A linear regression association analysis was
carried out using the DEFB CN as the phenotype and the SNP genotypes as a predictor,

assuming an additive model.
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The 3 SNPs with the highest p-values were:

Table 6: Results of the linear regression association analysis carried out using the DEFB CN as the

phenotype and the SNP genotypes as a predictor for the three SNPs with highest p-value.

SNP B- value R? p-value
rs2979234 0.388 0.019 4.63x 107
rs17149723 0.215 0.017 1.22 x10™
rs11774836 -0.188 0.017 2.03x10™

The Manhattan plot (Figure 23) for the above SNPs shows that the results have not
achieved genome-wide significance. The low r? values show that each SNP individually
has very little predictive power for DEFB CN. The corresponding Q-Q plot (Figure 24) of
observed p-values against expected p-values show that the majority of points fall
within the 95% Cl, nonetheless, some points fall below the grey area which means that
there are fewer ‘significant observations’ than expected by chance, however the
difference is minimal. Hence we deduced that the above 3 SNPs are weakly associated

with DEFB CN in this cohort.

+ 152979234

4 . rs17149723
. rs11774836

-log 4 (p-value)

123455 .
Chromosome 8 position

Figure 23: Manhattan plot for the genome-wide association study (GWAS) of SNPs across chromosome 8
in the SHCS cohort with DEFB CN. The large gap represents the centromere and the REPD and REPP are
the tiny gaps on either side of the SNPs. The x-axis represents chromosome 8 position. The y-axis shows
the p-value for association test at each locus on the log scale, the three SNPs with highest p-values are
coloured in green. Suggestive threshold p <10” (blue line) and Genome-wide p <5 x 10°® (red line) are

also shown.
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Figure 24: Q-Q-plot of observed p-values on the log scale against expected p-values on the log scale for
DEFB CN and SNP association. The red line is drawn where y-axis value = the x-axis value, and the grey

area represents the 95% CI.

Since our population is a sample of unrelated individuals, a haplotype-based
association with a quantitative trait (DEFB CN) was carried out and the results

summarised in Table 7 below

Table 7: Results of haplotype-based association with a quantitative trait (DEFB CN)

Haplotype | B-value R? p-value SNPs forming the haplotype
TAG 0.483 0.023 8.3x10° rs2979234|rs17149723|rs11774836
GGA -0.215 0.019 5.7x10” rs2979234|rs17149723|rs11774836
GAG 0.115 | 3.6x10° 0.082 rs2979234|rs17149723|rs11774836
TAA 0.095 1.5x 10" 0.726 rs2979234|rs17149723|rs11774836
GGG 0.019 | 1.4x10™ 0.727 rs2979234|rs17149723|rs11774836
GAA -0.021 | 1.2x10° 0.919 rs2979234|rs17149723|rs11774836

The TAG and GGA haplotype show significant weak correlation with DEFB CN. TAG and
GGA haplotypes are opposite each other, which is what we expect to see. According to
the b-values, presence of the TAG haplotype is associated with an increase in CN and

presence of the GGA haplotype is associated with a decrease in CN.
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The SNP with the strongest evidence of association; SNP rs2979234 was then uploaded
onto the LocusZoom software and a plot was generated to show the SNP rs2979234
position and any associations it may have with neighbouring genes and SNPs in a

flanking region of +/-400 kbs.
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Figure 25: Pairwise results of LD SNPs at 8p23.1. The x-axis represents chromosomal position on
chromosome 8 with the location of genes in a flanking region of +/-400 kbs. The left y-axis shows the p-
value for association tests at each locus (dot) on the log scale. The right y-axis provides recombination
rates in centimorgans per megabase in the chromosomal region identifying recombination hotspots in
the region (blue line). The diamond shaped dot with a red arrow represents the SNP in question. Other
SNPs in the region are represented by circles. The colours indicate linkage disequilibrium per the r’ map

on top left.

Linkage disequilibrium associated with the SNP rs2979234 appears to fall just outside
the SGK223 gene, with an r* value between 0.4-0.6. All the rest show very weak LD
with r’>of 0.4 and below. In other words, there is no association with flanking SNPs,
therefore any disease associated with CNV will be with the CNV itself not SNPs, and

SNP GWAS will not detect a signal here.
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3.4 Discussion

The NimbleGen aCGH data analysis of the 40 samples showed no heterogeneity within
the DEFB region. The only exception is a presence/absence polymorphism of an LTR
element in the intron of DEFB107 confirming the results of Turner et al.,, (2001)
revealing an insertional polymorphism of an endogenous retrovirus, HERV-k115 to be
exact, however contradicting its prevalence of 16%. Our data showed that 12 samples
out of the 40 (almost 30%) showed a loss in DEFB107 in one of the regions. A 3-primer
assay failed to assertively pinpoint the presence of the HERVk-115 polymorphism; it
only confirmed the absence of the insert. Let’s take for example a 5 copy individual, if
3 out of the 5 copies had the insertional polymorphism, then the 408bp (no insertion)
band will appear due to the 2 other copies. If on the other hand, a 2 copy individual
does not have the HERVk-115 insert in either copy, then it will also show the 408bp
band. Due to this complexity, no further studies were carried out to further investigate

the hERVk-115 insertional polymorphism.

Moreover, expression studies could not be carried out as DEFB107 is mainly expressed
in the epididymis and samples were difficult to find. Our analysis also showed some
heterogeneity involving the FAM66/DEFB109P genes. The function of the FAM66 gene
is not known and all copies of DEFB109 in this region are pseudogenes according to

Taudien et al., (2014).

The NimbleGen aCGH data was also used to determine the length of the CNV that we
measure by the PRT method. The CNV spans the DEFB genes as a block corresponding
to the main segmental duplication identified in the region with two small regions
showing a more complex duplication structure, but where copy number reflects that of
the DEFB region. | deduced that the size of the contiguous DEFB CNV region to be
322Kb with two copies assembled in hgl8, agreeing with the findings of Hollox et al.,
(2003). Gene content of CNV was confirmed by Forni et al., (2015) using exome

sequence mapping.

When it comes to the inversion studies, no correlation was found between DEFB CN
and inversion status. The negative results could perhaps be best explained by the

differences in mutation rates. Slowest, representing the oldest variation are SNPs and
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their haplotypes. Followed by the inversion which is recurrent and leaves a faint yet
detectable signal of association with the SNP haplotype, and finally there is the CNV,
which mutates too quickly to leave signal with a flanking SNP allele and seemingly too
quickly to leave a signal with the inversion. It also sheds light on the fact that diseases,
like Psoriasis, are associated with DEFB CNV regardless of their orientation and

inversion status.
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4 Comparison of B-defensin copy number typing methods

4.1 Introduction

It is of great importance to find accurate techniques to infer exact copy number in
genes that exhibit copy number polymorphisms in the human genome. This not only
provides an understanding of the biological basis of these important variations, but
also sheds light on whether specific copy number variations truly influence gene
dosage, phenotypic variation and susceptibility to disease (Redon et al., 2006). The

DEFB gene cluster on chromosome 8p happens to fall in this category.

The DEFB gene cluster on chromosome 8p23.1 may influence susceptibility to certain
diseases (Jones et al., 2014; Abe et al., 2013; Jaradat et al., 2013; Hardwick et al., 2012;
Taudien et al., 2012; Zhou et al., 2012; Janssens et al., 2010; Hollox et al., 2008), and to
date, a gold standard method for DEFB gene copy number quantification has not been
established (Nuytten et al.,, 2009; Groth et al., 2008; Chen et al., 2006; Linzmeier &
Ganz, 2005; Hollox et al., 2003). Hollox et al. (2003) reported concordant gene copy
numbers of DEFB4, DEFB103, and DEFB104 by using MAPH. Groth et al. in 2008, also
using MLPA confirmed this concordance, whereas qPCR analysis carried out by Chen et
al.(2006) detected discordance in intra-individual DEFB CN. Their approach involved
amplification of three target loci (DEFB4 or DEFB103 or DEFB104) and the single-copy
reference locus (human serum albumin, ALB) in a single PCR reaction for each sample.
The results of DEFB CNV typing of these 3 genes showed intra-individual differences. In
DEFB4, the 3-, 4- and 5-copy number variants were the main genotypes (20.45%,
52.27% and 20.45%, respectively); the other copy variants were less frequent. For
DEFB103, the 3-copy number variant was the most frequent genotype (65.91%), with
2-copy and 4-copy variants occurring with frequencies of 20.45% and 13.64%,
respectively. In contrast, in DEFB104, the 2-copy variant was the dominant genotype
(70.45%). There were 29.55% individuals showing 3 copy numbers of DEFB104.
According to Chen and colleagues, there was no overlap between the groups of
different copy numbers for all 3 defensin genes. It is due to these inconsistencies that

conflicting disease associations within case-control studies emerge. To be more precise
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as explained by Hollox (2010); In an association study, difference in copy number
distribution between cases and controls is interpreted as evidence of an influence of
that particular polymorphism on disease. However, there may be other causes for that
difference: population stratification or variance in the physico-chemical properties of

the DNA between cases and controls.

4.2 Study rationale

It is known that case-control association studies are particularly vulnerable to
inaccuracies in the raw data, particularly systematic bias between case and control
DNA which results in a false positive evidence for association (Hollox, 2010; Clayton et
al., 2005). Therefore, accurate typing of copy number variation is a critical step in
understanding the relevance of CNVs to human disease. This was demonstrated in the
case of Crohn’s disease; Fellermann et al. in (2006) using qPCR, reported an association
between low DEFB CN and Crohn’s disease of the colon from relatively small sample
size cohorts (71 colonic Crohn’s patients and 169 controls). In contrast, Bentley et al.
(2010) reported an association between Crohn’s disease and higher DEFB CN, using
gPCR measurement in 466 cases and 329 controls. Shortly afterwards in the same year,
Aldhous and co-workers used PRT to assess DEFB CN in more than 1500 UK DNA
samples including more than 1000 cases of Crohn’s disease. A subset of these (625
samples) was typed using both PRT-based methods and standard gPCR methods.
Comparing the PRT-based results with Bentley et al. (2010) and Fellermann et al.
(2006), found no evidence to support the reported association of Crohn’s disease with

either low or high DEFB CN (Aldhous et al., 2010).

It is essential to understand that the underlying biological assumption is that DEFB CN
varies discretely as complete integers (2, 3, 4 etc.), hence the raw data produced by
the various techniques is expected to reflect that underlying biological reality by the
clustering of unrounded data about the integer values. The more gathered and less
spread out the cluster is around an integer number, the more precise the typing

method is.
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In this chapter, data from the various methods used to quantify DEFB CNV has been
compared for concordance within different cohorts. Data generated using PRT and
ddPCR were done in the lab, whereas data from aCGH platforms, nCounter and
Genome STRiP were provided to us through our collaborators or were publically

available online.

4.3 PRT intra-method consistency

The method adopted by our lab for DEFB CN typing is PRT (2.6). PRT is particularly
suited for analysis of complex regions of the genome such as SDs which is what
surrounds the DEFB region. One particular strength of PRT is that the first pass
assignment of integer copy number is quite high at 93% for the DEFB locus (Armour et
al., 2007). This is mainly useful for association studies as repeat testing of 10% of
samples is within acceptable limits with respect to cost and labour. PRT has been
shown to be superior to gPCR in terms of determining integer CN and accuracy in CN
measurement >4 (Fode et al., 2011; Aldhous et al., 2010). Also, Cukier et al. (2009)
implies in their research that qPCR generates a significant increase in false-positive
CNV results due to sample degradation under standard laboratory storage conditions
and emphasize the need to assess sample integrity immediately prior to real-time

gPCR experiments.

Armour and co-workers (2007) showed that PRT accuracy is comparable to other well
validated methods such as MLPA, which is relatively expensive, time-consuming and
requires larger amounts of sample DNA (Zhang et al., 2014). PRT workflow procedure
is relatively rapid, genotyping a 96 well-plate with PRT would normally take 8 hours as
it does not require the lengthy overnight hybridization steps that are components of
both MLPA and MAPH (Armour et al., 2007). With respect to cost, it is a relatively an
inexpensive means to determine CN in large scale association studies as the
electrophoresis step contributes most to the cost of the test per sample, combining
the PCR products in a single capillary which is done in PRT allows multiple measures to
enhance the accuracy of the test without proportionate increases in cost (Walker,
Janyakhantikul & Armour, 2009). In addition to all this, PRT requires low quantities of
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genomic DNA (5-10 ng) (Zhang et al., 2014). According to Zhang et al. (2014), MLPA is
superior to qPCR and PRT for DEFB CN determination If accuracy has the highest
priority. In this subsection, | would like to assess the quality of the copy number calls
from PRT by comparing the calls of the differently labelled primers used across the

total plates typed.

In essence, two PRT assays (PRT107A and HSPD21) were designed to specifically co-
amplify DNA sequences that occur within the DEFB CNV repeat unit and reference
sequence that is not copy number variable (having a diploid copy number of 2). The
amplicons slightly differ in size and hence produce separate peaks when run on a
capillary electrophoresis as shown in Figure 26 below. The third assay (rs5889219)
examines a triallelic indel polymorphism (123/126/128 bp) that can have different

sizes in individual DEFB repeats.

indel rs5889219 PRT107A HSPD21-PRT
(ratios
approx. 1:1:2) DEFB DEFB

reference | /\ reference
,—-—-——//\//\_\_ P e v A B sl \ - —‘J\\‘ |

Figure 26: Trace for a sample with a DEFB CN of 4. reflected in the ratios between the ‘test’ (labelled
DEFB) and ‘reference’ peaks in the two PRT systems HSPD21 and PRT107A, and in the approximate 1:1:2
ratios of alleles (consistent with a total of four copies) for the multi-allelic indel rs5889219. Each analysis
is performed in two parallel but independent replicate amplifications using different fluorescent labels

which are combined before capillary electrophoresis. Reproduced from (Aldhous et al., 2010)

A total of 99 96-well plates across different cohorts were typed for DEFB CN using PRT
throughout the course of this PhD. Each PCR was carried out twice using different
fluorescently labelled primers (NED- or HEX-labelled PRT107AF, FAM- or HEX-labelled
HSPD21R, HEX- or FAM-labelled 5DEL). In total; four master mix reactions were

prepared for a given DNA plate, with the last column on each plate reserved for six
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gold-standard control samples (c0088 (cn=4), c0207 (cn=5), c0849 (cn=6), c0913
(cn=3), c0940 (cn=4), c0969 (cn=5)).

After running the capillary electrophoresis, each sample will have 6 ratios that need to
be combined together and normalised in order to infer a DEFB integer copy number.
For the gold standards, the test to reference peak value for each assay was calculated
and plotted against their known copy numbers resulting with a linear regression line

that is later used to normalise raw peak area ratios of samples with unknown DEFB CN.

Table 8 below shows the values of the mean peak ratios of test to reference for each
PRT assay and the standard deviation for each standard across the 99 plates
genotyped for DEFB CN. The values represent the raw un-normalised ratio of reference

to test peak areas. This does not reflect the absolute DEFB CN on its own.

Table 8: Table of the mean values of test to reference peak ratios and (standard deviation) for the

standards across all the plates typed, categorised by the labelled primer used.

NED-L07A | pex-107aassay | FPAMTPDL 1 ey spDoi assay
assay assay

Co913

DEFB CN=3 2.81(0.26) 2.83 (0.24) 1.36 (0.09) 1.33(0.16)
C0940

DEFB CN=4 3.23(0.23) 3.26 (0.25) 1.81(0.11) 1.75 (0.21)
Co088

DEFB CN=4 3.25(0.23) 3.21(0.25) 1.74 (0.11) 1.67 (0.18)
Co207

DEFB CN=5 3.75 (0.36) 3.77(0.36) 2.24(0.13) 2.14 (0.24)
o 3.70(0.24) 3.70 (0.24) 2.22(0.12) 2.19(0.19)

DEFB CN=5 YRR -70(0. 22 (0. 19 (0.
Co849

DEFB CN=6 4.26 (0.34) 4.28 (0.34) 2.68 (0.18) 2.64 (0.25)

In this section, all the raw values of the gold standard controls for each plate were
combined and plotted together according to the labelled primer. Figure 27 and 28
below shows the distribution of the raw values of the six gold standards as typed by
PRT for the NED-labelled PRT107A Assay, HEX-labelled PRT107A Assay, FAM-labelled
HSPD21A Assay and HEX-labelled HSPD21 Assay, and the distribution of the 4 DEFB CN

raw values across the assays. It can be inferred from the graphs that each sample for
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each assay gives a similar value across the spectrum hence increases the consistency of

results and confirm reliability of PRT in inferring DEFB CN.
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Figure 27: Distribution of the raw values of the six gold standards as typed by PRT for NED-labelled PRT107A assay, HEX-labelled PRT107A assay, FAM-labelled HSPD21A

assay and HEX-labelled HSPD21 assay, in ascending order of DEFB CN (c0913 (cn=3), c0940 (cn=4), c0088 (cn=4), c0207 (cn=5), c0969 (cn=5)) and c0849 (cn=6)).

86



The two samples with a copy number of 4 (co940 and co088) were then plotted on the same graph for visual evaluation of variation across the

typed plates for all four primers across the two assays.
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Figure 28: the raw values of NED and HEX-labelled PRT107A assay and FAM and HEX-labelled HSPD21 assay for the samples co940 and co088 (DEFB CN of 4) plotted on the

same graph across all typed plates.

87



The clustering of raw values across the different controls with regards to the two
differently labelled primers for each assay is consistent for each DEFB CN called (Table
9). Co913 which has a DEFB CN of 3 shows clustering around 2.8 for the PRT107A
assays while it clusters around 1.3 for the HSPD21 assays. Co940 and co088 both have
a DEFB CN of 4 and cluster around 3.2 for PRT107A assays and 1.8 for the HSPD21
assays. As for Co207 and co969 which have DEFB CN of 5, raw values cluster around
3.7 for the PRT107A assays and 2.2 for the HSPD21 assays and finally, co849 with a
DEFB CN of 6 has raw values clustering around 4.2 for the PRT107A assay and 2.7 for
the HSPD21 assays.

Further investigations were done by looking at the clustering of NED-labelled PRT107A
and FAM-labelled HSPD21 ratios in Figure 29 and HEX-labelled PRT107A and HEX-
labelled HSPD21 ratios in Figure 30 below. As expected, both typing from PRT assays in
this system produced clear clusters of results corresponding to copy number

diplotypes of 3, 4, 5 and 6.
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Figure 29: Scatterplot of PRT results between NED-labelled PRT107A and FAM-labelled HSPD21 for standard controls across all plated typed showing clear clustering around

the integer copy number called. The DEFB CN was called using the maximum likelihood approach.

89



4.00
3.50
3.00
2.50 A

2.00 A

1.50 A x

HEX-labelled HSPD21

1.00 -

0.50

0.00 T T T
0.00 1.00 2.00 3.00

HEX-labelled PRT107

4.00

.00

6.00

+ co088
u o207
A coB4Y
* co913
# coS40
* coS69

Figure 30: Scatterplot of PRT results between HEX-labelled PRT107A and HEX-labelled HSPD21 for standard controls across all plated typed showing clear clustering around

the integer copy number called. The DEFB CN was called using the maximum likelihood approach.
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4.4 Comparison of different DEFB CNV typing methods

HapMap and HRC samples that have been typed for DEFB CN using PRT were
compared to the same samples typed by NimbleGen aCGH, Agilent aCGH, nCounter,
ddPCR and genome STRiP (please see Appendix 2). All calculations and diagrams
generated for comparison purposes were done using R statistical computing program.
The reason behind choosing PCA to be plotted against the raw PRT CN in all
comparisons (except for ddPCR) is because PCA accounts for as much of the variability

in the data as possible.

4.4.1 aCGH vs. PRT

4.4.1.1 NimbleGen aCGH vs. PRT

NimbleGen aCGH data was provided by Dr Jackie McArthur and Dr Donna Albertson
from the University of California, San Francisco. NimbleGen arrays with 60-mer
oligonucleotide probes all across chromosome 8 were used as dictated by the
NCBI36/hgl8 human genome assembly on UCSC Genome Browser website

(http://genome.ucsc.edu/). All test samples were labelled with Cy3 and were

referenced to sample AF0105, which was labelled with Cy5.

We had matching data of DEFB CN for 14 HRC samples and 54 HapMap samples.
Probes falling between positions chr8:7,125,834 — 7,354,232 (first DEFB region) and
chr8:7,706,553 — 7,892,432 (second DEFB region) as dictated by the NCBI36/hgl8
human genome assembly for each sample were selected — a total of 15,266 probes.
The corrected ratio of Cy5:Cy3 corresponding to each probe was used to calculate the

first principal component (PCA).
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Figure 31: The DEFB CN of 68 samples typed by PRT was compared to same set of samples typed by
NimbleGen aCGH data. For NimbleGen aCGH data, the PC1 for 15000 probes across the 68 samples was
calculated and plotted (x-axis) against raw normalized PRT CN results (y-axis). Each point on the
scatterplot represents a different sample, classified by integer CN as shown in the legend in the upper

right corner.

Looking at the scatterplot of the NimbleGen aCGH vs PRT (Figure 31), well distinct
clusters cannot be seen easily; however, looking at the histograms, one can see
defined clusters for PRT, especially with lower copy number. The noisy NimbleGen
aCGH data could be a result of the mismatch of sequence between both DEFB regions
due to SNPs. Checking the ‘segmental duplication’ track on the UCSC genome browser

(hg18 assembly), a 99% match is observed i.e. 1 in 100bp mismatch, giving an average
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0.6 bp mismatches in 60 (length of probe), if the Poisson distribution is applied, a 43%

chance of probes having at least one mismatch per copy is predicted.

4.4.1.2 Agilent aCGH vs. PRT

Agilent aCGH data was publically available from (Conrad, Pinto, et al., 2010). The
Agilent 105K CNV genotyping array was designed by the WTCCC in collaboration with
Conrad and co-authors (2010). After pilot experiments, each locus was targeted with at
least 10 probes. For the DEFB region 60-mer oligonucleotide probes falling between
positions chr8:7,121,228 — 7,431,058 as dictated by the NCBI36/hg18 Human Genome

Assembly on UCSC Genome Browser website (http://genome.ucsc.edu/) were used. All

test samples were referenced to a pool of 10 genomic cell-line DNAs from the ECACC.
Matching data for 164 HapMap samples was available. The corrected ratio

corresponding to 62 probes were used to calculate the PCA for Agilent aCGH probes.
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Figure 32: The DEFB CN of 164 samples typed by PRT was compared to same set of samples typed by
Agilent aCGH data. For Agilent aCGH data, the PC1 for 62 probes across the 164 samples was calculated
and plotted (x-axis) against raw normalized PRT CN results (y-axis). Each point on the scatterplot

represents a different sample, classified by integer CN as shown in the legend in the upper left corner.

Samples having a CN of 2 as typed by Agilent aCGH do not cluster at all. This might be
due to the limitations of the software in not recognizing the signal as an extra copy but
merely background noise. As for the rest of the data, the clusters spread widely in
comparison to PRT, even with lower copy number samples, but with clearer cut-offs as
the most responsive subset of probes calling the copy number were chosen from the
NimbleGen aCGH experimental strategy. Conrad et al (2010) designed the probes
according to NimbleGen aCGH standard protocol, with the exception that probes with
up to 100 close matches in the genome were included, allowing greater coverage of
segmentally duplicated regions. The final design provided 1 probe per 56bp median

density across the genome (Conrad, Pinto, et al., 2010).

4.4.2 nCounter vs. PRT

nCounter data was provided by Dr. Andrew Sharp from Mount Sinai School of
Medicine, New York. nCounter used 6 probes covering the first DEFB repeat unit as
dictated by the NCBI36/hgl8 Human Genome Assembly on UCSC Genome Browser

website (http://genome.ucsc.edu/). The specific probe positions are summarised in the

below table.
Gene Strand Position Maps to
DEFB103A + chr8:7274359-7274449 | Intron
DEFB104A + chr8:7315440-7315529 | Exon/Intron
DEFB105A + chr8:7333919-7334013 | Intron
DEFB106A + chr8:7330225-7330317 | Intron
DEFB107A + chr8:7341702-7341801 | Intron
SPAG11 + chr8:7307325-7307407 | Intron
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Matching data for 164 HapMap samples was available. The values for the 6 probes

used in the nCounter system were used to calculate the PCA.
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Figure 33: The DEFB CN of 164 samples typed by PRT was compared to same set of samples typed by
nCounter data. For nCounter data, the PC1 for 6 probes across the 164 samples was calculated and
plotted (x-axis) against raw normalised PRT CN results (y-axis). Each point on the scatterplot represents

a different sample, classified by integer CN as shown in the legend in the upper left corner.

As for the nCounter data, again, the data clusters quite nicely for PRT suggesting that
the probes reflect the underlying absolute integer CN, and unlike Agilent aCGH, the
nCounter data has a greater spread only with higher copy numbers. The diagram

suggests that nCounter is a good system for typing DEFB CN.
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4.4.3 ddPCR vs. PRT

Upon optimisation, as previously described in (2.7), the gold standard controls were
typed for DEFB CN using ddPCR. The DEFB CN calls were accurate and reproducible per

user when ran in duplicate as it is demonstrated in Figure 34 and the threshold of

quadruplets was tweaked manually (1.2.7)
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Figure 34: the DEFB CN of the 6 gold controls as typed by the ddPCR optimised protocol. The solid

coloured dots show the combined average DEFB CN for each sample. Each sample was run twice and the

individual values are shown next to each other.

ddPCR was used to type DEFB CN for 242 samples taken from HRC — 1 and 2 plates and
a Portuguese cohort. The results were plotted against CN typed by PRT for the same
data set represented in a scatterplot/histogram diagram. For clarification, the ddPCR

assay was carried out just once, not in triplicate as recommended, hence the results

might not provide true comparability.
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Figure 35: The DEFB CN of 242 samples typed by PRT was compared to same set of samples typed by
ddPCR. ddPCR CN on (x-axis) plotted against raw normalised PRT CN results (y-axis). Each point on the
scatterplot represents a different sample, classified by integer CN as shown in the legend in the upper

left corner.

The samples as typed by ddPCR cluster quite nicely along the integer copy number of
DEFB as compared to PRT. The results would have been more accurate if the samples

were done in triplicate, unlike this study here where they have been done once only.

4.4.4 Genome STRIiP vs. PRT
Genome STRIP s a suite of tools for discovering and genotyping structural variations

using next generation sequencing data. The methods are designed to detect shared
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variation using data from multiple individuals. The data was publically available from
(Handsaker et al., 2015). Matching data for 131 HapMap Samples was available. DEFB
copy number calls were compared with copy number estimates made previously by

PRT (Figure 36).

r=0.98
94.7% identity

PRT
T

genorﬁe STRIP

Figure 36: comparison of genome STRIP integer calls and DEFB CN as estimated using ML approach, PRT.
The figures in red indicate the numbers of samples concordant for that particular copy number. The

numbers in blue indicate the numbers of discordant samples.

It is clear that copy number calls made using genome STRiP agree well with PRT. 124

samples show consensus copy number, giving 5% of samples showing discrepancies.

Genome STRiP combines information from read depth “RD” analysis which detects SVs
by analysing the read depth-of-coverage, read pair “RP” analysis which assesses the
orientation and spacing of the mapped reads of paired-end sequences, split-read “SR”
analysis which evaluates gapped sequence alignments for SV detection and haplotype
features of population-scale sequence data for genotyping CNV integer numbers (Mills

et al.,, 2011). Hence, the discrepancies could be due to genome STRiP method
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limitations; as SR and RP, according to Cantsilieris et al., (2013) approaches are
unreliable in SD regions of the genome (such as the DEFB region), and the RD method

is poor at characterizing CNV breakpoints.

4.5 Discussion

Agilent aCGH and NimbleGen aCGH first developed CGH as a method for copy number
comparison between differentially labelled target and reference DNAs by measuring
the fluorescence ratio along the length of each chromosomal region, indicating relative
losses or gains in a target sample using fluorescence in situ hybridization. CGH arrays
use arrays of bacterial artificial chromosomes, cDNA, or long synthetic oligonucleotides
to probe specific regions of interest for copy number assessment (Li & Olivier, 2013).
These probes can either be selected for an even genome-wide distribution or for
unique, repetitive regions. NimbleGen aCGH and Agilent aCGH platforms contain
substantial amount of probes in SD regions. In general, SDs show higher levels of false
positive and false negative call rates in comparison to unique regions of the genome
(Pinto et al., 2011). The success for resolving copy number polymorphism (CNP) into
discrete copy number classes depends on the genetic property of the CNP, the density
and performance of the probe and the parameters used for normalization. It is worth
mentioning that probe number does not mean improved coverage or resolution
(Cantsilieris et al., 2013). When it comes to DEFB CN calling, NimbleGen aCGH has
15,266 probes across the DEFB region and Agilent aCGH has 62, and as shown in Figure
31 and 32 above, none provide as good a clustering around an integer number call as
PRT does, with Agilent aCGH being more precise due to the careful selection of probe

positions across the DEFB region unlike NimbleGen aCGH.

A major drawback of using NimbleGen aCGH and Agilent aCGH in calling DEFB CN is
that estimation of the copy number call is relative and depends on how well the
reference sample is characterised. For example, a loss in the reference sample can be
interpreted as a gain in the test sample even though the test sample may have a

diploid CN of two (Cantsilieris et al., 2013).
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As far as nCounter is concerned, the ability to call absolute DEFN CN is very specific
especially among the lower copy number calls. We can conclude that nCounter and
PRT are equally good in calling copy number, however when looking at 1 gene at a
time, nCounter is not feasible as it is capable of profiling up to 800 regions of the

human genome in a single reaction making its running cost high.

The DEFB CN calls as typed by ddPCR were accurate and reproducible when run in
duplicate as it is demonstrated in Figure 34 above, after the threshold of quadruplets
was tweaked manually (1.2.7). This step is time consuming since each sample has to be
looked at individually to set the threshold at the right position according to the user,
hence typing large cohorts becomes prohibitively time-consuming. When a copy
number is high for example, ddPCR would require an extra step in sample preparation
to be done (such as restriction enzymes) to efficiently separate linked copies of the

target gene.

As for genome STRiP method, the results when plotted against PRT had a regression
coefficient of 0.98 and almost 95% identity. This proved to be a good calling method
for DEFB CN however; it requires sequenced genomes to generate the data which is

not always possible due to ethical and financial considerations.

In summary, triplex PRT proved to be the best method for typing DEFB CN. PRT uses a
small amount of DNA of 5ng/ul, and uses 1 pair of primers to amplify test and
reference loci which increases consistency and reproducibility. During this PhD, 7173
samples were genotyped for DEFB CNV using PRT, 443 failed to type from the first run.
l.e. PRT has a high pass rate of 94% in returning an integer value, with a significant p-
value from the first run. PRT is relatively rapid and suitable for typing thousands of

samples in large case-control association studies.
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5 B-Defensin copy number and response to pneumolysin toxin

in lung epithelial cells

5.1 Introduction

Bronchial epithelial lining fluid (ELF) contains various antimicrobial substances to
protect against pathogenic insult. The antimicrobial components of the ELF are
lysozyme, lactoferrin, secretory phospholipase-A2, and DEFB (Bals, 2000). hBD-1 is
expressed constitutively in the epithelia of the urogenital tract, trachea, and
respiratory tract (Medzhitov & Janeway, 2000). hBD-2, which is salt sensitive (Bals et
al., 1998) and hBD-3 are expressed mainly in the respiratory tract, and their expression
increases in response to infections and inflammatory mediators (Ganz, 2003). In
addition, these two hBDs show strong antimicrobial activity against pathogens of
respiratory infections, including P. aeruginosa, and thus they seem to function in
airway mucosal defence (Ganz et al., 2009; Yanagi et al., 2005; Ganz, 2003; Linzmeier
et al., 1999). The most common chronic respiratory diseases are chronic obstructive
pulmonary disease (COPD) and Asthma. Lung function measures are heritable traits
that predict morbidity and mortality in the general population (Young et al., 2007). The
ratio of forced expired volume in 1 second (FEV;) to forced vital capacity (FVC) is used
in diagnostic criteria for COPD, whilst the FEV; (expressed as % predicted FEV,)

contributes to measures of COPD severity (Wain et al., 2014).

According to the WHO (2015), 64 million people currently have COPD and in 2012, 6%
of all deaths globally were attributed to COPD. It is projected that by 2030 COPD will
become the third leading cause of death worldwide. Although the major risk factor for
COPD is smoking, there is a genetic component (Silverman et al., 1998). Asthma on the
other hand, is one of the major non-communicable diseases, with 235 million people
currently suffering from asthma. It is a common disease among children and most
asthma-related deaths occur in low- and lower-middle income countries (WHO,

2013b).
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5.2 Study rationale

Three DEFBs are expressed in significant levels in airway epithelia: hBD-1 (encoded by
DEFB1) which is expressed in the lung (Goldman et al., 1997), hBD-3 (encoded by
DEFB103) which is expressed in the trachea (Jia et al., 2001), and hBD-2 (encoded by
DEFB4), also expressed in the lung (Bals et al., 1998). hBD-2 expression is up-regulated
by mucoid P.aeruginosa, and has very effective bactericidal activity against it (Harder
et al., 2000). These facts encouraged the first study to test the hypothesis — raised by
Hollox et al., in (2003); that variable DEFB CN affects immune system function. The
study was carried out on a cohort of 355 patients with cystic fibrosis (CF) (Hollox et al.,
2005). The hypothesis was that increased DEFB CN would be associated with improved
lung function in patients with CF. The DEFB CN genotyping was done by the MAPH
technique. There were no significant correlations between DEFB CN and each
respiratory clinical parameter measured; the mean and current FEV,, and mean and

current FVC, suggesting that DEFB CN did not affect lung function in patients with CF.

More recently, GWAS of SNPs identified 26 regions of the genome showing
associations with FEV; and/or FEV1/FVC (Artigas et al., 2011; Hancock et al., 2010;
Repapi et al., 2010; Wilk et al., 2009). Together, these 26 variants are responsible for
only 3.2% of the additive polygenic variance in FEV;/FVC (Soler Artigas et al., 2011). Of
the 26 regions, 8 have been reported to be associated with COPD (Wilk et al., 2012;
Castaldi et al.,, 2011). GWAS for asthma have shown association with at least 10
genomic regions, comprising those encoding proteins involved in the immune
response (Wan et al., 2012; Moffatt et al., 2010). These variants explain only around
4% of asthma heritability (Cookson & Moffatt, 2011). Hence, more variants explaining

the missing heritability need to be found.

Genome-wide linkage analyses in the Boston Early-Onset COPD study have provided
significant evidence for linkage of airway obstruction to chromosome 8 (Silverman et
al., 2002) and, in particular, for FEV; to the genomic region 8p23 (Palmer et al., 2003).
Also, studies carried out by Liao et al., (2012), Andresen et al.(2011) and Levy et al.,

(2005) reported some evidence for association with DEFB1 in COPD and asthma.
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In light of these findings, Wain et al. in (2014) carried out a study to check association
of DEFB CN with lung function as a quantitative trait as well as for association with
COPD and asthma using case-control subsets. Details of the study and its replication
can be found in Wain et al. (2014). No evidence for association of DEFB CN with lung
function in all individuals in either cohort was found, however a moderate signal of
association of DEFB CN with COPD was observed within the adult Gedling population
(OR=1.4, 95% Cl: 1.02-1.92, p=0.039); nonetheless, there was no evidence for this
association in the replication cohort (OR=0.89, 95% Cl: 0.72-1.07, p=0.217). No
observable association was found between DEFB CN and doctor-diagnosed asthma
either after removing outliers which gave a preliminary association (OR=1.18, 95% Cl:

0.96-1.44, p=0.12) (Wain et al., 2014).

A recent review by Antoni and colleagues (2015) showed that patients with chronic
respiratory diseases (COPD, chronic bronchitis and/or asthma) are at a higher risk of
Pneumococcal disease, including community-acquired pneumonia (CAP) and invasive
pneumococcal disease (IPD) than individuals without these comorbidities. A fold
increase of between 1.3 and 13.5 for CAP and 1.3 and 16.8 for IPD has been observed.
These findings, in addition to Lee et al. (2004)’s results that hBD-2 is active against a
number of respiratory microbes including Haemophilus influenzae, Moraxella
catarrhalis, and Streptococcus pneumoniae, confirm that DEFB plays a major role in the

healthy and diseased lung (Hiratsuka et al., 2003).

In 2013, Kim and colleagues investigated the molecular mechanism by which hBD-2
expression is induced in response to S. pneumoniae in human airway cells. They
demonstrated that induction of hBD-2 expression is mediated by pneumolysin (Pn),
which is a major virulence protein well-conserved among all clinical S. pneumoniae
isolates. Kim and colleagues carried out their experiments on human alveolar epithelial
A549 cells and demonstrated that that Pn clearly induced hBD-2 expression in dose-
dependent and time-dependent manners. The problem with Kim’s experimental
design is the use of A549 cell lines for the experiment because according to a study
carried out by Hellmann et al., (2001), which systematically screened for alterations in
the expression of 600 genes in normal human bronchial epithelial (NHBE) cells as well

as in several lung carcinoma lines, including A549 cell lines, found that the differential
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expression of 17 genes was observed in all four carcinoma lines compared to NHBE
cells. It also established that the direction of all 17 gene expression differences, either
upregulation or downregulation relative to NHBE cells, was the same for all four
carcinoma lines, underscoring their common molecular features. Each lung tumour line
also exhibited a number of unique differences compared to both normal cells and the
other tumour cell lines. These differences may be due to differences in the cellular
origin and/or pathology of the cell lines studied. Hence, the results obtained from
carcinoma cell lines do not necessarily have the same effect on normal human

bronchial epithelial cells.

In summary, little is known about whether DEFN CN alters how normal lung cells react
in response to treatment with Pn. To further understand the role DEFB CN plays in the
lungs and respiratory system, we decided to develop a laboratory model to easily
enable us to investigate whether DEFB expression levels differ with CN in response to

treatment with Pn.

5.3 Experimental design

The experiment was based on two facts; that DEFB expression in humans is related to
CN in healthy individuals (Jaradat et al., 2013, 2015; Jansen et al., 2009), and that hBD-
2 is strongly induced by Pn in human airway cells as has been demonstrated by Kim et
al., (2013). However, Kim’s findings were not previously supported by Scharf et al.,
(2012); as they showed that S. pneumoniae induced hBD-2 and hBD-3 release in

human bronchial epithelial cells regardless of bacterial viability and the exotoxin Pn.

Dr. Rob Hirst kindly provided us with the required materials for the experiment;
ciliated primary human airway cultures in the form of normal human bronchial
epithelial (NHBE) cell lines and Pn. NHBE are isolated from epithelial lining of airways
above bifurcation of the lungs and consist of the surface epithelial cells and mucus
glands. The surface epithelial cells are made up of three principal cell types: basal,
goblet, and ciliated cells, of which the latter two form a suprabasal columnar structure
and are necessary for mucociliary clearance (ScienCell Research Laboratories, 2016)

and have been used as controls in previous publications (Furukawa et al., 2015).
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Figure 37: Human Bronchial Epithelial Cells growth at low density (left) and high density (right).
Reproduced from (http://www.atcc.org/products/all/CRL-2503.aspx#characteristics). Accessed April 19™
2016.

The experiment layout is summarised in Figure 38 below. The experiment was carried
out twice, each time with a different batch of NHBE cells. Each batch was passaged

three times.

Culturing of NHBE Cell Lines

Treatment of harvested
cells with Pn immediately
for 20 minutes

B — — N

Cells Supernatant

Used in ELISA to measure DEFB

Extract RNA and DNA :
protein level.

S R S

5 7
RNA used in DNA used in
gPCR to PRT to
measure genotype
expression copy number

Figure 38: layout of design for the Pn-treated cells experiment.
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Dr. Rob Hirst recommended the Pn treatment level to be 42.5 and 170 Hu as these

levels were non-toxic to the cells.

5.4 Results

5.4.1 First NHBE cell line

5.4.1.1 DNA samples — genotyping of DEFB4 CN using PRT

After TRIzol extraction, DNA concentration was checked and appropriate amounts of
DNA (to be a total of 5ng/ul) were used in PRT. The first NHBE cell line had a DEFB CN
of 4.

5.4.1.2 RNA samples - mRNA quantification using gPCR

The RNA was reverse-transcribed to cDNA which was used in gPCR. Before carrying out
the gPCR, appropriate controls were to be chosen. An ideal reference for this
experiment must have an amplicon size similar to our target gene (DEFB4) and must be
highly expressed in the lung tissue and diseased lung cell lines (as documented on
Expression atlas: http://www.ebi.ac.uk/gxa/home). Table 9 below shows all gqPCR
control genes offered by Applied Biosystems TagMan Expression Assays. The
differential and baseline expression of each gene as documented by the expression
atlas on EMBL-EBI (n.d.) was looked at. The genes that satisfied the above mentioned
criteria were Peptidylprolyl Isomerase A (PPIA) and Ubiquitin C (UBC). These genes
were also deemed as accurate qPCR controls for clinicopathological analysis of lung

specimens as published by Nguewa et al., (2008).
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Table 9: A comparative table of all gPCR controls offered by Applied Biosystem TagMan Expression
Assays showing the gene, amplicon size, expression level in the lungs and different lung-related cell lines
as found on www.ebi.ac.uk/gxa/home

. Cell Lines
Amplicon Lung Lung
Gene . s 6 7 IMR- 9 Remarks
Size (bp) | tissue tissue® | A549’ | AG445 90° NHLF
18S 61 - - - - - - -
ACTB 171 High | High | Low | Low |High| High | T " !une
& & & & adenocarcinomas
Nin
HPRT1 72 Low Low High Low Low | High | adenocarcinomas
+ non-small cell
B2M 81 High High Low Low Low | High
GUSB 96 High High Low Low Low | Low
HMBS 62 Low Low Low Low Low Low
IPO8 71 Low High High High | Low | High
Nin
adenocarcinomas
PGK1 73 High High Low Low Low | Low | + non-smallcell +
adrenocortical
J poliovirus
POLR2A 61 Low Low High Low | High | Low
PPIA 97 High High High High | High | High | { poliovirus
RPLPO 105 Low Low Low Low | High | High
TBP 65 Low Low Low Low Low Low
/M in non-small
cell
TFRC 66 High Low Low Low Low | Low | Jtobacco smoke
condensate
treatment
UBC 71 High High High High | High | High

The gPCR fluorescence raw values for the samples in this experiment were analysed in
the R package ‘gpcR (Spiess, 2014) using the Permutation approach’; this involves
binding observations together according to ties. The ties bind observations that can be

independent measurements from the same sample. In gPCR terms, this would be a

5RNA-Seq of human individual tissues and mixture of 16 tissues from I[llumina body map

6RNA-seq of coding RNA from tissue samples of 95 human individuals representing 27 different tissues in
order to determine tissue-specificity of all protein-coding genes

’A549 cells are adenocarcinomic human alveolar basal epithelial cells

®Human Caucasian fetal lung fibroblast

’Normal Human Lung Fibroblasts
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http://www.ebi.ac.uk/gxa/experiments/E-MTAB-513?_specific=on&queryFactorType=ORGANISM_PART&queryFactorValues=lung&geneQuery=HPRT1+&exactMatch=true
http://www.ebi.ac.uk/gxa/experiments/E-MTAB-1733?_specific=on&queryFactorType=ORGANISM_PART&queryFactorValues=lung&geneQuery=HPRT1+&exactMatch=true
http://www.ebi.ac.uk/gxa/experiments/E-MEXP-231
http://www.ebi.ac.uk/gxa/experiments/E-MEXP-231
http://www.ebi.ac.uk/gxa/experiments/E-MEXP-231
http://www.ebi.ac.uk/gxa/experiments/E-MEXP-231

real-time PCR for two different genes (gene of interest and reference gene) on the

same sample. If ties are omitted, the observations are shuffled independently.

The samples were analysed twice, with each reference gene. The package calculates

the ratio between DEFB4 expression and PPIA and UBC expression levels consecutively

in samples treated with 42.5 Hu and 170 Hu of Pn to controls (0 Hu Pn). The median, Cl

levels and a p-value are calculated, the p-value gives a measure against the null

hypothesis that the expression levels in the initial group (DEFB4) occurred by chance.

Table 10: Summary of the results of gPCR analysis for NHBE cells batch 1

Cells from | Pn amount | Reference Median (Cl) Expression p-value
batch (Hu) gene change
1 42.5 PPIA 1.05(0.45-1.65) No 0.24
| 1 170 1.01 (0.53 -2.20) No 0.21 |
I e Y
1 42.5 UBC 0.94 (0.50-1.20) No 0.16
1 170 1.07 (0.57 -1.57) No 0.17

*: significant p-value (p<0.05)

The below box and whisker plot provides a visual presentation of the qPCR results.
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Figure 39: Box and whisker plot for qPCR results. A) Results of expression ratio of DEFB4 to PPIA. B)
Results of expression ratio of DEFB4 to UBC. The x-axis shows the log, fold change in DEFB4 expression

and the y-axis shows the amount of Pn in Hu used to treat the cells

Increased mRNA expression was defined as N-fold >2.0, "normal" expression was an N-

fold ranging from 0.5 to 2.0, and decreased mRNA expression was N-fold <0.5.
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When compared to PPIA, the DEFB4 expression level of cells did not show evidence of
any change in expression (Figure 39A). The same was shown when expression levels of

DEFB4 were compared to UBC as a reference gene (Figure 39B).

5.4.1.3 Serum for protein quantification using ELISA

The total protein (TP) concentration for the supernatants was measured using
Bradford Assay. hBD-2 concentrations were normalised to total protein corrected for

ELISA dilution and descriptive statistics for each group were calculated.
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Figure 40: concentration of hBD-2 relative to total protein. The x-axis represents the haemolytic unit
(Hu) of Pn treatment, 0 Hu being the control and y-axis is the concentration of hBD-2 normalised to total

protein (pg/ul). The data is from 3 different passages.

The mean concentration of hBD-2 of the control group was the highest at 0.041 pg/ul
(SEM = 0.013) and as the amount of Pn used for treatment increased; the
concentration of hBD-2 relative to total protein decreased. The mean was 0.024 (SEM

=0.011) and 0.016 (SEM = 0.003) for cells treated with 42.5 and 170 Hu respectively.
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In a different analysis, hBD-2 concentrations were expressed as hBD-2 release fold
when treated with 42.5 and 170 Hu of Pn, compared to protein release concentration

in control cells (not treated with Pn). Results are summarised in the table below:
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TP conc. normalisation of | Normalisation of
Passage Amount of Pn TP conc. (pg/ul) correctgd for hBD-2 conc hBD-2 to TP conc | hBD-2 to control hBD-2 release
treatment (Hu) ELISA dilution (pg/ul) fold change
(pg/ul) (0O Hu of Pn)
(pg/ul)
1 0 1.59 x10° 3.98 x10* 1.83 x10° 4.60 x10 7 0 0
1 42.5 2.06 x10° 5.14 x10* 2.38 x10° 4.63 x10 * 2.99 x10™ 6.50 x10*
| 1 170 1.57 x10° 3.93 x10* 8.56 x10° 2.18 x10 -2.42 x10* -5.26 x10 |
e
2 0 2.52 x10° 6.31 x10* 1.05 x10° 1.66 x10 0 0
2 42.5 3.24 x10° 8.10 x10* 1.23 x10° 1.52 x10 -1.41 x10°3 -8.53 x10
| 2 170 2.57 x10° 6.42 x10* 9.43 x10° 1.47 x10 -1.88 x10°3 -1.13 x10 ™ |
e
3 0 1.80 x10° 4.49 x10* 2.70 x10°3 6.01 x10 0 0
3 42.5 1.66 x10° 4.16 x10* 4.51 x10° 1.09 x10 -4.93 x10 -8.19 x10 ™
3 170 3.49 x10° 8.72 x10* 1.13 x10° 1.29 x10 -4.72 x10* -7.85 x10 ™

The cells of each passage treated with the same amount of Pn were grouped together and an average and standard deviation was calculated. Results are summarised in the

table below and used to generate

Figure 41
Amount of Pn treatment | Average hBD-2 release fold change to Standard deviation Z-test value — compared to
(Hu) OHu of Pn control p-value
0 0 0
42.5 -0.30 0.26 2 0.0456
170 -0.47 0.20 4 0.0001
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Figure 41: hBD-2 release fold change in cells treated with 42.5 and 170 Hu of Pn consecutively compared

to control cells. The data is from 3 different passages.

As it is clear from

Figure 41 above, the amount of hBD-2 released in treated cells compared to control
cells decreased by 0.3 and 0.5 fold respectively as the treatment strength increased,

disagreeing with the results of Kim et al., (2013).

The experiment was repeated in a different NHBE cell line and results reported below

5.4.2 Replication experiment — second NHBE cell line

5.4.2.1 DNA samples — genotyping of DEFB4 CN using PRT for replication

experiment

After TRIzol extraction, DNA concentration was checked and appropriate amounts of
DNA (to be a total of 5ng/ul) were used in PRT. The second NHBE cell line had a DEFB
CN of 5.

5.4.2.2 RNA samples — mRNA quantification using qPCR for replication experiment
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As with the initial experiment, the samples were analysed twice, with each reference

gene. The package calculates the ratio between DEFB4 expression and PPIA and UBC

expression levels consecutively in samples treated with 42.5 Hu and 170 Hu of Pn to

controls (0 Hu Pn). The median, Cl levels and a p-value are calculated, the p-value gives

a measure against the null hypothesis that the expression levels in the initial group

(DEFB4) occurred by chance.

Table 11: Summary of the results of gPCR analysis for NHBE cells batch 2 — replication experiment.

Cells from | Pn amount | Reference Median (Cl) Expression p-value
batch (Hu) gene change
2 42.5 PPIA 1.09 (0.50-2.25) No 0.23
| 2 170 0.96 (0.43 - 1.66) No 0.25 |
I e D
2 42.5 UBC 1.03 (0.50-2.22) No 0.22
2 170 0.87 (0.46 — 1.51) No 0.22

The below box and whisker plot provides a visual presentation of the gPCR results.
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Figure 42: Box and whisker plot for gPCR replication experiment. A) Results of expression ratio of DEFB4

to PPIA. B) Results of expression ratio of DEFB4 to UBC. The x-axis shows the log, fold change in DEFB4

expression and the y-axis shows the amount of Pn in Hu used to treat the cells
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When compared to both PPIA and UBC, the DEFB4 mRNA expression level of cells did
not change.

The results of the replication experiment reproduced the results of the original
experiment, confirming that hBD-2 mRNA levels in response to treatment with Pn did

not change.

5.4.2.3 Serum for protein quantification using ELISA for replication experiment

The total protein (TP) concentration for the supernatants was measured using
Bradford Assay as in the original experiment. hBD-2 concentrations were normalised to

total protein corrected for ELISA dilution and descriptive statistics for each group were

calculated.
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Figure 43: concentration of hBD-2 relative to total protein. The x-axis represents the haemolytic unit
(Hu) of Pn treatment, 0 Hu being the control and y-axis is the concentration of hBD-2 normalised to total

protein (pg/ul). The data is from 3 different passages.

The mean concentration of hBD-2 of the control group was the highest at 0.036 pg/ul
(SEM = 0.002) and as the amount of Pn used for treatment increased; the

concentration of hBD-2 relative to total protein decreased. The mean was 0.028 and
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0.024 with SEM of (0.002) and (0.001) for cells treated with 42.5 and 170 Hu

respectively.

In a different analysis, hBD-2 concentrations were expressed as hBD-2 release fold
when treated with 42.5 and 170 Hu of Pn, compared to protein release concentration

in control cells (not treated with Pn). Results are summarised in the table below:
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TP conc. normalisation of | Normalisation of
Passage Amount of Pn TP conc. (pg/ul) correctgd for hBD-2 conc hBD-2 to TP conc | hBD-2 to control hBD-2 release
treatment (Hu) ELISA dilution (pg/ul) fold change
(pg/ul) (0 Hu of Pn)
(pg/ul)
1 0 1.83x10° 4.59x10* 1.75x10° 3.83x10 0 0
1 42.5 2.80x10° 7.00x10* 1.70x10° 2.43x10° -1.40x10 -3.65x10 "
| 1 170 2.74x10° 6.84 x10* 1.71x10° 2.50 x10 -2 -1.33x10 2 -3.47x107" |
e
2 0 2.38x10° 5.94x10* 1.87x10° 3.16x10 0 0
2 42.5 2.96x10° 7.40x10* 2.33x10° 3.15x10 -8.91x10° -2.82x10°3
| 2 170 3.40x10° 8.51x10* 1.90x10 3 2.23x10 -9.28x10 3 -2.94x10 ™ |
e
3 0 1.91x10° 4.78x10* 1.72x10°3 3.61x10 0 0
3 42.5 2.40x10° 5.99 x10 * 1.72x10°3 2.87x10 -7.40x10 3 -2.05x10 ™
3 170 2.58x10° 6.46 x10 * 1.65x10 3 2.55x10 -1.05x10 -2.92x10"

The cells of each passage treated with the same amount of Pn were grouped together and an average and standard deviation was calculated.

Results are summarised in the table below and used to generate Figure 44.

Amount of Pn treatment | Average hBD-2 release fold change to 0 .
Standard deviation Z-test value — compared to
(Hu) Hu of Pn control p-value
0 0 0
42.5 -0.16 0.12 2.3 0.021
170 -0.25 0.06 7 0.0001
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Figure 44: hBD-2 release fold change in replication experiment cells treated with 42.5 and 170 Hu of Pn

consecutively compared to control cells. The data is from 3 different passages.

The amount of hBD-2 released in treated cells compared to control cells decreased by
0.2 and 0.3 fold respectively as the treatment strength increased. These results

reproduced the results of the original experiment.

5.4.3 Expression comparison between cell lines

The first NHBE cell line had a DEFB CN of 4 whereas the second NHBE cell line used for
the replication experiment had a DEFB CN of 5. Comparison analysis to check if DEFB
expression and hBD-2 protein levels differ between the two cell lines were carried out

and results summarized below

5.4.3.1 mRNA expression comparison

In this subsection, the gPCR crossing point (Cp) results were used. Cp is defined as the
cycle at which fluorescence from amplification exceeds the background fluorescence
and is standardized by the MIQE guidelines as the quantification cycle (Bustin et al.,

2009). A lower Cp correlates with higher target expression in a sample.
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The average Cp values for both cell lines in both control (0 Hu of Pn) and experimental
conditions (42.5 and 170 Hu of Pn) were used to carry out an unpaired t-test under
Welch’s correction to compare amount of DEFB4 mRNA in cells that have a DEFB CN of
4 and cells that have a DEFB CN of 5.

There was a significant difference in the Cp value for cells with a DEFB CN of 4 (x=
33.72, SEM=0.64) and cells with DEFB CN of 5 (x=28.87, SEM=0.57) under Welch-
corrected t (4) =5.638, and two-tailed p = 0.005. Cell line 1 (DEFB CN =4) had a higher
Cp value than cell line 2 (DEFB CN =5) meaning that the amount of DEFB4 mRNA in cell
line 2 was higher in the three experimental conditions (0 Hu of Pn (control), 42.5 and
170 Hu of Pn respectively). These findings suggest that DEFB CN has an effect on the

amount of mMRNA found in NHBE cell lines.

40- _
e Cellline1(CN=4)
o e Cellline2 (CN = 5)
5 351 % % s
- =
O 30 . - =
x -+ ra .
o (<)
o 25-
20 . . T
(\,’b\ (\,,'b\ 0;,,\
\$ \$ \$
O N4 N
K & «@
M2 N

Figure 45: qPCR Cp values for amount of DEFB4 mRNA in cell line 1 (DEFB CN = 4) and cell line 2 (DEFB

CN =5) in response to treatment with Pn. The data is from 3 different passages.

In order to check if expression fold significantly differs in cells with DEFB CN of 4 and 5
due to treatment with Pn, data from sections 5.4.1.2 and 5.4.2.2 were used. An
unpaired t-test was conducted to measure the expression fold change in DEFB4

relative to the reference PPIA and UBC genes in cell line 1 to cell line 2.
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For using PPIA as a reference data, there was no significant difference between DEFB4
expression change in cells with DEFB CN =4 (x=0.04, SEM=0.03) and cells with DEFB CN
= 5 (x¥=0.03, SEM=0.09) upon treatment with Pn. under Welch-corrected; t (1.18)
=0.12, and two-tailed p =0.92

The results showed a similar trend for when UBC data was used as a reference. There
was no significant difference between DEFB4 expression change in cells with DEFB CN
=4 (x=7.3 x 10 ™, SEM=0.1) and cells with DEFB CN = 5 (x=-0.08, SEM=0.13) upon

treatment with Pn. under Welch-corrected; t (1.86) =0.51, and two-tailed p = 0.66

As far as hBD-2 concentration is concerned, an unpaired t-test was conducted to
measure the amount of protein (pg/ul) in cells with DEFB CN of 4 and 5 in control and
experimental conditions. There was no significant difference between hBD-2
concentration in cells with DEFB CN =4 (x=0.027, SEM=0.007) and cells with DEFB CN =
5 (x=0.029, SEM=0.003), under Welch-corrected t (2.77) =0.26, and two-tailed p =

0.81.
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Figure 46: hBD-2 concentration in cell line 1 (DEFB CN = 4) and cell line 2 (DEFB CN = 5) in response to
treatment with Pn. The data is from 3 different passages.
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5.5 Discussion

The cell line from the original experiment had a DEFB CN = 4 and cells from the
replication experiment had a DEFB CN =5. The gPCR results showed no change in
DEFB4 expression fold change relative to reference genes PPIA and UBC in response to

treatment with different amounts of Pn in both cell lines.

When a comparison was conducted to check if a difference of DEFB4 expression exists
between cells carrying different DEFB CN (4 and 5 in this case), cells having a DEFB CN
=4 had a significantly lower DEFB4 mRNA level than cells having a DEFB CN = 5. These
results confirm that DEFB CN influence basal expression levels of hBD-2 mRNA in NHBE

cells

As far as hBD-2 concentration levels are concerned, treatment with Pn reduced the
amount of hBD-2 in the supernatant. These results contradict previous findings of Kim
et al., (2013) and Scharf et al., (2012). The contradicting results could be explained by
the use of different cell lines in each of the experiments; NHBE cell lines in ours,
Human alveolar epithelial A549 cells in Kim’s experiment and Primary human small
airway epithelial cells in Scharf’s experiment. It has been previously confirmed by
Hellmann et al., (2001) that A549 cell lines, being carcinoma cell lines had expression
differences across 17 genes expression differences, either upregulation or
downregulation relative to NHBE cells. Hence, the results obtained from carcinoma cell
lines do not necessarily have the same effect on normal human bronchial epithelial

cells and cannot mimic in vivo studies.

The second factor that could have influenced the results is the different amount of Pn
used in each experiment. According to Dr. Rob Hirst’s recommendation, we used Pn
levels of 42.5 and 170 Hu which are the levels that triggered an initial change in his
studies (personal communication, 2015) and that were not high enough to kill off all
cells (Hirst et al., 2004). The third factor that might have influenced my results is the
amount of time the cells were treated for. Our cells were left in contact with Pn for 20
minutes directly after being harvested, as opposed to 4-6 hours in Kim’s experiment

and 3-4 hours in Scharf’s experiment.
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As far as the ELISA results are concerned, hBD-2 concentration levels were not significantly different in
cells that have a DEFB CN of 4 and 5 (Figure 46), but hBD-2 concentration levels decreased as levels of
treatment with Pn increased in each cell line (

Figure 41 and Figure 44). The explanation behind why mRNA levels showed no change
upon treatment with Pn could suggest that hBD-2 is released at sublytic (pro-
inflammatory) concentrations of Pn as an early indicator that the epithelial cells are
stressed and return to basal levels. Therefore the reduction in hBD-2 levels may be an

acute response to treatment with Pn.

Before a solid conclusion about the reaction of DEFB in relation to Pn treatment is
deduced based on a model system, the experiment needs to be repeated using NHBE

cell lines with different DEFB CN.
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6 Association of B-defensin copy number variation in HIV

cohorts

6.1 Introduction

Human Immunodeficiency Virus (HIV) infection is prevalent globally with around 36.9
million people estimated to be living with it (WHO, 2015b). Disease prevalence is not
consistent throughout the world as shown in Figure 47 below; Sub-Saharan Africa is
the most affected region, with 25.8 million people living with HIV in 2014. Also sub-
Saharan Africa accounts for almost 70% of the global total of new HIV infections (WHO,

2015b).

Adult HIV prevalence (15-49 years), 2013
By WHO region

Prevalence (%) by WHO region

Western Pacific: 0.1 [0.1-0.1] Europe: 0.4 [0.3-0.4]
Eastern Mediterranean: 0.1 [0.1-0.1] [l Americas: 0.5 [0.4-0.6] | Global prevalence: 0.8% [0.7-0. 8]
South-East Asia: 0.3 [0.3-0.4] Il Africa: 4.5 [4.2-4.7) 129 3800 easenes

Figure 47: Adult HIV prevalence (15-49 years) for the 2013 distributed according to WHO regions.

Reproduced from WHO Map production, HIS department

http://gamapserver.who.int/mapLibrary/Files/Maps/HIV_adult prevalence 2013.png

It has been discovered that HIV infections causing Acquired Immunodeficiency
Syndrome (AIDS) originates from two kinds of HIV; HIV-1, also called the main (M)
group and HIV-2. These belong to a group of retroviruses called Lentiviruses (Zimmer,
2012). HIV-1 and HIV-2 share many similarities including intracellular mechanisms of

replication, modes of transmission and clinical consequences, however, HIV-1 and HIV-
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2 are considered to have been derived from separate simian to human transmissions;

HIV-1 from SIVcpz and HIV-2 from SIVsmm (Figure 48) (Sharp & Hahn, 2011).

HIV-1
R M &N
(0?)

Chimpanzee

l

:

Western gorilla

Red-capped
mangabey

L'Hoest's monkey Mandrill

Figure 48: Origins of human AIDS viruses. Old World monkeys are naturally infected with more than 40
different lentiviruses, termed simian immunodeficiency viruses (SIVs) with a suffix to denote their
primate species of origin (e.g., SIVsmm from sooty mangabeys). Known examples of cross-species
transmissions, as well as the resulting viruses, are highlighted in red. Reproduced from (Sharp & Hahn,

2011).

The major clinical difference between the two infections is that progression to AIDS
occurs more slowly in HIV-2 infection compared with HIV-1. Geographically, HIV-1
occurs worldwide whereas HIV-2 is mainly restricted to West Africa and communities
in Europe with socioeconomic links to West Africa. In terms of infection, HIV-1 has
greater infectivity and is more readily transmitted (Sharp & Hahn, 2011). In this study,

HIV-1 is of interest to us.
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6.2 Study rationale

HIV is spherically shaped with the inner contents surrounded by an outer phospholipid
bilayer (Gelderblom, 1997). The outer surface of the virus is embedded with multiple
types of glycoproteins (gp120 and gp41) and act as receptors for binding to host cell
membrane receptors. The retrovirus HIV-1 infects host cells through its viral envelope
glycoprotein gp120 which links to the CD4 membrane protein of immune system T-
cells, monocytes/macrophages, eosinophils, dendritic cells in epithelial tissue, and
microglial cells in the central nervous system (Fanales-Belasio et al.,, 2010). To
complete host cell binding, the gp120 complex alters its shape to uncover a domain
specific for a chemokine receptor such as CCR5 or CCXR4; usually CCR5-tropic viruses
almost always predominate (Weinberg et al., 2006) which it must also bind to (Pierson
& Doms, 2003; Farzan et al., 1997; Wu et al., 1996). This double receptor attachment
firmly secures the virus on the target cell and the gp41 fuses with the host cell
membrane and the viral capsid subsequently is released into the host’s cytoplasm

(Fanales-Belasio et al., 2010).

All classes of defensins reportedly can suppress HIV replication (Wu et al., 2005; Guo et
al., 2004; Chang et al., 2003; Mackewicz et al., 2003). Nakashima et al., described
defensins as antiviral in 1993 and has shown that a-defensins inhibit HIV replication,
Zhang et al., in 2002 suggested that they might play a role in controlling HIV in some
subjects. Research has also found that the presence of low HIV-1 viral load can
stimulate expression of hBD-2 and hBD-3 but not that of hBD-1, which is constitutively
expressed in human oral epithelial cells (Quinones-Mateu et al., 2003). According to
Weinberg et al., (2006); hBD-2 and hBD-3 produced in oral epithelial cells play an
essential role in the prevention of HIV infection as it has been found that oral
transmission of HIV is rare (Rogers et al., 1990). Also, hBD-2 and -3 inhibit HIV-1
replication without being cytotoxic to immunocompetent cells. There are conflicting
reports on the downregulation of expression of HIV co-receptors by DEFB; more
specifically, hBD-1 and hBD-2 did not modulate cell surface HIV co-receptor expression
by primary CD4+ T cells, whereas Quifiones-Mateu et al., 2003 showed that hBD-2 and
hBD-3 mediated downregulation of surface CXCR4 but not CCR5 expression by

peripheral blood mononuclear cells (PBMCs) at high salt conditions and in the absence
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of serum. Interestingly, hBD-2 is constitutively expressed in healthy adult oral mucosa

but the level seems to be diminished in HIV-infected individuals (Sun et al., 2005).

The clinical outcome of HIV-1 infection is highly variable and determined by complex
interactions between virus, host and environment. Numerous human genetic factors
including copy number variations have been reported to regulate HIV-1 disease
(McLaren & Carrington, 2015). To date, studies have shown that copy numbers of
certain host genes such as chemokine genes CCL3L1 and CCL4L, ligands for CCR5; have
been estimated to explain around 13% of variation in viral load (VL) at set point (Fellay
et al., 2009). HIV VL set point has been used as a predictor of disease progression (Ho,
1996; Henrard et al., 1995), and more recently as a parameter of HIV vaccine efficacy
(Buchbinder et al., 2008). The VL set point is defined as the viral load of a person
infected with HIV, which stabilizes after a period of acute HIV infection (Mellors et al.,
1997). Higher gene expression of CCL3L1 and CCL4L (Ahuja et al., 2008; Gonzalez et al.,
2005; Townson et al.,, 2002) and immune receptor family of the killer cell
immunoglobulin-like receptors (KIR) genes have a defensive effect against HIV
infection and progression to AIDS (Pelak et al., 2011). In addition, CNV of DEFB genes
may also play an important part in proneness to HIV infection (Hardwick et al., 2012;
Milanese et al., 2009). In Brazilian HIV-positive children, median copy number of
DEFB104 was lower compared with HIV-exposed uninfected children and healthy
controls, suggesting that DEFB104 may be involved in protection from vertical
transmission of HIV (Milanese et al., 2009). On the other hand, Hardwick et al., 2012
conducted a cohort study in 1002 Ethiopian and Tanzanian patients investigating how
DEFB copy number affects HIV VL immediately prior to administration of highly active
antiretroviral therapy (HAART) and immune reconstitution following initiation of
HAART and concluded that higher DEFB copy number variation is associated with
increased HIV load prior to HAART (p=0.005) and poor immune reconstitution
following initiation of HAART (p=0.003). In Mehlotra (2012), it has been shown that
higher DEFB CN is an additional genetic factor associated with slower progression to

AIDS in the mainly Caucasian Multicentre AIDS Cohort Study (MACS).

In this chapter, an association study of HIV viral load with DEFB CN will be carried out

in African and Swiss cohorts, a case and control study will be performed to check if
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DEFB CN differs between healthy individuals and HIV infected patients and finally,
progression of HIV infected individuals to AIDS will be investigated against DEFB CN to

check for an association.

6.3 Estimation of DEFB copy number in HIV cohorts

6.3.1 International AIDS Vaccine Initiative (IAVI) cohort

IAVI is a global not-for-profit, public-private partnership working to accelerate the
development of vaccines to prevent HIV infection and AIDS. This perspective cohort
was part of the Protocol C project launched in 2006 to further understanding of how
HIV progresses and is transmitted. Volunteers were from Kenya, Uganda, Rwanda,

Zambia and South Africa (2.1.3.1)

387 samples from the IAVI cohort were successfully typed for DEFB CN using PRT and
CN was deduced using both the ML approach and raw PRT calculations. The diploid CN

of DEFB varied from 1 to 9 with a modal CN of 4 as demonstrated in Figure 49 below.
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Figure 49: Distribution of IAVI cohort DEFB CN as estimated by ML approach, rounded PRT and raw PRT.

6.3.2 Swiss HIV Cohort Study (SHCS) cohort
The SHCS is representative for the Swiss HIV-epidemic collected by the Centre for HIV-
AIDS Vaccine Immunology (CHAVI) founded by the National Institute of Allergy and

Infectious Diseases (2.1.3.2).
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3155 samples from the SHCS cohort were successfully typed for DEFB CN using PRT
and CN was deduced using both the ML approach and raw PRT calculations. The
diploid CN of DEFB varied from 1 to 10 with a modal CN of 4 as demonstrated in Figure
50 below
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Figure 50: Distribution of SCHC cohort DEFB CN as estimated by ML approach, rounded PRT and raw
PRT.

6.4 Association studies of DEFB CN in HIV cohorts

6.4.1 Viral Load at set point

HIV viral load set point has been used as a predictor of disease progression (Ho, 1996;
Henrard et al.,, 1995), and more recently as a parameter of HIV vaccine efficacy
(Buchbinder et al., 2008). The VL set point is defined as the viral load of a person
infected with HIV, which stabilizes after a period of acute HIV infection (Mellors et al.,

1997).

A total of 302 samples for the IAVI cohort and 1525 samples for the SHCS cohort had
the required clinical information to test the association of DEFB CN with viral load (VL)

at set point (Figure 51).
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Figure 51: Histogram of the Log values of viral load at set point for the IAVI and SHCH cohorts.

The dependent variable; log transformed values of HIV viral load at set point, was

modelled as a normal distribution with an identity link function. The model used type

Il sum of squares ANOVA and goodness-of-fit was analysed using Wald statistics.

Predictor variables and factors were; sex, age, the first, second, and third principal

components (PC1, PC2 and PC3) of genetic relatedness from GWAS data (Figure 52),

and DEFB CN as estimated by ML approach, raw PRT CN and rounded CN.

The descriptive statistics for the analysed outcomes, factors and covariates are

summarised below.
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LogVL
Age (years) Sex PC1 PC2 PC3 Raw PRT | Rounded PRT | ML CN
(RNA copies/ml)
Min. 1.80 17 Male: -0.19 -0.16 -0.20 1.60 2 1
IAVI 178
Max. 5.95 58 0.053 0.1 0.12 8.86 9 9
n=302 Female:
Mean 4.40 32 124 6.8x10™* | -2.3x10° | 1.3x10° | 4.18 4.25 4.23
Min. 0.60 23 Male: | -0.083 -0.60 NA 1.06 1 1
SHCH 1236
Max. 6.86 92 0.054 0.11 NA 8.42 8 8
n=1525 Female:
Mean 4.36 50 589 5.8x10° | 3.9x10™ NA 4.26 4.29 4.19
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The principal components used here are a measure of genetic relatedness and reflect
population ancestry from GWAS data. The below scree plot illustrates why the first 3

PCs were chosen for inclusion in association studies for the IAVI cohort

2.5
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Figure 52: A scree plot for the IAVI cohort of genetic relatedness from GWAS data for the PCA showing
the first 200 PCs which illustrates that 99% of the variation occurs in the first 3 PCs provided by Patrick

Shea on December 9" 2013 via email.

The results for association are summarized in Table 12 and Table 13 below:
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Table 12: Results of the association between log(VL) in IAVI cohort patients and the predictors; sex, age,

PC1, PC2, PC3 and DEFB raw-PRT CN, DEFB rounded CN and DEFB ML CN respectively. (°) Set to zero

because this category is the reference for the specific parameter (*) denotes a significant p-value < 0.05

Outcome: Log(VL) for IAVI

95% Wald Confidence Interval

Parameter B Lower Upper p-value
Sex: Male 0.371 0.196 0.546 3.4x107°*
Sex: Female (0
Age 0.004 -0.006 0.015 0.392
PC1 3.076 1.599 4.554 4.5x107*
PC2 -1.584 -3.077 -0.090 0.038*
PC3 1.094 -0.459 2.647 0.167
DEFB raw-PRT CN | 0.007 -0.064 0.077 0.853

Sex: Male 0.371 0.196 0.547 3.3x10°*
Sex: Female 0°
Age 0.004 -0.006 0.015 0.392
PC1 3.076 1.598 4.554 4.5x107*
PC2 -1.579 -3.072 -0.087 0.038*
PC3 1.095 -0.458 2.648 0.167
DEFB rounded CN | 0.003 -0.066 0.072 0.924
I R
Sex: Male 0.371 0.196 0.547 3.2x107*
Sex: Female 0®
Age 0.004 -0.006 0.015 .395
PC1 3.066 1.588 4.543 4.8x10°*
PC2 -1.565 -3.057 -0.073 0.040%*
PC3 1.113 -0.441 2.666 0.160
DEFB ML CN -0.015 -0.080 0.050 0.652

In IAVI cohort, log(VL) at set point was found to be higher in males compared to

females. A significant p-value for the PC1 and PC2 value shows that viral load at set

point is influenced by ancestry. DEFB CN was not associated with viral point at set

point.
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Table 13: Results of the association between log(VL) in SHCH cohort patients and the predictors; sex,
age, PC1, PC2 and DEFB raw-PRT CN, DEFB rounded CN and DEFB ML CN respectively. (°) Set to zero

because this category is the reference for the specific parameter (*) denotes a significant p-value < 0.05

Outcome: Log(VL) for SHCH
95% Wald Confidence Interval

Parameter B Lower Upper p-value
Sex: Male 0.439 0.330 0.548 2.8x10°*
Sex: Female (0
Age 0.002 -0.002 0.006 0.270
PC1 0.498 -1.650 2.646 0.650
PC2 -0.357 -2.473 1.760 0.741
DEFB raw-PRT CN | -0.020 -0.060 0.021 0.335

Sex: Male 0.439 0.330 0.548 2.8x10°*
Sex: Female (0

Age 0.002 -0.002 0.006 0.269
PC1 0.500 -1.649 2.649 0.648
PC2 -0.350 -2.466 1.767 0.746
DEFB rounded CN | -0.015 -0.055 0.026 0.480

Sex: Male 0.438 0.329 0.547 3x10™°*
Sex: Female (0}

Age 0.002 -0.002 0.006 0.267
PC1 0.477 -1.671 2.625 0.663
PC2 -0.341 -2.457 1.775 0.752
DEFB ML CN -0.026 -0.066 0.014 0.203

In the SHCS cohort, males were found to have a higher viral load at set point compared
to females. Neither genetic relatedness nor DEFB CN was found to an effect as was

observed in IAVI cohort.

6.4.2 Case-Control comparison

This study aimed to investigate whether DEFB CN differs in HIV infected individuals
compared to uninfected individuals. It was carried out on the 3155 participants of
SHCS cohort as cases and matched to 2034 HIV-negative individuals that were
genotyped as controls by Dr. Rob Hardwick (a former lab member) for other purposes.

The control cohort includes samples from Human Random Control Panels, Gedling
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Cohort and Leicester Children Cohort. The analysis was carried out using DEFB CN as

estimated by the raw PRT calculations.

The descriptive statistics of the DEFB CN as calculated by the raw PRT for controls and

cases is summarized in Table 14 below

Table 14: Descriptive statistics of DEFB CN as calculated by raw PRT for controls and cases.

Controls Cases
N= 2034 3155
Minimum 0.85 1.06
25% percentile 3.58 3.74
Median 4.11 4.17
75% percentile 4.87 491
Maximum 10.95 10.15
Mean 423 4.28
Standard Deviation 1.11 1.04
Lower 95% ClI 4,18 4.24
Upper 95% Cl 4.28 4.32

The cumulative frequency of DEFB CN in cases and controls is shown in Figure 53

below
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Figure 53: Cumulative frequency distribution of rounded raw PRT DEFB CN in HIV cases and controls.
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An association study was carried out to investigate if DEFB CN differed between cases
and controls (‘cases’ were modelled as response, treating ‘controls’ as the reference
category. This study was carried out using the logit link function, binomial distribution
of the generalised linear model with DEFB CN as estimated by ML approach, raw PRT

CN and rounded CN as covariates.

Table 15: Results of the association between participant type (case vs. control) and DEFB raw-PRT CN,
DEFB rounded CN and DEFB ML CN. (°) Cases were modelled as response, treating ‘controls’ as the

reference category. (*) denotes a significant p-value < 0.05

Outcome: Cases vs. Controls @
95% Wald Confidence Interval
Parameter B p-value
Lower Upper
DEFB raw-PRT CN | 0.046 -0.006 0.098 0.084
DEFB rounded CN | 0.033 -0.019 0.085 0.214
DEFB ML CN -0.009 -0.061 0.042 0.725

Unfortunately, the DEFB CN does not differ between people infected with HIV and
healthy individuals.

6.4.3 HIV Progression Studies

In this section, whether DEFB CN was a contributor in the progression of HIV infection
to AIDS was investigated. Clinical progression data for 229 HIV infected individuals
from the SHCS cohort was available. The mean DEFB CN as calculated by PRT was
found to be 4.37. The data has been divided into two groups; those having a DEFB CN
below 4.37 and those having a DEFB CN of 4.37 and above.

N Progressed | Did not progress
<4.37 120 75 45
24.37 109 69 40

The Kaplan-Meier estimator for survival function was used. Individuals who did not
progress to AIDS or have dropped out of the study before the end time were marked
as censored. The survival data for the two groups is as follows:
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Figure 54: a survival curve for the progression of HIV infected individuals to AIDS. The participants were
divided into groups; individuals with DEFB CN below the mean (4.37) and individuals with DEFB CN of
4.37 and above.

The median survival times for individuals with DEFB CN <4.37 and individuals with
DEFB CN 24.37 is 1299 and 1398 respectively. This means that at day 1299, 60
individuals were still alive for the group which has a DEFB CN of < 4.37, whereas at day

1398, 54 individuals were still alive of those having a DEFB CN of > 4.37.

The log-rank test (Mantel-Cox test) reported a p-value of 0.85 which shows that DEFB

CN has no significant difference in progression from HIV infection to AIDS.

To further confirm the result, a Cox regression was carried out and the results are
summarized below:
Table 16: Cox regression result summary showing the variables year of birth, sex, log transformed viral

load values and DEFB CN as calculated using the raw-PRT approach. (*) denotes a significant p-value <

0.05.

Outcome: Cox Regression

Variable B SE Wald p-value | Exp(B)
Year of Birth -0.004 | 0.009 | 0.239 0.625 0.996
Sex 0.264 | 0.205 | 1.660 0.198 1.302
Log(VL) 0.650 | 0.098 | 44.301 | 2.8x10™ * | 1.915
DEFB Raw-PRT CN | 0.152 | 0.084 | 3.253 0.071 1.164
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Table 16 above shows that the only parameter from the ones tested that affect the
progression of a participant to AIDS is viral load. The higher the viral load is, the
quicker the HIV infected person progresses to AIDS. This confirms the previous results
of the Kaplan-Meier function that DEFB CN has no effect on progression pace from HIV

infection to AIDS.

In a different attempt, using DEFB CN as calculated by ML, the data was divided into
two groups; those having a DEFB CN equal to or below 4 and those having a DEFB CN
of above 4. This was done in an attempt to replicate the analysis criteria Hardwick et

al., (unpublished) carried out during their investigations.

N Progressed | Did not progress
DEFBCN <4 142 90 52
DEFBCN >4 87 54 33

The Kaplan-Meier estimator for survival function was used. Individuals who did not
progress to AIDS or have dropped out of the study before the end time were marked

as censored. The survival data for the two groups is as follows:
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Figure 55: a survival curve for the progression of HIV infected individuals to AIDS. The participants were
divided into groups; individuals with DEFB CN as calculated by ML above the median (4) and individuals
with DEFB CN of 4 and below.
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The median survival times for individuals with DEFB CN < 4 and individuals with DEFB
CN > 4 is 1330 and 1267 respectively. This means that at day 1330, 45 individuals were
still alive for the group which has a DEFB CN of < 4, whereas at day 1267, 27 individuals

were still alive of those having a DEFB CN of > 4.

The log-rank test (Mantel-Cox test) reported a p-value of 0.98 which shows that DEFB

CN has no significant difference in progression from HIV infection to AIDS.

To further confirm the result, a cox regression was carried out and the results are

summarized below:

Outcome: Cox Regression

Variable B SE Wald | p-value | Exp(B)
Year of Birth -0.005 | 0.009 | 0.293 0.588 0.995
Sex 0.287 | 0.204 | 1.99 0.159 1.33
Log(VL) 0.638 | 0.097 | 43.18 | 4.9x10™* | 1.89
ML CN median and above | -0.096 | 0.174 | 0.308 0.579 0.908

6.5 Discussion

The basis of this study was to replicate the findings of Hardwick et al., 2012 that higher
DEFB CNV is associated with increased HIV load prior to HAART (p=0.005) and poor
immune reconstitution following initiation of HAART (p =0.003). This study was carried
out on an African cohort (IAVI) and a Swiss cohort (SHCS). The table below compares

the current cohorts with the cohort Hardwick et al., 2012 used.

Variable Hardwick et al., 2012 1AVI SHCS
Number of 1002 302 1525
participants
Cohort origin African African Swiss
Dependent HIV viral load before the HIV viral load at set | HIV viral load at set
variable initiation of HAART point point

Participants of the IAVI cohort were of African origin; however the dependent variable
analysed in this study was viral load at set point not as in Hardwick et al. 2012; which

was VL before the initiation of HAART. Also, the fact that the IAVI cohort had a sample
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size of 302 might has reduced the power of the study in detecting an association if an
association existed. As for the SHCH cohort, the sample size in terms of population
studies would have sufficed, however neither the dependent variable nor the origin of
the population were as previously analysed. The population heritage might be a major
cause in not having the data replicated because according to Petrovski et al. (2011),
the subset of individuals that have A32 deletion or the rare m303T>A mutation in their
CCR5 gene conferring complete resistance to HIV-1 infection that use the CCR5 as co-
receptor is only found in individuals with northern European or Central Asian heritage.
Another fact to factor in would be that Europeans and West Africans are exposed to
HIV-2 subset rather than HIV-1. It could be possible that the cohort recruited
contained the two subtypes of HIV and hence the effect has been masked. These two

studies are not a true replication of the Hardwick et al., (2012) study.

As for the case-control study; cases had a mean DEFB CN of 4.28 whereas controls of
4.23. The p-values of 0.084, 0.214 and 0.725 for DEFB CN as calculated by raw PRT,
rounded PRT and ML CN respectively of the association studies confirms that HIV
infection does not favour high nor low DEFB CNV. With regards to survival analysis, it
was evident from the results that DEFB CNV plays no role in the progression of an
individual infected with HIV to AIDS regardless of DEFB CN division groups
contradicting data published by (Mehlotra et al., 2012). Since the cohort used by
Mehlotra et al., (2012) is predominately Caucasian, the findings together with the
results of Hardwick et al., (2012) using a Sub-Saharan African Cohort and Milanese et
al.,(2009) using a Brazilian Cohort indicate that the association of DEFB CNV and

infection/disease progression may be population specific.

In order to conclude whether DEFB CNV is associated with HIV viral load prior to
HAART and immune reconstitution after HAART, a true biological replicate of the
cohort used by Hardwick et al., 2012 is necessary. It has to be a cohort of a sample size
of 1000 and above, Sub-Saharan African origin, exposed by HIV-1 only and has

matching clinical data readings of viral load.
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7 Association of B-defensin copy number variation in other

disease cohorts

7.1 Urinary Tract Infection

Paediatric urinary tract infections (UTI) account for 0.7% of physician office visits and
5-14% of emergency department visits by children annually in North America (Shaikh
et al., 2008). In the USA, it is the most common infection in youngsters below the age
of 6 years with an incidence rate higher in females (3-7%) than in males (1-2%) (Elder

et al., 1997) and is mostly caused by E.coli, a gram-negative bacteria.

UTI in young children may be a marker for abnormalities of the urinary tract including
vesicoureteral reflux (VUR) and reflux nephropathy. VUR is the commonest
abnormality with a prevalence of 1% in all children and about 33% in children following
first UTI (Carpenter et al. 2013; Koff et al.,, 1998; Weiss et al.,, 1992). VUR is
characterised by the retrograde urine flow from the bladder to the ureters and kidneys
(Chesney et al., 2008). Similarly, children with VUR can have recurrent UTIs which in
turn lead to renal scarring and chronic kidney disease known as reflux nephropathy.
Renal scarring is detected using the Dimercaptosuccinic acid (DMSA) radionuclide scan.
DMSA scan requires 3-4 hours of time and the isotope used also emits radiation.
Because of the length of the study, children often need sedation to take images during
DMSA scan. Although lesser than CT scan, a substantial amount of radiation is
involved in DMSA scanning. Plain ultrasound has a low sensitivity (47.2%) to detect

renal scars (Moorthy et al., 2004).

Reflux nephropathy is the fourth leading cause of End Stage Renal Disease (ESRD) in
the US (Spencer et al., 2011). Prevention of recurrent UTIl and reduction in the rate and
severity of renal scarring can be achieved by antibiotic prophylaxis, surgical

interventions and follow-up (Hoberman et al., 2014; Brandstrém et al., 2010).
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7.1.1 Study rationale

Valore et al. in 1998 discovered that defensins are expressed in the urinary tract of
humans, specifically hBD-1 and hBD-2. hBD-1 mRNA is expressed constitutively by the
epithelia lining of the loop of Henle, the distal tubule and the collecting duct of the
kidney, and is always detected in urine (Becknell et al., 2013; Hiratsuka et al., 2000;
Valore et al., 1998), whereas expression of hBD-2 was induced during urinary tract

infection (Lehmann et al., 2002).

The first evidence which suggest that defensins play a role in the defence of the kidney
come from studies of mouse Beta Defensin-1 (mBD-1) deficient mice. When compared
to wild-type mice, the deficient mice had high numbers of colony forming units when
their urine was plated out on agar, and about 30% of healthy mBD-1 knockout mice
had Staphylococcus species in bladder urine (Morrison et al., 2002). The second
evidence which demonstrated that was in a rat model infected with uropathogenic E.
coli (UPEC), over-expression of exogenous hBD-2 not only significantly decreased the
amounts of UPEC in bladder and urine, but also reduced infiltration of inflammatory

cells, mucosal damage, and interstitial oedema in the bladder tissue (Zhao et al., 2011).

To date, however, no comparable study evaluating the association between DEFB CN
and factors affecting VUR patients and recurrent UTIs. This study will result in novel
information about copy number variation of the DEFB region in the consequences of

VUR in patients.

7.1.2 Estimation of DEFB copy number in VUR and UTI samples
The Randomized Intervention for Children with Vesicoureteral Reflux (RIVUR) study is a
double-blind, randomized, placebo-controlled trial which recruited 607 children aged 2
to 72 months from 19 paediatric sites across North America assigned to receive daily
doses of either antibiotics or placebo for 2 years. Blood was collected every 6 months
throughout the trial to study genetic and biochemical determinants of VUR, recurrent
UTI, and renal scarring (Keren et al., 2008). The study was approved by the Nationwide
Children’s Hospital Institutional Review Board, Nationwide Children’s Hospital,
Columbus, Ohio, USA.
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DNA of 456 individuals from the RIVUR study was sent to us by our collaborator Dr.
David Hains (Ohio, USA). 42 samples failed to type after two attempts, and this could
be attributed to low DNA quality. 414 samples from the RIVUR cohort were
successfully typed for DEFB CN using PRT and CN was deduced using both the ML
approach and raw PRT calculations (2.6.4 2.6.5). The diploid CN of DEFB varied from 2

to 9 with a modal CN of 4 as demonstrated in Figure 56 below.

RIVUR cohort DEFB Copy number distribution
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Figure 56: Distribution of RIVUR sample DEFB CN as estimated by ML approach, rounded PRT and raw
PRT.

7.1.3 Association studies in VUR and UTI samples
For statistical analysis, only Non-Hispanic, Caucasian, female samples were analysed,
as this subset had the full set of clinical information needed to be analysed. Therefore,

a total of 290 samples were included in the association studies.

7.1.3.1 Number of breakthrough infections

The first outcome to be investigated was the number of UTI breakthroughs that
occurred in the cohort. Among the participants, the minimum number of infections

was 0 and the maximum was 4 as illustrated in Figure 57 below.
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Figure 57: A histogram showing the number of UTI breakthroughs occurring in the RIVUR cohort plotted

against the frequency of each.

A generalized linear model was constructed where the dependent variable (number of
breakthrough infections) was modelled as Poisson distribution, under the log link
function. In this model, treatment group and bowel and bladder dysfunction (BBD)
were assigned as factors, age (in months) and DEFB CN as estimated by ML approach,
raw PRT CN and rounded CN as covariates, and calculated using Type Il sum of

squares. A summary of the variables is shown in Table 17 below:

Table 17: A summary of the factors and covariates used in the association studies of the RIVUR cohort

Variable Number Percent
Treatment group Antibiotics 147 50.7%
Placebo 143 49.3%
Yes (1) 56 19.3%
BBD No (0) 113 39%
No Information 121 41.7%
Minimum Maximum Mean
Age 2 71 22
Raw PRT CN 1.82 8.73 4.36
Rounded PRT CN 2 9 4.40
ML CN 2 8 4.38

Results of the association between the number of UTI breakthroughs in VUR patients

as an outcome and the predictors; treatment group, BBD, age and DEFB raw PRT CN,
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DEFB rounded CN and DEFB ML CN respectively are summarized in the tables 18, 19
and 20 below.

Table 18: Results of the association between the number of infections in VUR patients as an outcome

and the predictors; treatment group, BBD, age and DEFB raw PRT CN. () Set to zero because this

category is the reference for the specific parameter. (*) denotes a significant p-value < 0.05

Outcome: Number of breakthrough infections
95% Wald Confidence Interval
Parameter B p-value
Lower Upper

Treatment group: Antibiotics | -0.981 -1.54 -.423 5.7x10™ *
Treatment group: Placebo (0
BBD: no -0.557 -1.04 -0.073 0.024*
BBD: yes 0°
Age (months) 0.017 0.005 0.030 0.006*
DEFB raw PRTCN 0.209 -0.032 0.451 0.089

Table 19: Results of the association between the number of infections in VUR patients as an outcome

and the predictors; treatment group, BBD, age and DEFB rounded CN. () Set to zero because this

category is the reference for the specific parameter. (*) denotes a significant p-value < 0.05

Outcome: Number of breakthrough infections
95% Wald Confidence Interval
Parameter B p-value
Lower Upper

Treatment group: Antibiotics | -0.975 -1.53 -0.419 5.8x10™ *
Treatment group: Placebo 0°
BBD: no -0.592 -1.077 -0.107 0.017*
BBD: yes 0®
Age (months) 0.018 0.005 0.03 0.006*
DEFB rounded CN 0.231 -0.005 0.468 0.055




Table 20: Results of the association between the number of infections in VUR patients as an outcome
and the predictors; treatment group, BBD, age and DEFB ML CN (°) Set to zero because this category is

the reference for the specific parameter. (*) denotes a significant p-value < 0.05

Outcome: Number of breakthrough infections
95% Wald Confidence Interval
Parameter B p-value
Lower Upper

Treatment group: Antibiotics | -0.982 -1.538 -0.427 5.3x10™ *
Treatment group: Placebo 0°
BBD: no -0.614 -1.099 -0.128 0.013*
BBD: yes 0°
Age (months) 0.017 0.004 0.029 0.008*
DEFB MLCN 0.261 0.010 0.512 0.041*

The above results show that number of breakthrough infections decrease with
antibiotics, decrease with children who are not potty trained, increases with age and
increase with DEFB CN as estimated by ML approach. However, the results are barely

significant with DEFB CN as estimated by raw PRT calculations and rounded PRT CN.

7.1.3.2 First infection caused by E.coli

The second outcome to be investigated was whether the first UTI a patient contracted
in the RIVUR cohort was caused by E.coli. Clinical information for this analysis was
available for 169 patients. E.coli was the cause of the first infection for 152 patients
(90%) whereas the first infection of the remaining patients (10%) was caused by

different organisms.

A generalized linear model was constructed where the dependent variable (first
infection caused by E.coli) was modelled as binomial distribution, under the logit link
function. In this model, treatment group and bowel and bladder dysfunction (BBD)
were assigned as factors, age (in months) and DEFB CN as estimated by ML approach,
raw PRT CN and rounded CN as covariates, and calculated using Type Il sum of

squares.
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Table 21: Results of the association between E.coli as the entry infection organism in VUR patients and

the predictors; treatment group, BBD, age and DEFB raw-PRT CN. (°) Set to zero because this category is

the reference for the specific parameter. (*) denotes a significant p-value < 0.05

Outcome: First infection caused by E.coli

95% Wald Confidence Interval

Parameter B Lower Upper p-value
Treatment group: Antibiotics | -0.782 -1.841 0.278 0.148
Treatment group: Placebo 0°
BBD: no -0.076 -1.198 1.045 0.894
BBD: yes 0°
Age (months) -0.025 -0.052 0.002 0.069
DEFB raw-PRT CN -0.034 -0.541 0.474 0.897

Table 22: Results of the association between E.coli as the entry infection organism in VUR patients and

the predictors; treatment group, BBD, age and DEFB rounded CN. (°) Set to zero because this category is

the reference for the specific parameter. (*) denotes a significant p-value < 0.05

Outcome: First infection caused by E.coli

95% Wald Confidence Interval

Parameter B Lower Upper p-value
Treatment group: Antibiotics | -0.770 -1.83 0.291 0.155
Treatment group: Placebo 0°
BBD: no -0.079 -1.201 1.043 0.890
BBD: yes 0°
Age (months) -0.025 -0.052 0.002 0.064
DEFB rounded CN -0.124 -0.605 0.357 0.613

Table 23: Results of the association between E.coli as the entry infection organism in VUR patients and

the predictors; treatment group, BBD, age and DEFB ML CN (°) Set to zero because this category is the

reference for the specific parameter. (*) denotes a significant p-value < 0.05

Outcome: First infection caused by E.coli

95% Wald Confidence Interval

Parameter B Lower Upper p-value
Treatment group: Antibiotics | -0.781 -1.841 0.279 0.149
Treatment group: Placebo 0*

BBD: no -0.073 -1.194 1.048 0.898
BBD: yes 0°

Age (months) -0.025 -0.052 0.002 0.069
DEFB MLCN -0.037 -0.544 0.469 0.886




None of the factors and covariates, including DEFB CN shows an association with

whether the first infection was cause by E.coli.

7.1.3.3 Breakthrough infection caused by E.coli

The third outcome to be investigated was whether the breakthrough UTI of a patient
was caused by E.coli. There were clinical data for 44 participants. The breakthrough

infection was caused by E.coli in 86.4% of VUR patients in this cohort.

A generalized linear model was constructed where the dependent variable
(Breakthrough infection caused by E.coli) was modelled as binomial distribution, under
the logit link function. In this model, treatment group and bowel and bladder
dysfunction (BBD) were assigned as factors, age (in months) and DEFB CN as estimated
by ML approach, raw PRT CN and rounded CN as covariates, and calculated using Type

Il sum of squares.

Table 24: Results of the association between E.coli as the breakthrough infection organism in VUR
patients and the predictors; treatment group, BBD, age and DEFB raw-PRT CN. (°) Set to zero because

this category is the reference for the specific parameter. (*) denotes a significant p-value < 0.05

Outcome: Breakthrough infection caused by E.coli
95% Wald Confidence Interval
Parameter B p-value
Lower Upper

Treatment group: Antibiotics | 21.17 -42122 42164 0.999
Treatment group: Placebo 0°

BBD: no -1.418 -3.779 0.944 0.239
BBD: yes 0°

Age (months) -0.022 -0.075 0.030 0.406
DEFB raw-PRT CN -0.477 -1.328 0.375 0.273
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Table 25: Results of the association between E.coli as the breakthrough infection organism in VUR
patients and the predictors; treatment group, BBD, age and DEFB rounded-PRT CN. (°) Set to zero

because this category is the reference for the specific parameter. (*) denotes a significant p-value < 0.05

Outcome: Breakthrough infection caused by E.coli
95% Wald Confidence Interval
Parameter B p-value
Lower Upper

Treatment group: Antibiotics | 21.16 -41881 41923 0.999
Treatment group: Placebo 0°

BBD: no -1.429 -3.789 0.931 0.235
BBD: yes 0°

Age (months) -0.026 -0.078 0.026 0.330
DEFB rounded CN -0.491 -1.347 0.365 0.261

Table 26: Results of the association between E.coli as the breakthrough infection organism in VUR
patients and the predictors; treatment group, BBD, age and DEFB ML CN. (°) Set to zero because this

category is the reference for the specific parameter. (*) denotes a significant p-value < 0.05

Outcome: Breakthrough infection caused by E.coli
95% Wald Confidence Interval
Parameter B p-value
Lower Upper

Treatment group: Antibiotics | 21.23 -41892 41934 0.999
Treatment group: Placebo 0°

BBD: no -1.405 -3.774 0.963 0.245
BBD: yes 0°

Age (months) -0.023 -0.075 0.029 0.388
DEFB MLCN -0.511 -1.39 0.369 0.255

None of the factors and covariates is significantly associated with whether the

breakthrough infection is caused by E.coli.

7.1.3.4 The development of new kidney scars

The last outcome that was investigated was whether patients in this cohort developed
new kidney scars due to their VUR or not. Clinical information was available for 150
patients; only 10.7% of the RIVUR participants had developed new kidney scars in the

course of the study.
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A generalized linear model was constructed where the dependent variable (new
kidney scar formation) was modelled as binomial distribution, under the logit link
function. In this model, treatment group and bowel and bladder dysfunction (BBD)
were assigned as factors, age (in months) and DEFB CN as estimated by ML approach,
raw PRT CN and rounded CN as covariates, and calculated using Type Il sum of

squares.

Results of which are summarized in the tables 27, 28 and 29 below.

Table 27: Results of the association between the development of new kidney scars in VUR patients and
the predictors; treatment group, BBD, age and DEFB raw-PRT CN. (%) Set to zero because this category is

the reference for the specific parameter. (*) denotes a significant p-value < 0.05

Outcome: New kidney scar formation
95% Wald Confidence Interval
Parameter B p-value
Lower Upper

Treatment group: Antibiotics | 0.749 -0.385 1.882 0.169
Treatment group: Placebo 0°

BBD: no 0.084 -1.067 1.235 0.887
BBD: yes 0°

Age (months) -0.025 -0.053 0.003 0.081
DEFB raw-PRT CN -0.348 -0.913 0.217 0.228

Table 28: Results of the association between the development of new kidney scars in VUR patients and
the predictors; treatment group, BBD, age and DEFB rounded CN. (°) Set to zero because this category is

the reference for the specific parameter. (*) denotes a significant p-value < 0.05

Outcome: New kidney scar formation
95% Wald Confidence Interval
Parameter B p-value
Lower Upper

Treatment group: Antibiotics | 0.754 -0.382 1.89 0.193
Treatment group: Placebo 0°

BBD: no 0.089 -1.063 1.241 0.879
BBD: yes 0°

Age (months) -0.026 -0.054 0.003 0.076
DEFB rounded CN -0.385 -0.943 0.172 0.175
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Table 29: Results of the association between the development of new kidney scars in VUR patients and
the predictors; treatment group, BBD, age and DEFB ML CN. (%) Set to zero because this category is the

reference for the specific parameter. (*) denotes a significant p-value < 0.05

Outcome: New kidney scar formation
95% Wald Confidence Interval
Parameter B p-value
Lower Upper

Treatment group: Antibiotics | 0.780 -0.362 1.921 0.181
Treatment group: Placebo 0°

BBD: no 0.153 -1.012 1.317 0.797
BBD: yes 0°

Age (months) -0.025 -0.053 0.003 0.085
DEFB ML CN -0.454 -1.028 0.120 0.121

None of the factors and covariates is significantly associated with whether new kidney

scars are formed in the patients in the course of the study.

7.1.4 Discussion

The present study was designed to test the hypothesis that CNV at the DEFB region
might be associated with consequences of VUR patients. According to the above
results, patients receiving antibiotics had a lower number of breakthrough infections
than those receiving the placebo. As for the patient’s bowel and bladder dysfunction,
those who are unable to empty their bladder properly have less numbers of infections
compared to those who are potty trained. When it comes to age, it can be deduced
that the older the patient is; the number of infections increases whereas the odds of

developing new kidney scars decreases.

Higher DEFB CN as estimated by ML approach showed an association with a higher
number of breakthrough infections (p= 0.041). However, since the significance level is
close to the 0.05 cut-off point and neither DEFB CN as estimated by raw PRT
calculations (p=0.089) and rounded PRT CN (p=0.055) were found to be associated
with the same dependent variable, a deeper investigation is required to confirm or
refute the result. Also, given that the highest p value is given with DEFB CN as

calculated using raw PRT data suggests this might be an artefact of CNV calling.
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In conclusion, this work found no evidence that CNVs at the DEFB region affects
susceptibility to VUR or UTls. A replication study must be carried out with a larger
cohort to minimize any CNV calling artefact. Also, the potential interactions between
DEFB genes and environmental conditions (VUR, age, ethnicity... etc.) should explore

more complex hypotheses, including gene—gene and gene—environment.
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7.2 Hypertension

Blood pressure is usually measured in millimetres of mercury (mmHg) and recorded as
a fraction with the maximum pressure following systole of the left ventricle of the
heart over the minimum pressure that accompanies diastole hence; it varies
depending on the cardiac output and the total vascular resistance (Frese et al., 2011).
Blood pressure is also classified as systolic, which is the highest measurement of the
pressure in arteries during heart contraction, whereas, diastolic blood pressure is the
lowest measurement of pressure in arteries when the heart relaxes (Strandberg &
Pitkala, 2003). Blood pressure readings vary between normal healthy individuals;
however, an ideal pressure level in adults is suggested to be 120 systolic over 80
diastolic mmHg (Frese et al., 2011). Normal levels of systolic and diastolic blood
pressure is important for the efficient function of vital organs such as the brain,

kidneys, heart and overall health (WHO, 2013a).

Hypertension or high blood pressure is defined as a systolic blood pressure equal to or
above 140 mm Hg and/or diastolic blood pressure equal to or above 90 mm Hg (WHO,
2013a). Globally, hypertension accounts for approximately 17 million deaths a year. Of
these, complications of hypertension such as kidney disease, stroke, heart attack,
embolism and aneurysms account for 9.4 million deaths worldwide annually (Lim et al.,

2012).

A number of risk factors, including environmental, life style choices, medical
conditions, and genetic factors have been identified for developing hypertension, and
vary from poor nutritional habits, lack of exercise, smoking, obesity, high cholesterol
levels, diabetes (Yusuf et al., 2004, 2014) and Left Ventricular Hypertrophy (LVH)
(Boonpeng & Yusoff, 2013).

7.2.1 Study rationale

The basis of exploring the association of DEFB CNV in hypertension was formed on the
recent discovery of B-Defensins in the heart. This included hBD-3 expression in adult
human heart (Jia et al., 2001), pBD1 (porcine B-defensin 1) in pigs (Zhang et al., 1998),

eBD1 (equine B-defensin 1) in the horse (Davis et al., 2004), Defbl (murine B-defensin
153



1) in mice (Morrison et al., 2002), and rBD1 (rat B-defensin 1) in the rat (Page & Malik,
2003). Linde et al in 2013 documented that at least 7 different DEFB (i.e.
rBD1/3/10/11/15/18 and 33) are constitutively expressed in the Rat myocardium and
their expression is triggered by a high- fat-diet feeding. It was also published that these
DEFBs influence local monocyte migration in the heart which suggest they respond to
exogenous danger-signals, and act within the context of a myocardial “first-line-of-

defence” (Linde et al., 2013).

In addition, published evidence suggests that a deleted region in DEFB repeat at the
8p23.1 chromosomal position is associated with congenital heart malformations and
congenital diaphragmatic hernia (CDH) due to the loss of the GATA4 gene. This in turn
can cause any one of aortic outflow obstruction, severe mitral disease, left ventricular
dysfunction or limited compliance of the systemic ventricle, all of which can alter the
systolic blood pressure and skew normal blood pressure readings as reviewed in

Hauser (2003).

All of the above suggests that DEFB is present in the cardiovascular system yet
information on cardiac DEFB is still sparse and further research is needed to elucidate
the actual role played by them in heart disease in general. However, the strongest
evidence to date which gave rise to our interest to investigate possible connection
between DEFB CNV and blood pressure is based on Liu et al., 2013’s results which
supported the hypothesis that hBD-2 was significantly downregulated in sera of
patients with hypertension and that hBD-2 acted as an opener of Ca**-activated

Potassium channels and induced vasodilation and hypotension in monkeys.

The study will explore whether copy number variation at the DEFB region is associated

with blood pressure.
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7.2.2 Estimation of DEFB copy number in hypertension cohorts
7.2.2.1 Young Men Cardiovascular Association (YMCA) cohorts

YMCA 1 consists of 1,157 biologically unrelated, healthy males recruited in Silesia
(Southern Poland). YMCA 2 - an extension of YMCA 1- recruited an additional sample

of unrelated 597 young men in Silesia (2.1.4.1).

A total of 1113 samples from the YMCA 1 cohort and 524 from YMCA 2 cohort were
successfully typed for DEFB CN using PRT and CN was deduced using both the ML
approach and raw PRT calculations. The diploid CN of DEFB varied from 1 to 8 for
YMCA 1 and 2 to 8 for YMCA 2, with a modal CN of 4 for both as summarized in Figure
58 below.
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Figure 58: Distribution of YMCA cohorts DEFB CN as estimated by ML approach, rounded PRT and raw
PRT.
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7.2.2.2 Silesian Cardiovascular Study (SCS) cohort

The SCS is a cohort of 213 Polish families and 435 singletons recruited through
probands with high cardiovascular risk (history of hypertension, coronary artery
disease, and/or multiple cardiovascular risk factors), as previously described

(Tomaszewski et al., 2009).

1054 samples from the SCS cohort were successfully typed for DEFB CN using PRT and
CN was deduced using both the ML approach and raw PRT calculations. The diploid CN

of DEFB varied from 1 to 9 with a modal CN of 4 as demonstrated in Figure 59 below
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Figure 59: Distribution of SCS cohort DEFB CN as estimated by ML approach, rounded PRT and raw PRT.

7.2.3 Association studies in hypertension cohorts.
A total of 1113 samples from the YMCA 1 cohort and a total of 524 samples from the
YMCA 2 cohort were analysed. As for the SCS cohort, a total of 732 unrelated samples

had the required clinical information and were used for the analysis.

In all cohorts, a subset of men was on antihypertensive treatment in this study, their
systolic and diastolic blood pressure needed to be corrected for blood pressure
lowering effect of the antihypertensive treatment. This was done by adding a constant
to their measured BP - 15 mmHg for SBP and 10 mmHg for DBP as suggested by Maciej
Tomaszewski (personal communication, 03/02/2015) and previously used in (Tobin et

al., 2005).
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For YMCA 1 and YMCA 2, tests were conducted using Bonferroni correction where the

p-value was adjusted to 0.025 per test (0.05/2).

The descriptive statistics for the analysed outcomes, factors and covariates for YMCA

1, YMCA 2 and SCS cohorts are summarized in Table 30 below

Table 30: The descriptive statistics for the analysed outcomes, factors and covariates for YMCA 1, YMCA

2 and SCS cohorts

Age | BMI SBP DBP | Raw PRT | Rounded PRT | ML CN

Min. | 16 16 90 48.3 1.18 1 1

YMCA1l | Max. | 44 36 200 | 128.3 8 8 8
Mean | 19 | 22.86 | 118.62 | 74.56 4.04 4.05 3.89

Min. 16 16 85.10 56 1.63 2 2

YMCA2 | Max. | 42 33 167.20 | 107.3 7.62 8 8
Mean | 19 | 22.61 | 119.34 | 74.69 4.19 4.24 411

Min. | 18 16 80 45 1.10 1 1

SCS Max. | 89 47 220 129 8.50 9 9
Mean | 55 | 27.48 | 140.41 | 81.10 4.46 4.49 4.38

7.2.3.1 Systolic Blood Pressure

The dependent variable; systolic blood pressure (Figure 60), was modelled as a normal

distribution with an identity link function. The model used type Ill sum of squares

ANOVA and goodness-of-fit was analysed using Wald statistics. Predictor variables and

factors were; age (in years), body mass index (BMI), DEFB CN as estimated by ML

approach, raw PRT CN and rounded CN as covariates for the YMCA cohorts whereas

sex was added as a cofactor for the SCS cohort to correct for the fact that the cohort

has both male and female participants.
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Figure 60: Histogram of the Systolic blood pressure for the YMCA 1, YMCA 2 and SCS cohort.

The results of the associations are presented in Table 31, Table 32 andTable 33.

Table 31: Results of the association between systolic blood pressure in YMCA 1 cohort patients and the
predictors; age, BMI and DEFB raw-PRT CN, DEFB rounded CN and DEFB ML CN respectively. (%)
Bonferroni corrected probability for association. (*) denotes a significant p-value < 0.025 under

Bonferroni correction

Outcome: Systolic blood pressure for YMCA 1
95% Wald Confidence Interval a
Parameter B p-value
Lower Upper
Age 0.440 0.204 0.677 2.6x10**
BMI 1.551 1.282 1.819 0.000*
DEFB raw-PRT CN | 0.270 -0.533 1.073 0.509
Age 0.440 0.204 0.677 2.6x10™*
BMI 1.551 1.282 1.819 0.000* |
DEFB rounded CN | 0.270 -0.533 1.073 0.509
Age 0.439 0.203 0.676 2.6x10™*
BMI 1.548 1.281 1.816 <0.001* |
DEFB ML CN 0.361 -0.368 1.090 0.332 |
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Table 32: Results of the association between systolic blood pressure in YMCA 2 cohort patients and the

predictors; age, BMI and DEFB raw-PRT CN, DEFB rounded CN and DEFB ML CN respectively. (°)

Bonferroni corrected probability for association. (*) denotes a significant p-value < 0.025 under

Bonferroni correction

Outcome: Systolic blood pressure for YMCA 2

95% Wald Confidence Interval

Parameter B Lower Upper p-value
Age 0.142 -0.213 0.497 0.433
BMI 0.979 0.577 1.380 2x10°%*
DEFB raw-PRTCN | -1.608 -2.766 -0.450 0.007*

Age 0.133 -0.222 0.488 0.463
BMI 0.975 0.574 1.376 2x10°*
DEFB rounded CN | -1.721 -2.881 -0.561 0.004*

Age 0.172 -0.182 0.527 0.341
BMI 0.972 0.570 1.374 2x10°*
DEFB ML CN -1.143 -2.259 -0.028 0.045

Table 33: Results of the association between systolic blood pressure in SCS cohort patients and the

predictors; sex, age, BMI and DEFB raw-PRT CN, DEFB rounded CN and DEFB ML CN respectively. (®) Set

to zero because this category is the reference for the specific parameter (*) denotes a significant p-value

<0.05

Outcome: Systolic blood pressure for SCS

95% Wald Confidence Interval

Parameter B Lower Upper p-value
Sex: Male -4.276 -7.211 -1.341 0.004*
Sex: Female 0*

Age 0.468 0.343 0.594 2.7x10™3*
BMI 1.189 0.841 1.538 2.2x10*
DEFB raw-PRT CN | 0.090 -1.226 1.406 0.894

Sex: Male -4.276 -7.211 -1.342 0.004*
Sex: Female (0

Age 0.468 0.343 0.594 2.7x103*
BMI 1.189 0.841 1.538 2.2x10™*
DEFB rounded CN | 0.050 -1.242 1.342 0.940

Sex: Male -4.277 -7.212 -1.343 0.004*
Sex: Female (0

Age 0.468 0.343 0.594 2.7x103*
BMI 1.189 0.841 1.537 2.2x10™*
DEFB ML CN 0.061 -1.183 1.305 0.924
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7.2.3.2 Diastolic Blood Pressure

The second dependent variable to be investigated; diastolic blood pressure (Figure 61),
was modelled as a normal distribution with an identity link function. The model used
type Il sum of squares ANOVA and goodness-of-fit was analysed using Wald statistics.
Predictor variables and factors were; age (in years), body mass index (BMI), DEFB CN as
estimated by ML approach, raw PRT CN and rounded CN as covariates for the YMCA
cohorts whereas sex was added as a cofactor for the SCS cohort to correct for the fact

that the cohort has both male and female participants.
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Figure 61: Histogram of the Diastolic blood pressure for the YMCA 1, YMCA 2 and SCS cohort.

The results of which are summarized in the Table 34, Table 35 and Table 36 below.
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Table 34: Results of the association between diastolic blood pressure in YMCA 1 cohort patients and the
predictors; age, BMI and DEFB raw-PRT CN, DEFB rounded CN and DEFB ML CN respectively. (%)
Bonferroni corrected probability for association. (*) denotes a significant p-value < 0.025 under

Bonferroni correction

Outcome: Diastolic blood pressure for YMCA 1

95% Wald Confidence Interval

a
Parameter B Lower Upper p-value
Age 0.283 0.136 0.431 1.7x10™*
BMI 0.704 0.537 0.871 1.1x107°*
DEFB raw-PRT CN | 0.052 -0.448 0.552 0.839

Age 0.283 0.136 0.431 1.7x107**
BMI 0.704 0.537 0.871 1.1x107"%*
DEFB rounded CN | 0.052 -0.448 0.552 0.839

Age 0.281 0.134 0.428 1.8x107**
BMI 0.705 0.538 0.872 1.1x107"%*
DEFB MLCN 0.166 -0.288 0.620 0.473

Table 35: Results of the association between diastolic blood pressure in YMCA 2 cohort patients and the
predictors; age, BMI and DEFB raw-PRT CN, DEFB rounded CN and DEFB ML CN respectively. (%)
Bonferroni corrected probability for association. (*) denotes a significant p-value < 0.025 under

Bonferroni correction

Outcome: Diastolic blood pressure for YMCA 2
95% Wald Confidence Interval

a
Parameter B Lower Upper p-value
Age 0.055 -0.158 0.268 0.614
BMI 0.537 0.296 0.778 1.2x10°*
DEFB raw-PRT CN | -0.679 -1.375 0.016 0.056

Age 0.052 -0.161 0.265 0.632
BMI 0.536 0.295 0.776 1.3X10°*
DEFB rounded CN | -0.708 -1.405 -0.010 0.047

Age 0.065 -0.147 0.278 0.546
BMI 0.534 0.293 0.776 1.4X107*
DEFB ML CN -0.534 -1.202 0.135 0.118
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Table 36: Results of the association between diastolic blood pressure in SCS cohort patients and the
predictors; sex, age, BMI and DEFB raw-PRT CN, DEFB rounded CN and DEFB ML CN respectively. (°) Set

to zero because this category is the reference for the specific parameter (*) denotes a significant p-value

<0.05

Outcome: Diastolic blood pressure for SCS

95% Wald Confidence Interval

Parameter B Lower Upper p-value
Sex: Male 0.324 -1.456 2.105 0.721
Sex: Female (0
Age 0.105 0.028 0.181 0.007*
BMI 0.600 0.389 0.811 2.6X10°%*
DEFB raw-PRT CN | 0.278 -0.520 1.076 0.495

Sex: Male 0.324 -1.457 2.104 0.721
Sex: Female 0®

Age 0.105 0.029 0.181 0.007*
BMI 0.600 0.389 0.812 2.6X10%*
DEFB rounded CN | 0.238 -0.546 1.022 0.551

Sex: Male 0.320 -1.461 2.100 0.725
Sex: Female (0

Age 0.105 0.028 0.181 0.007*
BMI 0.598 0.387 0.809 2.9X10%*
DEFB ML CN 0.194 -0.561 0.948 0.615

7.2.4 Discussion

The present study was designed to test the hypothesis that CNV at the DEFB region
might be associated with hypertension. Looking at the statistical results of the YMCA 1
cohort, it can be deduced that SBP is affected by age and BMI; the older a person is
and the larger their BMI is, the higher their SBP is likely to be by 0.4 and 1.5 mmHg
respectively. As for the second outcome, as age and BMI increases, DBP is likely to

increase by 0.3 and 0.8 mm/Hg respectively.

The same results were replicated among the SCS cohort. This cohort also shows that a
high SBP value is 4 times less likely in males compared to females but had no
association in DBP, whereas age and BMI affect both SBP and DBP but by varying

magnitudes.
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As for the YMCA 2 cohort, the results indicate that age plays no role in SBP and DBP
but confirms that BMI does in the same direction as both YMCA 1 and SCS cohorts. The
YMCA 2 cohort shows that the lower the DEFB CN is, the higher the SBP is and the
result for DBP was significant only when tested with DEFB CN as estimated by raw PRT
and rounded CN, and not with DEFB CN as calculated by ML approach. Since the results
were not shown in both YMCA 1 and SCS cohorts which both have a higher number of
participants, it is worth explaining that a p-value measures whether an observed result
can be attributed to chance. Essentially the p-value can summarize the data assuming
a specific null hypothesis. It cannot work backwards and make statements about the
underlying reality because the odds that a real effect was there in the first place need
to be known and in accordance to Goodman (2001), a p-value of 0.01 corresponds to a
false-alarm probability of at least 11%, depending on the underlying probability that

there is a true effect; a p-value of 0.05 raises that chance to at least 29%.

The fact that DEFB CN as calculated by raw PRT CN and rounded CN followed the same
pattern, suggests this might be an artefact of CNV calling. Bonferroni correction was
carried out on YMCA 1 and YMCA 2 to reduce the chances of obtaining false-positive
results (type | errors), this combined with the explanation about p-value interpretation
above could simply mean the results of significance in YMCA 2 cohort of SBP with DEFB

CN as calculated by raw and rounded PRT could be explained by chance.

163



7.3 Obesity and metabolic syndrome

Obesity has emerged as one of the leading public-health issues in the past decades.
According to the International Obesity Taskforce 1.1 billion people are overweight with
a body mass index (BMI) over 25 kg/m2 and 312 million are classified as obese (BMI >
30 kg/m?) (Haslam & James, 2005). Though obesity itself is not a disease per se, it is a
major risk factor for developing type Il diabetes, cardiovascular disease and certain

types of cancer at later ages (Khan, 2014; Pothiwala et al., 2009; Van Gaal et al., 2006).

The International Diabetes Federation published the definition of the metabolic
syndrome describing a cluster of factors associated with an increased risk for
atherosclerotic cardiovascular disease (CVD) and diabetes. For a person to be
diagnosed with the metabolic syndrome the following criteria have been defined:
central obesity measured by waist circumference plus two additional factors such as
raised triglycerides (>150 mg/dl), raised blood pressure (130 mm Hg systolic or >85
mmHg diastolic) or raised fasting plasma glucose (>100mg/dl) (Grundy et al., 2004).

7.3.1 Study rationale

The causes of obesity are diverse. Although modern sedentary life style, and an
unlimited offer of food, supports metabolic diseases, it cannot be neglected that
genetic predisposition also plays a major role (O’Rahilly, 2009). Several genetic causes
for obesity have been described, for example mutations in leptin (Montague et al.,
1997) and the leptin receptor (Clement et al., 1998) or in a most recent research, DEFB
knockout mice (knocked out for several of the genes orthologous to those in the
human CNV) were found to have a distinct obesity phenotype (Dorin, unpublished),
and DEFB knock-in mice studies implied that humans with higher copy number of DEFB

tend to be leaner (Dorin, unpublished).

Because of Dorin’s preliminary findings, we conducted an association study to
investigate if CNV at the DEFB region in humans had an effect on BMI. The study was
carried out on both YMCA cohorts and SCS cohort as they had the required clinical

data.
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7.3.2 Association studies of obesity

The descriptive statistics for the analysed outcomes, factors and covariates for YMCA

1, YMCA 2 and SCS cohorts are summarized in Table 37 below.

Table 37: descriptive statistics for the analysed outcomes, factors and covariates for YMCA 1, YMCA 2

and SCS cohorts

Raw Rounded
Age BMI Log(TC:HDL) PRT PRT ML CN
YMCA 1 Min. 16 16 0.36 1.18 1 1
Max. 44 36 2.77 8 8 8
(n=1112)
Mean 19 22.86 1.33 4.04 4.05 3.89
YMCA 2 Min. 16 16 .64 1.63 2 2
(n=524) Max. 42 33 2.15 7.62 8 8
Mean 19 22.61 1.24 4.19 4.24 4.11
SCS Min. 18 16 .36 1.10 1 1
(n=741) Max. 89 47 3.37 8.50 9 9
Mean 55 27.48 1.70 4.46 4.49 4.38

7.3.2.1 Body mass index

The dependent variable; BMI (Figure 62), was modelled as a normal distribution with

an identity link function. The model used type Ill sum of squares ANOVA and goodness-

of-fit was analysed using Wald statistics. Predictor variables and factors were; age (in

years), DEFB CN as estimated by ML approach, raw PRT CN and rounded CN as

covariates for the YMCA cohorts whereas sex was added as a cofactor for the SCS

cohort to correct for the fact that the cohort has both male and female participants.
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Figure 62: Histogram of the BMI for the YMCA 1, YMCA 2 and SCS cohort.

The results of which are summarized in the Table 38, Table 39 and Table 40 below.

Table 38: Results of the association between BMI in YMCA 1 cohort patients and the predictors; age, and
DEFB raw-PRT CN, DEFB rounded CN and DEFB ML CN respectively. (*) Bonferroni corrected probability

for association. (*) denotes a significant p-value < 0.025 under Bonferroni correction

Outcome: BMI for YMCA 1

95% Wald Confidence Interval

Parameter B p-value?®
Lower Upper
Age 0.236 0.186 0.286 <0.001*
DEFB raw-PRT CN | -0.198 -0.374 -0.023 0.027

Age

0.236

0.186

0.286

<0.001*

DEFB rounded CN

Age

-0.198

0.234

-0.374

0.184

-0.023

0.284

0.027

<0.001*

DEFB MLCN

-0.072

-0.232

0.089

0.380

166



Table 39: Results of the association between BMI in YMCA 2 cohort patients and the predictors; age, and
DEFB raw-PRT CN, DEFB rounded CN and DEFB ML CN respectively. (*) Bonferroni corrected probability

for association. (*) denotes a significant p-value < 0.025 under Bonferroni correction

Outcome: BMI for YMCA 2
95% Wald Confidence Interval a
Parameter B p-value
Lower Upper
Age 0.262 0.190 0.335 1.2x10*%
DEFB raw-PRT CN | 0.032 -0.215 0.279 0.801
Age 0.262 0.190 0.335 1.2x10*
DEFB rounded CN | 0.032 -0.215 0.279 0.801 |
Age 0.260 0.188 0.333 1.4x107%*
DEFB ML CN -0.003 -0.240 0.234 0.981 |

Table 40: Results of the association between BMI in SCS cohort patients and the predictors; sex, age,
and DEFB raw-PRT CN, DEFB rounded CN and DEFB ML CN respectively. (°) Set to zero because this

category is the reference for the specific parameter (*) denotes a significant p-value < 0.05

Outcome: BMI for SCS
95% Wald Confidence Interval

Parameter B L ower Upper p-value
Sex: Male 0.190 -0.422 0.802 0.542
Sex: Female 0°
Age 0.053 0.027 0.079 6.4x10°*
DEFB raw-PRT CN | -0.134 -0.407 0.139 0.336

Sex: Male 0.190 -0.422 0.802 0.542
Sex: Female 0®

Age 0.053 0.027 0.079 6.6x107*
DEFB rounded CN | -0.144 -0.412 0.125 0.294

Sex: Male 0.194 -0.419 0.806 0.536
Sex: Female (0

Age 0.053 0.027 0.079 6.2x107°*
DEFB MLCN -0.025 -0.284 0.234 0.851

The same statistical test was repeated but this time only people aged 23 and below
were in the inclusion criterion for the YMCA cohorts and age was no longer set as a

cofactor. As for the SCS cohort, the association was carried out on each sex alone
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became as summarized below.

therefore sex was no longer set as a cofactor. Hence the total number of participants

Cohort Participants Sex
YMCA 1 1068 Male
YMCA 2 498 Male
432 Male
S5 309 Female

The results of BMI and DEFB CN as calculated by ML, raw PRT and rounded PRT

showed no association across the cohorts.

In order to minimize association speculations of DEFB CN and BMI in YMCA 2 and SCS
cohorts, power analysis was carried out using simulation was based on Bolker, (2006).
Power is defined as the probability of detecting a "true" effect, when the effect exists.

Most recommendations for power fall between 80% and 90%.

Power was estimated by a simulated study based of equivalent size to the YMCA 1
cohort (n=1112) with a similar distribution of DEFB CN to that observed in YMCA 1. For
the current sample size of YMCA 2, the power to detect an effect of BMI change due to
DEFB CN was 34% whereas it was 49% for SCS cohort. Both results are below the

recommended minimum of experimental power of 80%.

7.3.2.2 Total cholesterol to high-density lipoprotein ratio (TC: HDL)

It has been demonstrated by cross-sectional and longitudinal studies that among
adults, blood cholesterol concentration increases with age (Verschuren et al., 1994;
The Lipid Research Clinics Program Epidemiology Committee, 1979). All available
results also suggest that the increase in total cholesterol with age is different for men
and women (Wenger, 1999). In addition, there is a general consensus that the total
cholesterol level rises as the body mass index rises (Alexander, 2001; Brown et al.,

2000).

In light of this information, the second outcome to be studied that shows a good
association with obesity is log transformed values of the total cholesterol to High-

Density Lipoprotein ratio (LogTC:HDL)(Figure 63).
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Figure 63: Histogram of the log transformed values of TC: HDL ratio for the YMCA 1, YMCA 2 and SCS
cohort.

Here, the dependent variable was modelled as a normal distribution with an identity
link function. The model used type Ill sum of squares ANOVA and goodness-of-fit was
analysed using Wald statistics. Predictor variables and factors were; age (in years),
DEFB CN as estimated by ML approach, raw PRT CN and rounded CN as covariates for
the YMCA cohorts whereas sex was added as a cofactor for the SCS cohort to correct
for the fact that the cohort has both male and female participants. The results are
summarized in Table 41, Table 42 and 43 below.

Table 41: Results of the association between log(TC:HDL) in YMCA 1 cohort patients and the predictors;

age, and DEFB raw-PRT CN, DEFB rounded CN and DEFB ML CN respectively. (°) Bonferroni corrected

probability for association. (*) denotes a significant p-value < 0.025 under Bonferroni correction

Outcome: Log(TC:HDL) for YMCA 1
95% Wald Confidence Interval

P t B -value ?
arameter Lower Upper p-value
Age 0.009 0.003 0.016 0.004*
DEFB raw-PRT CN | -0.024 -0.046 -0.001 0.039

Age

0.009

.003

0.016

0.005*

DEFB rounded CN

Age

-0.022

0.009

-0.044

0.003

-0.001

0.016

0.038

0.005*

DEFB ML CN

-0.021

-0.041

-0.001

0.043
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For YMCA 1, a slight positive association exists between age and TC: HDL and no
association exists between DEFB CN and TC: HDL under Bonferroni corrected p-value

cut-off.

Table 42: Results of the association between log(TC:HDL) in YMCA 2 cohort patients and the predictors;
age, and DEFB raw-PRT CN, DEFB rounded CN and DEFB ML CN respectively. (°) Bonferroni corrected

probability for association. (*) denotes a significant p-value < 0.025 under Bonferroni correction

Outcome: Log(TC:HDL) for YMCA 2
95% Wald Confidence Interval

P B -value *
arameter Lower Upper p-value

Age 0.026 0.020 0.032 <0.001*
DEFB raw-PRT CN | 0.015 -0.006 0.035 0.154
Age 0.026 0.020 0.032 <0.001*
DEFB rounded CN | 0.013 -0.007 0.034 0.202
Age 0.026 0.020 0.032 <0.001*
DEFB ML CN 0.015 -0.005 0.034 0.147

YMCA 2 cohort shows an association with age; however no association exists with

DEFB CN.
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Table 43: Results of the association between TC: HDL ratio in SCS cohort patients and the predictors;
sex, age, and DEFB raw-PRT CN, DEFB rounded CN and DEFB ML CN respectively. (°) Set to zero because

this category is the reference for the specific parameter (*) denotes a significant p-value < 0.05.

Outcome: Log(TC:HDL) for SCS

95% Wald Confidence Interval

Parameter B Lower Upper p-value
Sex: Female -0.107 -0.160 -0.053 9x107°*
Sex: Male (0
Age -2.6x10™ -0.003 0.002 0.820
DEFB raw-PRTCN | 0.007 -0.017 0.031 0.547

Sex: Female -0.107 -0.160 -0.053 9x107*
Sex: Male (0

Age -2.6x10™ -0.003 0.002 0.823
DEFB rounded CN | 0.009 -0.015 0.032 0.459

Sex: Female -0.107 -0.160 -0.053 9.2x10°*
Sex: Male 0°

Age -2.6x10™ -0.003 0.002 0.821
DEFB MLCN 0.009 -0.013 0.032 0.428

In the SCS cohort, a negative association exists between being female and TC: HDL.

Neither age nor DEFB CN shows an association.

Power was estimated by a simulated study based of equivalent size to the YMCA 1
cohort (n=1112) with a similar distribution of DEFB CN to that observed in YMCA 1. For
the current sample size of YMCA 2, the power to detect an effect of log(TC: HDL)
change due to DEFB CN was 9% whereas it was 10% for SCS cohort. Both results are

below the recommended minimum of experimental power of 80%.

7.3.3 Discussion

According to the above results of YMCA 1, DEFB CN was not found to have an effect on
BMI under Bonferroni correction (p-value cut off of 0.025) however, assuming no
multiple testing correction was carried out, DEFB CN was found to have an effect on
BMI in the same direction as that indicated by Dorin’s preliminary results. YMCA 2

under Bonferroni correction and without it and SCS cohorts showed no association
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with BMI. This could be due to a low sample size (524 and 741 respectively) with
power too small to pick up a real effect in the population. The same trend was found
when the test was carried out using only participants below the age of 24. For YMCA 2

and SCS cohorts to pick up a real effect; the minimum sample size has to be 1624.
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Figure 64: a graph showing the power of the study for each sample size to pick up an effect in BMI
change due to DEFB CN based on the YMCA 1 parameters. The red line set at 80% shows the minimum

accepted power for a study to pick up a true effect if an effect is present in a population.

As for the log transformed values for total cholesterol to HDL ratio, the higher the ratio
was, the lower the DEFB CN would have been in YMCA 1 cohort if no Bonferroni
correction was applied. Under the Bonferroni correction, there was no association
between DEFB CN and log transformed values for total cholesterol to HDL ratio. The
effect was not detected in YMCA 2 (with and without Bonferroni correction) or SCS
cohort as the power of the study was 32% and 44% respectively. For YMCA 2 and SCS

cohorts to pick up a real effect; the minimum sample size has to be 1800.
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Figure 65: a graph showing the power of the study for each sample size to pick up an effect in log
transformed values of TC: HDL ratio change due to DEFB CN based on the YMCA 1 parameters. The red
line set at 80% shows the minimum accepted power for a study to pick up a true effect if an effect is

present in a population.

In order to conclude if DEFB CN has an effect on BMI and log (TC: HDL), a replication
study true to the discovery study; YMCA 1 cohort, not under Bonferroni correction,
needs to be carried out, with a minimum sample size of 1800. The criteria for
recruitment should be only males, aged 17 years and above, and of Eastern European

origin.
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8 Discussion

My PhD thesis explored the structural variability of the B-defensin copy number
variable region shedding light on the size of the repeat, its relationship to the
polymorphic inversion at the 8p23.1 genomic location and whether SNPs and/or SNP
haplotypes were in LD with the region. The thesis also compared and contrasted the
different methods used for calling DEFB CNVs and highlighted the best method to use
in genotyping copy number for the DEFB region. The role of copy number variations of
DEFB in various diseases was also explored using several case-control studies and an
attempt to develop a model system to investigate whether DEFB expression levels
differ with CN in response to treatment with pneumolysin by using Normal Human

Bronchial Epithelial (NHBE) cells was carried out.

8.1 Size of the contiguous DEFB CNV region is 322Kb.

Using NimbleGen aCGH data we confirm that heterogeneity at the DEFB region was
limited to the presence/absence polymorphism of an endogenous retrovirus, HERV-
k115 in the intron of DEFB107 confirming the results of Turner et al., (2001), however
contradicting its prevalence of 16%. Our data showed a loss in DEFB107 in one of the
regions in 30% of the samples. NimbleGen aCGH data was also used to deduce that the
size of the contiguous DEFB CNV region to be 322Kb with two copies assembled in
hgl8, agreeing with the findings of Hollox et al., (2003), with gene content of CNV
confirmed by Forni et al., (2015).

The identification of the CNV boundary in humans has two important consequences.
First, identification of the boundary within an LTR as part of a large antiparallel
segmentally duplicated region suggests a link to the frequent polymorphic inversion at
8p23.1, where the 5-Mb region between REPP and REPD is inverted. This is because
inversions are sponsored by recurrent non-allelic homologous recombination between
antiparallel repeats. Analysis of potentially recombinant BAC sequences from this
region has previously suggested multiple inversion breakpoints, particularly centred on

the olfactory repeat region, but the closest is at least 50kb away from the DEFB CNV
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boundaries (Salm et al. 2012). So although it looks very likely that the entire DEFB copy
number region was repeatedly carried between REPP and REPD by inversion formation
(Abu Bakar et al. 2009; Salm et al. 2012), our findings confirm no correlation was found
between DEFB CN and inversion status. The second important consequence of the
identification of the CNV boundary is that non defensin genes within the repeat unit
that are confirmed as copy number variable may show alteration of expression levels

concomitant with the CNV.

SNP haplotype analysis showed that the TAG and GGA haplotype show significant
weak correlation with DEFB CN. The presence of the TAG haplotype is associated with
an increase in CN and presence of the GGA haplotype is associated with a decrease in
CN. These results could perhaps be best explained by the differences in mutation rates.
Slowest, representing the oldest variation are SNPs and their haplotypes, followed by
the inversion which is recurrent and leaves a faint yet detectable signal of association
with the SNP haplotype, and finally there is the CNV, which mutates too quickly to
leave signal with a flanking SNP allele and seemingly too quickly to leave a signal with
the inversion. It also sheds light on the fact that diseases, like Psoriasis, are associated

with DEFB CNV regardless of their orientation and inversion status.

8.2 PRT s the best method to genotype DEFB CNV.

Agilent aCGH and NimbleGen aCGH first developed CGH as a method for copy number
comparison between differentially labelled target and reference DNAs by measuring
the fluorescence ratio along the length of each chromosomal region, indicating relative
losses or gains in a target sample using fluorescence in situ hybridization. CGH arrays
use arrays of bacterial artificial chromosomes, cDNA, or long synthetic oligonucleotides
to probe specific regions of interest for copy number assessment (Li & Olivier, 2013).
These probes can either be selected for an even genome-wide distribution or for
unique, repetitive regions. NimbleGen aCGH and Agilent aCGH platforms contain
substantial amount of probes in SD regions. In general, SDs show higher levels of false
positives and false negative call rates in comparison to unique regions of the genome

(Pinto et al., 2011). The success for resolving copy number polymorphism (CNP) into
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discrete copy number classes depends on the genetic property of the CNP, the density
and performance of the probe and the parameters used for normalization. It is worth
mentioning that probe number does not mean improved coverage or resolution
(Cantsilieris et al., 2013). When it comes to DEFB CN calling, NimbleGen aCGH has
15,266 probes across the DEFB region and Agilent aCGH has 62, and none provide as
good a clustering around an integer number call as PRT does. A major drawback of
using NimbleGen aCGH and Agilent aCGH in calling DEFB CN is that estimation of the
copy number call is relative and depends on how well the reference sample is
characterised. For example, a loss in the reference sample can be interpreted as a gain
in the test sample even though the test sample may have a diploid CN of two
(Cantsilieris et al., 2013). As far as the nCounter is concerned, the ability to call
absolute DEFN CN is very specific especially among the lower copy number calls. We
can conclude that nCounter and PRT are equally good in calling copy number, however
when looking at one gene at a time, nCounter is not feasible as it is capable of profiling
up to 800 regions of the human genome in a single reaction making its running cost
high. The DEFB CN calls as typed by ddPCR were accurate and reproducible when run
in duplicate and the threshold of quadruplets was tweaked manually. This step is time
consuming since each sample has to be looked at individually to set the threshold at
the right position according to the user, hence typing large cohorts becomes
prohibitively time-consuming. When a copy number is high for example, ddPCR would
require an extra step in sample preparation such as restriction enzymes to efficiently
separate linked copies of the target gene. As for genome STRiP method, the results
when plotted against PRT had a regression coefficient of 0.98 and almost 95% identity.
This proved to be a good calling method for DEFB CN however; it requires sequenced
genomes to generate the data which is not always possible due to ethical and financial

considerations.

In summary, triplex PRT proved to be the best method for typing DEFB CN. PRT uses a
small amount of DNA of 5ng/ul, uses one pair of primers to amplify test and reference
which increases consistency and reproducibility. During this PhD, 7173 samples were
genotyped for DEFB CNV using PRT, 443 failed to type from the first run. i.e. PRT has a

high pass rate of almost 94% in returning an integer value, with a significant p-value
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from the first run, rapid and suitable for typing thousands of samples in large case-

control association studies.

8.3 DEFB CN and lung function.

8.3.1 NHBE cell lines having different DEFB CN have different basal DEFB
mRNA levels and treatment with pneumolysin decrease hBD-2

expression.

The original experiment was carried out on an NHBE cell line (cell line 1) that carried a
DEFB CN of 4. The replication experiment (cell line 2) was carried out on an NHBE cell
line that had a DEFB CN of 5. qPCR results show that basal mRNA levels for cell line 2
were higher than those in cell line 1 suggesting that DEFB CN has an effect on the
amount of mRNA stored DEFB4. Nonetheless, in response to treatment with Pn, the
fold change in expression of DEFB4 relative to reference PPIA and UBC genes in both
cell lines were similar; suggesting that amount of DEFB4 mRNA released upon infection

is not controlled by the DEFB CN.

As far as hBD-2 concentration levels are concerned, treatment with Pn reduced the
amount of hBD-2 in the supernatant. These results contradict previous findings of Kim
et al., (2013) and Scharf et al., (2012). The contradicting results could be explained by
the use of different cell lines in each of the experiments; NHBE cell lines in ours,
Human alveolar epithelial A549 cells in Kim’s experiment and Primary human small
airway epithelial cells in Scharf’s experiment. It has been previously confirmed by
Hellmann et al., (2001) that A549 cell lines, being carcinoma cell lines had expression
differences across 17 genes expression differences, either upregulation or
downregulation relative to NHBE cells. Hence, the results obtained from carcinoma cell
lines do not necessarily have the same effect on normal human bronchial epithelial

cells and cannot mimic in vivo studies.

hBD-2 concentration levels were not significantly different in cells that have a DEFB CN
of 4 and 5, but hBD-2 concentration levels decreased as levels of treatment with Pn

increased in each cell line (Figure 41 and Figure 44). The explanation behind why
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mRNA levels showed no change upon treatment with Pn could suggest that hBD-2 is
released at sublytic (pro-inflammatory) concentrations of Pn as an early indicator that
the epithelial cells are stressed and return to basal levels. Therefore the reduction in

hBD-2 levels may be an acute response to treatment with Pn.

8.4 No evidence of association of DEFB CN with HIV viral load.

DEFB CN was determined in a cohort of 302 people with African descent and in a
separate cohort of 3155 people with European descent using PRT. The distributions of
CN observed in each cohort ranged from 1 — 9, with a modal CN of 4 consistent with
previous data (Hardwick et al., 2012). Association with log(spVL) was tested using a
generalised linear model, with sex, age, and the first three principal components of
genome-wide SNP genotype data as covariates. No association with DEFB CN was
found in the IAVI cohort (b=0.007, 95%Cl -0.064 to 0.077, p=0.853) nor the Swiss
cohort (b=-0.02, 95%CI -0.06 to 0.021, p=0.335).

Following the footsteps of previous analyses, the association of VL with DEFB CN by
dividing the copy number distribution, ranging from 1 to 9, into two discrete
categories, 4 or more copies and fewer than 4 copies was carried out. This has the
potential to increase power, as a linear response CN is not assumed. However, using
the same covariates as above, neither the SHC cohort nor the IAVI cohort showed an
association (reference category copy number <4, b=-0.015, 95%Cl -0.117 to 0.087,
p=0.773 for the SHC cohort, b=-0.22, 95%Cl -0.567 to 0.127, p=0.214 for the IAVI

cohort).

Another clinical variable which shows evidence of association with host genetic
variation is the rate of progression of HIV from seroconversion to death due to AIDS.
Progression data for 229 individuals from the Swiss cohort were available. Using a Cox
regression model, we found no statistically significant association with DEFB CN
(Exp(B)=1.146, p=0.081), although the direction of effect suggested an increase in the
hazard ratio with increasing DEFB CN. Given that this is consistent with previous results
(Hardwick et al., 2012), and that rate of progression analyses the effect of host

variation across the whole timescale of HIV infection including the later stages of AIDS,
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we suggest that this result should be examined further with a large cohort where

progression data is available.

We finally investigated whether there was evidence of association of DEFB CN and risk
of acquiring HIV by constructing a case-control study in which the cases are from the
Swiss cohort and the controls are individuals of European descent of unknown HIV
status previously typed as part of other studies. For controls, we used 1156 individuals
from a population cohort from Nottingham, UK and 695 individuals from Leicester, UK
(Wain et al., 2014), combined with 183 UK individuals from the ECACC Human Random
Controls cohort (Hardwick et al., 2011). These individuals were of unknown HIV status.
Using logistic regression with case/control as the binary outcome variable, we found

no association with DEFB CN (b=0.009, 95%Cl -0.042 to 0.061, p=0.725).

In summary, no evidence was found for association of DEFB CN with HIV susceptibility
or spVL. We also find no evidence of a strong effect on HIV progression rate, although
it should be noted that the small sample size makes it unlikely that we could detect a

small- or medium-sized effect.

8.5 Association of DEFB CN variation in other disease cohorts

8.5.1 No evidence that DEFB CNV plays a role in VUR patients

DEFB CN was determined in a cohort of 414 individuals from the RIVUR study using
PRT. The distributions of CN observed in each cohort ranged from 2 — 9, with a modal
CN of 4. Association of raw PRT DEFB CN, rounded PRT DEFB CN and ML DEFB CN
respectively with number of breakthrough infections, whether first infection caused by
E.coli, whether breakthrough infection was caused by E.coli and whether new kidney

scars developed were carried out.

No association of raw PRT DEFB CN (b=0.209, 95%Cl -0.032 to 0.451, p=0.089) and
rounded PRT DEFB CN (b=0.231, 95%CI -0.005 to 0.468, p=0.055) was found with
number of breakthrough infections. However a barely significant association was
found with DEFB CN as calculated by ML (b=0.261, 95%Cl 0.01 to 0.512, p=0.041).

Higher DEFB CN as estimated by ML approach showed an association with a higher
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number of breakthrough infections (p= 0.041). However, since the significance level is
close to the 0.05 cut-off point and neither DEFB CN as estimated by raw PRT
calculations (p=0.089) and rounded PRT CN (p=0.055) were found to be associated
with the same dependent variable, a deeper investigation is required to confirm or
refute the result. Also, given that the highest p value is given with DEFB CN as

calculated using raw PRT data suggests this might be an artefact of CNV calling.

No association of raw PRT DEFB CN (b=-0.034, 95%Cl -0.541 to 0.474, p=0.897),
rounded PRT DEFB CN (b=-0.124, 95%Cl -0.605 to 0.357, p=0.613) and DEFB CN as
calculated by ML (b=-0.037, 95%CIl -0.544 to 0.469, p=0.886) was found with whether

first infection caused by E.coli.

No association of raw PRT DEFB CN (b=-0.477, 95%Cl -1.33 to 0.375, p=0.273), rounded
PRT DEFB CN (b=-0.491, 95%CI -1.35 to 0.365, p=0.261) and DEFB CN as calculated by
ML (b=-0.511, 95%Cl -1.39 to 0.369, p=0.255) was found with whether the

breakthrough infection was caused by E.coli

Lastly, No association of raw PRT DEFB CN (b=-0.348, 95%Cl -0.913 to 0.217, p=0.228),
rounded PRT DEFB CN (b=-0.385, 95%CI -0.943 to 0.172, p=0.175) and DEFB CN as
calculated by ML (b=-0.545, 95%Cl -1.03 to 0.120, p=0.121) was found with the

development of new kidney scars.

In conclusion, this work found no evidence that CNVs at the DEFB region affects
susceptibility to VUR or UTls. A replication study must be carried out with a larger
cohort to minimize any CNV calling artefact. Also, the potential interactions between
DEFB genes and environmental conditions (VUR, age, ethnicity... etc.) should explore

more complex hypotheses, including gene—gene and gene—environment.

8.5.2 No evidence that DEFB CNV affects blood pressure
DEFB CN was determined in three cohorts; YMCA 1 of 1113 individuals, YMCA 2 of 524
individuals and SCS of 741 individuals using PRT. The distributions of CN observed in

each cohort ranged from 1 — 8, 2 — 8 and 1 — 9 respectively with a modal CN of 4.
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Association of raw PRT DEFB CN, rounded PRT DEFB CN and ML DEFB CN respectively
with systolic blood pressure and diastolic blood pressure was carried out. Bonferroni
correction was carried out on YMCA 1 and YMCA 2 to reduce the chances of obtaining

false-positive results (type | errors).

No association of systolic blood pressure and diastolic blood pressure was found in
YMCA 1 and SCS cohorts and DEFB CN. The YMCA 2 cohort shows that the lower the
DEFB CN is, the higher the SBP is (for raw PRT; b=-1.61, 95%Cl -2.77 to -0.45, p=0.007)
and the result for DBP was significant only when tested with DEFB CN as estimated by
raw PRT and rounded CN, and not with DEFB CN as calculated by ML approach. The
results were not shown in both YMCA 1 and SCS cohorts which both have a higher
number of participants. The fact that DEFB CN as calculated by raw PRT CN and
rounded CN followed the same pattern, suggests this might be an artefact of CNV
calling and could simply mean the results of significance in YMCA 2 cohort of SBP with

DEFB CN as calculated by raw and rounded PRT could be explained by chance.

8.5.3 No association of DEFB CNV and obesity

Studies of obesity were carried out using the YMCA 1, YMCA 2 and SCS cohorts as the
required descriptive statistics were available for analysis. According to results of YMCA
1, DEFB CN was not found to have an effect on BMI under Bonferroni correction (p-
value cut off of 0.025) however, assuming no multiple testing correction was carried
out, DEFB CN was found to have an effect on BMI in the same direction as that
indicated by Dorin’s preliminary results on knockout mice which is: lower DEFB CN is
associated with a higher BMI. YMCA 2 under Bonferroni correction and without it and
SCS cohorts showed no association with BMI. This could be due to a low sample size
(524 and 741 respectively) with power too small to pick up a real effect in the
population. The same trend was found when the test was carried out using only
participants below the age of 24. For YMCA 2 and SCS cohorts to pick up a real effect;

the minimum sample size has to be 1624.

As for the log transformed values for total cholesterol to HDL ratio, the higher the ratio

was, the lower the DEFB CN would have been in YMCA 1 cohort if no Bonferroni
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correction was applied. Under the Bonferroni correction, there was no association
between DEFB CN and log transformed values for total cholesterol to HDL ratio. The
effect was not detected in YMCA 2 (with and without Bonferroni correction) or SCS
cohort as the power of the study was 32% and 44% respectively. For YMCA 2 and SCS

cohorts to pick up a real effect; the minimum sample size has to be 1800.

In order to conclude if DEFB CN has an effect on BMI and log (TC: HDL), a replication
study true to the discovery study; YMCA 1 cohort, not under Bonferroni correction,
needs to be carried out, with a minimum sample size of 1800. The criteria for
recruitment should be only males, aged 17 years and above, and of Eastern European

origin.

In summary, results from this thesis confirm that the DEFB CNV region is 322kb in
length, with a polymorphic inversion that occurs at a prevalence of 30% at the 8p23.1
genomic location that is independent of the DEFB CN. Paralogue Ratio Test (PRT)
proved to be the best method of genotyping DEFB CNV especially in larger cohorts.
Work from this thesis also founded the basis of developing an in vitro model system to
investigate whether DEFB expression levels differ with CN in response to treatment
with pneumolysin by using Normal Human Bronchial Epithelial (NHBE) cells. As far as
case/control and cohort studies are concerned; results from this thesis does not
support previous results that present an association between HIV viral load and DEFB
CN. DEFB CN was also found not to be associated with recurrent UTls in VUR patients,
nor with hypertension. Data suggested that DEFB CN might be associated with BMI but

this has not been reproduced in a smaller cohort.
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9 Appendices

Appendix 1: Samples that showed heterogeneity upon analysing NimbleGen aCGH data

Samples Position Length (bp) Genes Gain or Loss Repeat Elements Involved
C0053 7146450-7175250 28801 FAM66B/DEFB1091B Gain Various
7175550-7187850 12301 FAM66B/USP17L1P/USP17L4 Loss Simple
C0075 7175550-7183350 7801 FAM66B/USP17L1P/USP17L4 Loss Simple
C0096 7175550-7187550 12001 FAM66B/USP17L1P/USP17L4 Loss Simple
7250250-7252350 Gain LTR:HERVH
C0140 7250250-7252950 Gain LTR:HERVH
C0195 7247250-7253250 Gain LTR: HERVH
C0766 7247250-7252950 Gain LTR:HERVH
C0877 7175550-7187550 12001 FAM66B/USP17L1P/USP17L4 Loss Simple
7247250-7252950 Gain LTR:HERVH
C0888 7344150-7349850 5701 DEFB107A/B Loss LTR: HERVK
NA06994 7175550-7187850 12301 FAM66B/USP17L1P/USP17L4 Loss Simple
NA07000 7175550-7187850 12301 FAM66B/USP17L1P/USP17L4 Loss Simple
NA07019 7247250-7252950 Gain LTR:HERVH
NA07029 7175550-7187850 12301 FAM66B/USP17L1P/USP17L4 Loss Simple
NA07055 7175550-7187550 12001 FAM66B/USP17L1P/USP17L4 Loss Simple
NA07345 7175550-7187850 12301 FAM66B/USP17L1P/USP17L4 Loss
NA10831 7343850-7354050 10201 DEFB107A/B Loss LTR: HERVK
NA10835 7175550-7183050 7501 FAM66B/USP17L1P/USP17L4 Loss Simple
NA10838 7175550-7187550 12001 FAM66B/USP17L1P/USP17L4 Loss Simple
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NA10846 7097250-7143450 46201 LOC349196 Loss Various
7175550-7187850 12301 FAM66B/USP17L1P/USP17L4 Loss Simple
NA10851 7175550-7187550 12001 FAM66B/USP17L1P/USP17L4 Loss Simple
7247250-7252950 Gain LTR:HERVH
NA10860 7246950-7252950 Gain LTR:HERVH
NA11840 7175550-7187850 12301 FAM66B/USP17L1P/USP17L4 Loss Simple
7342950-7351650 8701 DEFB107A/B Loss LTR: HERVK
NA11986 7247250-7252950 Gain LTR:HERVH
NA11991 7344150-7351350 7201 DEFB107A/B Loss LTR: HERVK
NA11996 7306950-7308450 1501 HE2/SPAG11B Gain
NA12005 7175550-7187550 12001 FAM66B/USP17L1P/USP17L4 Loss Simple
7343850-7351050 7201 DEFB107A/B Loss LTR: HERVK
NA12144 7247250-7252950 Gain LTR:HERVH
NA12154 7328850-7329150 301 DEFB106A/B Gain Simple
NA12234 7247250-7252950 Gain LTR:HERVH
7328850-7330050 1201 DEFB106A/B Gain SINE+Simple
NA12239 7342950-7351950 9001 DEFB107A/B Loss LTR: HERVK
NA12753 7175550-7187850 12301 FAM66B/USP17L1P/USP17L4 Loss Simple
NA12864 7247250-7252950 Gain LTR:HERVH
NA12865 7176450-7187850 11401 FAM66B/USP17L1P/USP17L4 Loss Simple
NA12873 7246950-7253850 Gain LTR:HERVH
7328850-7330050 1201 DEFB106A/B Gain LINE + Simple
NA18562 7343850-7349550 5701 DEFB107A/B Loss LTR: HERVK
NA18858 7342950-7351950 9001 DEFB107A/B Loss LTR: HERVK
NA18860 7247250-7252950 Loss LTR:HERVH
7342950-7351950 9001 DEFB107A/B Loss LTR: HERVK
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NA19003 7342950-7352250 9301 DEFB107A/B Loss LTR: HERVK
7352700-7389300 36601 DEFB107A/B Gain Various
NA19140 7175550-7187850 12301 FAM66B/USP17L1P/USP17L4 Loss Simple
7343250-7351050 7801 DEFB107A/B Loss LTR: HERVK
NA19153 7342950-7351950 9001 DEFB107A/B Loss LTR: HERVK
NA19204 7175550-7183350 7801 FAM66B/USP17L1P/USP17L4 Loss Simple
7342950-7352250 9301 DEFB107A/B Loss LTR:HERVK
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Appendix 2: A list showing the different techniques in which the samples were

genotyped for DEFB CN.

Sample name

PRT

NimbleGen

Agilent

nCounter

ddPCR

genome STRiP

co002

x

co006

co007

co008

co009

co010

co016

co018

co022

co027

co029

co030

co034

co035

co036

co038

co040

co045

co047

co053

co055

co058

co060

co063

co065

co066

co068

co073

XX XXX X[X[X[X[X[X|X|X|X|X[X[|X[X[X[X[X|X|X]|X]|X]|X]|X

co075

co080

co081

co084

co085

co088

co090

co091

co095

XX |[X|X|X|X|X|X

CO096

co097

x

co098

X X [X[X[X[X[|X|X[|X[X[X[X[X[X[X|X[|X[|X[X[X[X[X|X|X[|X[|X|X[X|[X|[X|X|X|X|X|X[X|X|X|X]|X
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co100

co1006

co01008

co1010

col011

co106

col07

co108

colll

col21

col23

col26

col36

col37

col39

col43

col45

col47

col49

col150

col52

col54

col56

col57

col60

col66

col67

col68

col76

col78

co180

co182

co183

col84

co185

col186

col187

co188

col189

co190

col91

col92

col94

co195

XXX XXX X|[X[X|X[X[X|X[X]|X[X[X]|X[X[X[X[X]|X[3X]X]|X[X]|X[X[X]|X[X[|X|X[X[|X[X[X|X[X|X|X|X

XXX XXX DX XXX XXX XXX XXX X|X|X]|X|X[|X[X|X[X[X[X[X[X[X]|X]|X[|X|X|X|X|X|X|X
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c0196

col197

co201

co0203

co204

co207

co0208

co210

co215

co722

co723

co724

co725

co728

co730

co731

co735

co739

co741

co744

co747

co748

co749

co750

co753

co755

co766

co781

co786

co832

co848

co849

co850

co851

co854

co855

co856
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