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Abstract

The discovery of cell-free DNA (cfDNA) in blood and the advent of massive parallel
sequencing technologies has revolutionized the prenatal screening field by providing
a better risk assessment of fetal chromosomal alterations than traditional first trimester
screening alone and, as a consequence, potentially reducing the number of women
unnecessarily undergoing confirmatory invasive diagnostic tests. The so-called
noninvasive prenatal testing (NIPT) field is nowadays being exploited by worldwide
companies racing to offer cfDNA tests covering an increasing number of fetal

conditions, not without ethical concerns. This Thesis explores the use of -

I o con be applied in the NIPT field but

also in other relevant clinical settings like cancer.

Keywords: cell-free DNA, noninvasive prenatal testing, ., massive parallel

sequencing, aneuploidy
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Resum

El descobriment d’ADN lliure circulant (ADNcir) en sang i el desenvolupament de
tecnologies de seqiienciacié massiva han revolucionat el camp del cribratge prenatal
mitjancant una millor avaluacid del risc d’alteracions cromosomiques fetals respecte
el cribratge tradicional del primer trimestre. Aquest fet, doncs, ha permes una potencial
reduccid6 del nombre de dones sotmeses a proves diagnostiques invasives
confirmatories. L’anomenat camp de 1’analisi prenatal no invasiu (TPNI) esta sent
explotat avui en dia per companyies d’arreu del mon en una cursa per a oferir proves

basades en I’ADNCcir que cobreixen un nombre creixent de condicions fetals, no sense

preocupacions etiques. Aquesta Tesi explora 1’us de_
I ' o només cn cl camp e

TPNI sin6 també en d’altres entorns clinics rellevants com son el cancer.

Paraules clau: ADN lliure circulant, analisi no invasiu prenatal, ., seqlienciacid

massiva, aneuploidia .
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Preface

This Thesis has been developed in the context of the Industrial PhD program, an
initiative supported by the Generalitat de Catalunya initiated by the end of 2012 that
aims at strengthening collaboration and promoting knowledge and technology transfer
between university or research centers and industry. Such collaboration usually results
in the concretion of the generated knowledge into a technology or product that can
provide both economic and social benefits. From the 17 projects started in 2012, a total
of 5 have generated results susceptible to intellectual protection through either patents

or utility models.

In this case, the collaboration took place between the Barcelona Institute for Global
Health (ISGlobal) and qGenomics. qGenomics was founded in 2008 as a spin-off of
the Center for Genomic Regulation (CRG) and the Pompeu Fabra University (UPF)

and currently has around 50 employees.

Research in this industrial context is very much driven by its utility in improving the
efficiency of internal workflows or by its potential translation into a cost-effective
commercial assay. In this context, the interest of cell-free DNA (cfDNA) from a
commercial point of view is evident: the advent of next-generation sequencing (NGS)
technologies around 10 years ago accelerated cfDNA research and has allowed the
development of the so-called noninvasive (or minimally invasive) techniques. Several
fields of potential application appeared, being the noninvasive prenatal testing (NIPT)
the most successful of them. Nowadays, NIPT commercial tests are marketed

worldwide covering an increasingly number of fetal conditions.

However, the interest for cfDNA research is not restricted to its commercial value: the
biological features of cfDNA require the development of a set of tools to be able to
work with low concentrated and partially degraded samples. In the context of
qGenomics, this has direct implications in the daily routine, as it is not infrequent to
receive low quality samples that pose important challenges to standard sample

processing workflows.

xi



The partnership between qGenomics and Hospital Universitari Dexeus allowed to
obtain a first reduced group of samples to validate, in the context of a pilot study, the
performance of our developed tools for detecting the most relevant chromosomal
alterations and evaluating basic parameters typically evaluated in noninvasive prenatal
tests. A second phase of the study has recently started that will allow, by collecting a
higher number of samples, to explore more refined aspects of both cfDNA biology and

our own methodology.
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1. Introduction

1.1 General aspects of screening programs

In the clinical setting, the early detection of certain pathological conditions before any
symptoms become noticeable is highly desirable to allow an early preventive or
diagnostic intervention that can contribute to a better management of that specific

condition’.

To this end, screening programs aiming at identifying affected individuals for a given
condition out of a defined population of apparently healthy or asymptomatic
individuals have been developed. In this context, if an individual is found to be within
a high-risk group according to a specific screening test, he or she will be offered some
preventive or confirmatory diagnostic intervention that can provide a definitive an

accurate diagnosis'.

Confirmatory interventions commonly include the invasive extraction of a biological
sample of a potentially abnormal tissue or fluid for close examination, which carry a
series of risks for the patient. In the context of cancer, for instance, image-based
screening methodologies such as colonoscopy or mammography may indicate that an
individual is at high risk of colon or breast cancer. If the imaging methodologies
suggest that a tumoral mass may be present, a confirmatory tissue biopsy is performed,
and a diagnosis may be confirmed. The obtention of a tissue biopsy is an invasive

procedure that carries a significant risk of infection, bleeding and even death?.

In the field of prenatal testing, the risk of potential fetal abnormalities is typically
screened at 8 to 13,6 gestation weeks® using a combination of blood biomarkers,
echographic signatures (nuchal translucency thickness, NT) and maternal age. When
a pregnancy is deemed high risk, then fetal genetic material needs to be obtained
through invasive methods such chorionic villus sampling (CVS) or amniocentesis. In

this context, both CVS and amniocentesis have been associated to a risk of miscarriage
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of 0.22% and 0.11% respectively*. A historic, more in-depth vision of the screening

strategies used in prenatal testing is provided in Section 1.5.1.

Because screening methods aim at identifying all potential affected individuals in a
population, high sensitivity is needed, which is commonly achieved at the expense of
specificity. This results in a proportion of false positive individuals that unnecessarily
undergo confirmatory invasive procedures®. The need to improve the sensitivity and
specificity of screening methodologies to minimize both the number of invasive
procedures and their associated risks fueled the research of novel more accurate and

minimally invasive methodologies, often called noninvasive methodologies.

The rapid expansion of next-generation sequencing (NGS) methodologies over the last
decade has created many opportunities for the development of improved screening
strategies. In the following paragraphs, the key aspects of an [llumina compatible NGS
laboratory workflow are introduced, which is the sequencing technology used

throughout this work.

1.2 Next-generation sequencing

The first-generation DNA sequencing techniques were published in 1977 by Fred
Sanger and colleagues® after nearly a quarter of a century since the discovery of the
DNA structure’. The original methodology, known as Sanger sequencing, consisted in
a sequencing-by-synthesis (SBS) approach where the DNA sequence is determined
one nucleotide at a time for a given population of DNA templates. Sanger sequencing
allowed, between 1990 and 2004, the development of the Human Genome Project, a

$2.7 billion international project aiming at sequencing the entire human genome®°.

However, Sanger sequencing presented several limitations in the extent of DNA that
could be sequenced, as it was generally restricted to regions of interest (Figure 1C).
Moreover, the scalability of the method was very limited. The need for faster, more

efficient and scalable routine genomic sequencing led to the emergence, starting in
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2005, of new sequencing methods, collectively known as NGS, massive parallel

sequencing (MPS) or high-throughput sequencing'’.

NGS technologies greatly reduced the time and costs of DNA and RNA sequencing
by massively increasing the sequence output compared to Sanger sequencing: while
Sanger sequencing is only capable of producing one sequence per template reaction,
in NGS, millions to billions of individual sequencing reactions are performed

simultaneously!!.

The ability to parallel sequence large portions of the genome allowed the emergence
of several genomic approaches that had been impossible before the advent of NGS.
One of these approaches is whole-genome sequencing (WGS), which can be
performed at a reasonable time and price and allows the study of both coding and non-

coding regions (Figure 1F).

A Ganarms; FGB intergenic FGA intergenic FGG
structure
Gene I ” ” "| I. | “ I I " |h
B structure
C  Sanger
Targeted
D sequencing
E wEes | I IR ] I
F WGS

Figure 1. The horizontal coverage targets of different NGS approaches compared to Sanger
sequencing. Adapted from Kumar et al.'3> A. The genomic structure of the fibrinogen gene
cluster involves three genes (B-fibrinogen [FGB], a-fibrinogen [FGA] and y-fibrinogen
[FGG]) separated by intergenic regions, with FGB on the plus strand and FGA and FGG on
the minus strand of chromosome 4. B. Structurally, the genes consist of untranslated regions
(small black boxes), protein coding exons (colored boxes), and non-coding introns
(horizontal line between exons). C. Sanger sequencing is usually restricted to regions within
a gene of interest and can span up to approximately 800 bp. D. Targeted gene sequencing
focuses on genes of particular interest. E. Whole-exome sequencing (WES) provides
sequence data enriched for all protein coding exons of the entire genome, offering a cost-
effective means of considering pathogenic variants throughout the coding regions of the
genome. F. Finally, whole-genome sequencing (WGS) provides comprehensive sequencing
data across the entire genome, including the protein coding exome, intronic regions between
exons, and intergenic regions between genes.
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Alternatively, targeted sequencing of regions within a single gene or multiple genes of
interest can be performed (Figure 1D). If targeted gene sequencing is expanded to all
protein-coding regions (i.e., exons) the approach is termed whole-exome sequencing
(WES) (Figure 1E). WES is very useful in the clinical setting, as it is estimated that
exonic sequences, which account for only around 2% of the entire genome, contain

85% of currently known disease-causing variants'?.

Among the sequencing platforms developed to date (e.g., Illumina, Roche 454, Ton
Torrent, and PacBio), the [llumina system is the predominant platform used today in
most NGS-related applications'# and it is the methodology used in the context of this

Thesis work.

1.2.1 The principles of Illumina-compatible library preparation and
sequencing
Prior to sequencing, DNA samples are modified in a process known as library
preparation (Figure 2). In the context of Illumina sequencing, library preparation
consists in 1) DNA fragmentation, ii)) DNA end-repair to generate blunt, 5’-
phosphorylated ends, iii) A-tailing of the 3’ ends to facilitate ligation to Y-shaped
sequencing adapters, iv) ligation of adapters and v) PCR amplification to enrich for
library molecules having ligated adapters on both ends. Additionally, samples can be
pooled together, and specific regions of the genome can be enriched to reduce

sequencing costs. These main steps are further introduced in the following paragraphs.

a) DNA fragmentation

[llumina sequencing chemistry requires fragmentation of the DNA samples to be
sequenced. For applications that use genomic DNA (gDNA) as input, samples can be
typically fragmented to an average fragment size of 150-300 bp. This step is
predominantly done either by physical methods (e.g., acoustic shearing and sonication)
or random enzymatic digestion (e.g., non-specific endonuclease cocktails or

transposase tagmentation reactions) (Figure 2A)'.
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Figure 2. Outline of an Illumina-compatible library preparation procedure. A. DNA fragmentation
of gDNA by either physical methods or enzymatic digestion. B. End-repair of DNA
fragments to generate phosphorylated blunt ends. C. Addition of an adenine at the 3’ ends.
D. Ligation of Y-shaped sequencing adapters. E. PCR amplification of DNA libraries. At
this point, one can proceed to WGS. F. Sample pooling and enrichment of selected regions.
G. Amplification of enriched libraries. At this point libraries can be sequenced (targeted
sequencing).

b) End-repair
Because the different fragmentation methods leave a mixture of DNA fragments with
ends that may be incompatible with the subsequent steps (5 and 3° overhang ends),

DNA’s ends need to be blunted and 5’-phosphorylated using a mixture of the enzymes
T4 polynucleotide kinase, T4 DNA polymerase and Klenow Fragment after fragmen-
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tation (Figure 2B)'>.

c) Adenylation
Because the efficiency of ligation of blunt ends is known to be remarkably low, a
minimal sticky end is created by adding an overhang adenine to the blunted 3’ ends

using either Taq polymerase or Klenow Fragment (Figure 2C)'.

d) Adapter ligation

Subsequently, Y-shaped sequencing adapters with a T overhang are ligated to both
ends of the A-tailed molecules at specific adapter:fragment ratios, usually determined
by the manufacturer. This ratio is a key parameter, since an adapter-to-library excess
can favour the formation of adapter dimers (self-ligated adapter molecules) that can be
difficult to remove and that dominate in the subsequent PCR amplification steps

(Figure 2D)".

e) Library amplification

Next, PCR amplification is performed to enrich for adapter-ligated DNA fragments.
The number of PCR cycles, another key parameter, is usually determined in the
manufacturer’s guidelines and is dependent on the initial DNA input. PCR reactions
are then purified using either bead or column-based methods prior to quantification
and evaluation of library size distribution, usually performed through fluorometric and
capillary electrophoresis methods, respectively. At this point, one can proceed to WGS

or continue with target enrichment (Figure 2E)'.

f) Sample pooling and target enrichment

Several strategies have been developed to cut the costs associated with NGS. In order
to be able to run multiple samples in one sequencing run, adapter molecules tagged
with specific sequences known as “barcodes” or “indices” can be used. These are short
sequences typically 6-8 bp long that are co-sequenced with the library molecules.
During library preparation, each sample is ligated to adapters that have a single
barcode, and samples with different barcodes can then be pooled (mixed) together.
After sequencing, in a bioinformatic process known as demultiplexing, each sequenced

read can be assigned to a specific sample through its barcode!®. In combination with
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sample pooling, specific genomic regions can be selected through targeted enrichment.
This is typically achieved using hybridization-based methods that use tagged baits or
multiplex-PCR (amplicon-based) methods that can amplify thousands of regions
simultaneously. Once the libraries are ready, they are diluted to a specific molarity to

be loaded onto the sequencing instrument (Figure 2F).

d) Amplification of enriched libraries
Finally, enriched libraries are amplified and purified using either bead or column-
based methods and evaluated as described in paragraph e) prior to sequencing (Figure

2G)'5.

h) The lllumina sequencing process
In the Illumina method, which is a SBS method similar to Sanger sequencing, millions
of different DNA template strands are loaded into the flow cell, the microfluidics

chamber in which the preparatory and sequencing reactions take place (Figure 3).

Figure 3. The Illumina sequencing
process. A researcher holds a mid-output
flow cell, ready to be loaded onto a NextSeq
500 Illumina platform. (Photo credit:
qGenomics).

Inside the flow cell, the library fragments are hybridized to DNA priming sequences
that are bound to the flow-cell’s surface. These priming sequences are complementary
to the adapter regions in the DNA library molecule and allow binding of the DNA
polymerase. Each DNA molecule is then amplified into distinct clonal clusters through
bridge-amplification to increase the amount of DNA that will provide light emission
subsequently, which will increase signal-to-noise ratio later in the process. When

cluster generation is complete, the templates are ready for sequencing (Figure 4A).
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Figure 4. Schematic view of Illumina sequencing technology in a NextSeq system. A. Cluster
amplification. Library fragments hybridize to DNA priming sequences that are bound to the
flow-cell’s surface. Each DNA fragment is then amplified into distinct clonal clusters
through bridge-amplification prior to the sequencing reaction. B. Sequencing reaction. For
each sequencing cycle, a single base containing a 3’-terminator (here represented as a purple
triangle) that blocks further polymerization is incorporated to each growing DNA copy
strand. Next, unbound dNTPs are removed, and the flow cell’s surface is imaged to identify
which dNTP was incorporated. Finally, bound dNTPs are converted to regular bases so that
they become extendable and non-fluorescent and the process can be initiated again. C. Single
and paired-end sequencing options.

During each sequencing cycle, a mixture of all four individually labelled
deoxynucleotides (ANTPs) are added. Such dNTPs contain a 3’-terminator that blocks
further polymerization so that only a single base can be added by a polymerase enzyme
to each growing DNA copy strand. After the incorporation of a single dNTP to each
elongating complementary strand, unbound dNTPs are removed, and the flow cell’s
surface is imaged to identify which ANTP was incorporated at each specific cluster
region in the flow-cell. The identification of dNTPs is achieved through total internal

reflection fluorescence (TIRF) microscopy using either two or four laser channels. In
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most [llumina platforms, each ANTP is bound to a single fluorophore that is specific
to that base type and requires four different imaging channels, whereas in the NextSeq
(the sequencing platform used in this work), the NovaSeq and Mini-Seq systems, a
two-fluorophore system is used'®. Next, in a step unique to NGS, the modified bases
are converted to regular bases, such that they become both extendable and non-
fluorescent. This restoration process primes them to undergo subsequent rounds of
single-base extension and imaging. At the end of a sequencing run with imaging
cycles, the fluorescence color at each template position in each image is mapped to a

base (i.e., A, T, C, or G) (Figure 4B).

The bases from a single template position are concatenated to yield a DNA sequence
of length n, called a ‘‘read’’. Typically, reads in Illumina sequencing range from 36
bp to 500 bp long!%!13, Libraries can either be sequenced from one end only (known as
single-end sequencing, SE) or from both ends (known as paired-end sequencing, PE).
For instance, a sequencing run that can read 300 bp can be set to read the 300 bp from
one single end or run so that 150 bp are read from each end (Figure 4C). Once the
sequencing run is complete, data can be downloaded, processed and analyzed using

bioinformatic pipelines.

1.2.2 NGS data processing

Once a sequencing run has finalized, a number of bioinformatic steps must be followed
in order to pre-process the raw data and turn it into genomic data that can be analyzed.
These steps are usually aggregated into what is commonly known as a bioinformatic
pipeline. Next, we briefly introduce the most common steps included in a genetic
bioinformatic pipeline. Typically, these generic steps are customized to meet the

specific needs of each application.

a) Sample demultiplexing
This step allows to assign each sequence read to a specific sample based on the

information provided in the barcode portion of the ligated adapter.
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b) Adapter and low-quality base trimming
Bases with low sequencing quality (dubious) and potential adapter sequences are

removed from the reads to facilitate their mapping.

c) Sample mapping

The trimmed reads are mapped by an algorithm against a reference genome.

d) Mapped reads processing

The mapped reads go through a number of steps directed at ensuring read quality. For
instance, the mapped reads are sorted, and potential read duplicates are removed.
Additional quality filters can be applied, for instance, to remove not uniquely mapped

reads.

At this point several paths can be taken, for instance to know how many reads fall

within or how many genetic variants are found in a given genomic interval.

As mentioned above, the emergence of NGS technologies, bioinformatic tools and
procedures has allowed the rapid development of a set of minimally invasive tools that
have revolutionized current screening strategies, providing higher sensitivities and

specificities compared to classical screening approaches.

1.3 Cell-free DNA as a minimally invasive tool

Minimally invasive methodologies, based on the use of blood biomarkers, have
already had a great impact in some key clinical settings. One of the biomarkers used
that currently holds more promise in minimally invasive techniques is cell-free DNA
(cfDNA). In the following sections, several key aspects of cfDNA’s structure, origin

and clinical implications are introduced.

1.3.1 cfDNA originates from chromatin

CfDNA is a mixture of short, double-stranded DNA (dsDNA) molecules present at

very low levels in a variety of physiological circulating fluids, including blood, lymph,

10
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bile, milk, urine, saliva, mucous suspension, spinal fluid, and amniotic fluid. Although
different cellular release processes, cfDNA structures, determinants of steady-state
levels in plasma and cellular origins have been described for cfDNA (introduced in
more detail in Sections 1.2.2 to 1.2.5), the formation of cfDNA ultimately derives from
the cleavage of chromatin by nucleases under both physiological and pathological

conditions.

Chromatin is the macromolecular protein-DNA complex that packages and regulates
the genome within the nucleus of eukaryotic cells'®. The fundamental unit of
chromatin is the nucleosome, which consists of a stretch of ~147 bp of dsDNA
wrapped around an octamer of the 4 core histones (two molecules each of histone H2A,
H2B, H3, and H4, all highly conserved proteins). Additional histone H1 plays a role
in organizing the structure of the 30 nm chromatin fiber formed by coiled nucleosome
fibers. Adjacent nucleosomes are connected by a short stretch of linker DNA, whose
length varies (estimations range from 8 to 114 bp) both between species, different
regions of the genome and cellular types, and is the most susceptible region to

deoxyribonucleases (DNase) cleavage (Figure 5)'7-1°.

When nucleases cleave chromatin, both in vivo and in vitro, they do so preferentially
at the linker spaces between nucleosomes. After nuclease cleavage, multimers of the
nucleosome unit of variable length are released from chromatin (Figure 6). How these

units travel through the body depends on the cellular process that originated them.

DNA nucleosome
particle

Figure 5. Nucleosome structure. Around 147 bp of dsDNA wrap around an octamer of the four core
histones (H2A, H2B, H3 and H4) forming a 10 nm thick nucleosome filament that is further
coiled into the 30 nm chromatin fiber, which is stabilized by histone H1. Two adjacent
nucleosomes are depicted, which are linked by a stretch of linker DNA of variable-length (8
bp to 114 bp), which is not protected by histones from potential cleavage.

11
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1.3.2 Cellular processes that lead to the release of cfDNA

To date, different cellular processes have been identified that lead to the formation and
release of a variety of cfDNA complexes (see Section 1.3.3 for cfDNA complexes).
Among those processes, the most well-established include apoptosis, necrosis, and
active secretion. Other processes that have been discovered include oncosis,
phagocytosis, autophagocytosis, and NETosis?’.
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Figure 6. DNA nucleosomal ladder patterns are generated from chromatin cleavage both in vivo
and in vitro. A. Agarose gel electrophoresis of DNA nucleosomal ladder patterns from
apoptotic cells. Molecular weight marker seizes are expressed in base pairs (bp). Adapted
from Gavrieli et al.?!. B. Agarose gel electrophoresis of DNA nucleosomal ladder patterns
generated from micrococcal nuclease-cleaved Saccharomyces cerevisiae’s chromatin in
vitro. Adapted from Rodriguez et al.?.

In apoptotic cells, cell shrinkage, blebbing of the plasma membranes, condensation
and fragmentation of nuclei, and chromatin cleavage are observed. Chromatin
cleavage, a hallmark of apoptosis, depends on caspase-activated DNases that, as
mentioned above, preferentially cut the linked space between nucleosomes!”. After
cleavage, nucleosome particles plus some linker DNA are released into the
bloodstream and produce a characteristic ladder pattern of multiples of ~166 bp
dsDNA in all kinds of human subjects tested to date, including healthy individuals,
pregnant women, organ transplant recipients and cancer patients. Typically, cfDNA
fragments released from apoptotic cells are short, mostly enriched for mono- and
dinucleosome-sized DNA fragments (Figure 6A) which resemble those fragments
generated in micrococcal nuclease (MNase) experiments (Figure 6B). However,
certain conditions can slightly shift the size distributions of the mononucleosome sized
band, an observation of great interest for its potential application in the clinical

practice. As an example, the estimated size distribution of placental-derived cfDNA

12
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(often referred as cell-free fetal DNA, cffDNA) is smaller than that described for
cfDNA globally, and presents a main peak at ~143 bp. The smaller average size of
cffDNA has been exploited to enrich for fetal-specific signatures!®.

Another important cellular process that can lead to the release of cfDNA is necrosis,
which presents some notable differences in comparison to apoptosis: whereas
apoptosis is a physiological process that can occur during normal growth and
development as well as during disease, necrosis is the sporadic result of cellular injury
induced by physical or chemical trauma?’. In addition, while apoptotic cells
spontaneously release endonuclease-cleaved DNA with the characteristic nucleosome-
sized pattern, necrotic cells need to be engulfed by macrophages and other scavenger
cells to release digested DNA to the extracellular environment. As a result, cfDNA
originated from necrotic cells is characterized by presenting a higher molecular weight,

typically >10 Kb in size?3.

Finally, the main cellular processes that involve active cfDNA secretion are
characterized by the release of vesicles as exosomes, which mainly carry dsDNA both
inside the vesicle and bound to the outer side of the vesicle’s membrane. The
membrane-bound cfDNA has found to be >2.5 Kb in length while the cfDNA inside
the vesicles has been found to range from 100 bp to 2.5 Kb.

1.3.3 cfDNA structure and complexes

Depending on the cellular process that originated it, cfDNA can be found either as 1)
free circulating DNA molecules, ii) as molecular complexes with lipids and proteins
or iii) vesicle-internalized or vesicle-bound. It should be noted that the term “cell-free
DNA” refers to all extracellular DNA molecules that are present in plasma, regardless

of the subcellular structures or complexes in which they are found.
Some of the molecular complexes and subcellular structures in which ¢cfDNA can be

found include the nucleosomes?, the virtosomes* (or nucleic acid-lipoprotein

complexes), neutrophil extracellular DNA traps®® (nets of remodeled extracellular

13
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DNA fibers bound to anti-microbial granules), DNA bound to serum proteins®’ (e.g.,

albumin and immunoglobulins) or DNA bound to the cellular membrane?’.

Some types of molecular complexes, like the nucleosomes, are thought to prevent
cfDNA from being further cleaved by nucleases present in the circulatory system?®
while others, like neutrophil extracellular DNA traps, are thought to play a role in the

defense against pathogens?.

Addittionallly, cfDNA can also be found internalized in vesicles, which are composed
of proteins and lipids that can also contain mRNAs and microRNAs. Vesicles are
secreted by most cells and do not only protect cfDNA from nucleases present in blood
but play an important role in intercellular communication and lateral transfer of
material. Different types of vesicles have been described based on their size: exosomes
(30 to 10 nm vesicles), microparticles or ectosomes (200 to 1000 nm vesicles) and

apoptotic bodies (1 to 5 um vesicles)>-°,

Studies have shown that the structures in which cfDNA is found have an impact on its
distribution in the body and can determine specific functions. For instance, it has been
shown that cfDNA is an active carrier of genetic information between cells. This
function is carried out through binding of cfDNA and plasma protein complexes to

plasma protein receptors®!, or endocytosis of nucleosomes*? or exosomes??.

1.3.4 Determinants of steady-state levels of cfDNA in plasma

Under normal physiological conditions, the concentration of cfDNA in blood among
healthy individuals is variable and typically very low (1 to 30 ng/mL)?’. These low
steady-state levels depend upon the rates at which cfDNA is released from different
cell types into the bloodstream and the rates at which it is cleared from the organism.
Under normal conditions, cfDNA is rapidly digested by DNases (typically in 15 to 30
minutes after release)’* and rapidly cleared from the circulation by the liver and
kidneys*37. However, under certain physiological (intense physical exercise,
pregnancy) and pathological conditions (cancer, sepsis, autoimmune diseases), the

cfDNA release and clearance rates can substantially change, resulting in higher steady-

14
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state cfDNA levels in blood. For instance, it is well documented that intense physical
activity causes cell death, which in turn results in an increased release of ¢cfDNA into
the bloodstream as a product of apoptosis of muscle cells*®. Additionally, cell death
from a growing placenta or a growing tumor can also result in increased release of

cfDNA340,

The presence of high steady state cfDNA levels have been shown to have a high
autoimmune and inflammatory potential. A well-studied example is systemic lupus
erythematosus (SLE), an autoimmune disease in which the presence of large amounts
of ¢fDNA are observed bound to anti-cfDNA antibodies forming complexes that in

turn contribute to decrease the accessibility to cfDNA by DNases*!.

On the other hand, high levels of cfDNA in late gestation have been shown to trigger
an inflammatory process that leads to maternal, fetal, and placental endocrine events

related with the onset of parturition*’.

1.3.5 Cellular origins of cfDNA

In healthy individuals, under normal conditions, the bulk of cfDNA is believed to be
originated from hematopoietic cell lines with minimal contributions from other
tissues*’. Snyder and colleagues'® conducted experiments that strongly support the
hematopoietic origin of the bulk of cfDNA in healthy individuals. They demonstrated
that it is possible to identify what cell types are majorly dying by looking at key pieces
of information in cfDNA such as the nucleosome cleavage patterns (i.e., nucleosome
positions), which allowed them to generate genome-wide maps of in vivo nucleosome
positioning that correlated most strongly with nucleosome positions typical of
lymphoid and myeloid cell lineages. More recently it has been determined that 70% of
the total cfDNA derived from hematopoietic cells originates from the white blood cell

(WBC) lineage whereas the other 30% derives from the erythroid lineage**.
However, as mentioned above, there are certain physiological or pathological

conditions that trigger the release of cfDNA from tissues other than the hematopoietic

due to enhanced cellular death in that particular tissue. One such physiological

15



1. Introduction

condition is cancer. The authors also showed that, in cancer patients, nucleosome
positioning derived from cfDNA samples was not only correlated with nucleosome
positions typical of lymphoid and myeloid cell lineages, but also with nucleosome
positions from a specific tumor cell line, coinciding with the type of tumor present in

these individuals.

In other studies, the analysis of tissue-specific DNA methylation markers in blood
allowed the identification of cfDNA molecules derived from pancreatic B-cells in type
1 diabetes patients, oligodendrocytes in relapsing multiple sclerosis patients, brain
cells after traumatic or ischemic brain damage, and exocrine pancreas cells in
pancreatic cancer or pancreatitis patients*4.

4749 studies have

Key to the use of ¢fDNA in prenatal diagnosis, in vitro*-*¢ and in vivo
shown that in pregnant women a fraction of cfDNA in the maternal blood is originated
in the placenta as a result of the apoptosis that takes place during the process of fusion

and differentiation of cytotrophoblast with syncytiotrophoblast cells (Figure 7)°%!.
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Figure 7. Schematic representation of chorionic villi in the placenta. Chorionic villi, delimited by a
double layer of trophoblastic cells, project into the intervillous space. The outermost layer
(syncytiotrophoblast) prevents the interaction between fetal antigens and the maternal
immune system and is responsible for the production of most placental hormones. At the tips
of the villi, the cells of the inner layer (cytotrophoblast) undergo an epithelial-mesenchymal
transformation, differentiating into extravillous cytotrophoblast (EVT) and invading the
decidua.
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1.4 Historical background of cfDNA

The major findings related to cfDNA, from its biology to its potential applications,
have been mainly fueled by the cancer and noninvasive prenatal testing (NIPT) fields.

These major findings, which are described below, are summarized in Figure 8.

Discovery of cell-free DNA in blood

Detection of increased levels
of cfDNA in SLE pacients

Development of 1st-generation
sequencing techniques (Sanger)

Detection of increased levels of
cfDNA in breast cancer pacients

Detection of tumour-derived cfDNA

Detection of Ras point mutations in
cfDNA pancreatic cancer patients.
Potential use of cfDNA as a “liquid

blopsy*is highlighted Discovery of ¢cfDNA of placental origin

in the blood of pregnant woment

First demonstration of noninvasive

. . . . diagnosis of the fetal RhD status
Noninvasive detection of X-linked

disorders
First human genome sequenced
Next-generation sequencing

reaches the market Noninvasive detection of fetal
autosomal aneuploidies using

digital PCR

First noninvasive genome
reconstruction of a fetus with
parental genotype information

Noninvasive detection of fetal
trisomy 21 (Down Syndrome) by
NGS technology

First large-scale validation study
supporting the use of NIPT in the

clinical setting Noninvasive detection of
subchromosomal aberrations at

First noninvasive fetal transcriptome 3 Mb resolution

Identification of the FF as a vital First noninvasive fetal methylome

quality metric in NIPT analyses

Figure 8. Main discoveries related to cfDNA and DNA sequencing achievements from 1948 to
2015. Sequencing-related achievements are highlighted in blue boxes, cfDNA-related
general discoveries are highlighted in gray boxes and NIPT-related discoveries are
highlighted in orange boxes.

Initial findings related to the presence of cfDNA in the bloodstream were mainly

achieved in the cancer and the autoimmune disease fields and were limited to the
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observation and analysis of the differential levels of extracellular nucleic acids
between healthy and diseased individuals. On one hand, initial observations of the
presence of both extracellular DNA and RNA in the blood of healthy and cancer
patients were made in 1948 by Mandel and Métais>?. These early observations were
confirmed in 1977 by Leon and colleagues®® in patients with metastatic breast cancer,
who also showed higher cfDNA levels compared to healthy individuals. On the other
hand, Tan and colleagues’? observed, in 1966, high levels of cfDNA in the blood of
SLE patients that lead to the formation of anti-double-stranded DNA antibodies, which

could explain the set of autoimmune reactions observed in those patients.

From then on, studies related to cfDNA in the cancer field were expanded and more
knowledge on the biology of ¢cfDNA was acquired: in 1989, it was first shown that a
proportion of the detected cfDNA molecules in the blood of cancer patients contained
tumor-derived signatures (double-strand instability)’*, and in 1994, its potential
clinical relevance as a “liquid biopsy” was highlighted by the detection of Ras point
mutations in ¢cfDNA from patients with pancreatic cancer and myelodysplastic
syndrome®>. The initial detection of Ras mutations led to a wealth of studies that
analyzed both genetic and epigenetic alterations, such as microsatellite instability or
loss of heterozygosity (LOH)*” and aberrant methylation in cfDNA extracted from the

plasma or serum of patients with cancer’®,

Nowadays, analysis of tumor-derived cfDNA (ctDNA), aims at providing a means of
molecular profiling for tumors that are difficult or unsafe to biopsy in a minimally
invasive way. Not only that, but it may potentially better capture the molecular
heterogeneity harbored by multiple distinct clonal populations in a patient’s tumor, as
compared with a needle biopsy of a single tumor lesion, and it may allow earlier tumor
detection (screening) and monitoring in patients without clinically evident disease as

well as assessing sensitivity and resistance to targeted therapies®”.

Although cfDNA has been widely studied in the oncology field, the most evident
current commercial application is found in the prenatal testing clinical setting, in which

the most important achievements are summarized below.
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The discovery in 1997 by Dennis Lo and colleagues %° of ¢fDNA of placental origin,
named as cell-free fetal DNA (cffDNA), allowed for the first time the noninvasive
determination of fetal sex. At the time, this was done through the identification of Y-
chromosome-derived sequences in male-bearing pregnancies using real-time
quantitative PCR (real-time qPCR). This simple approach rapidly had an impact on
the use of CVS and amniocentesis for the detection of X-linked disorders®!, since it
potentially allowed to exclude from the test those pregnancies bearing female fetuses.
A similar approach, based on the identification of DNA derived from the rhesus factor
D (RhD) gene in the blood of RhD-negative pregnant women through real-time qPCR,
allowed to determine the fetal RhD status, which opened the possibility to avoid
performing CVS and amniocentesis to those RhD-negative women bearing RhD-

negative fetuses®?.

The noninvasive detection of fetal chromosomal aneuploidies (that is, an abnormal
number of chromosomes in the genome) was initially achieved through the use of
digital PCR%3%, However, because digital PCR only amplifies DNA molecules in the
maternal plasma that have homology for the predetermined PCR primers, most plasma
DNA molecules, which do not have homology with the primers, are not analyzed and

make this approach not really useful for diagnostic approaches.

Noninvasive fetal aneuploidy detection in maternal plasma became a reality in 2008
thanks to the development of NGS technologies. The first studies used small cohorts
(13-86 cases and 34—410 control samples) and focused on the detection of trisomy of
chromosome 21 (T21), which is the cause of Down syndrome®>-¢7. These initial studies
were expanded three years later, in 2011, with the first large-scale clinical evaluation
of NIPT for the detection of Down syndrome. The large number of samples analyzed
(4,664 pregnancies at high risk for T21), together with the high sensitivity and high
specificity, supported the introduction of the noninvasive detection of chromosome
T21 in the clinical setting for high-risk pregnancies®’. From then on, trisomies of
chromosomes 13 (T13) and 18 (T18) as well as sex chromosome aneuploidies have

been evaluated and current commercial tests are able to detect them.
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Since the advent of NGS, there have been numerous innovations and additions aimed
at increasing the scope of the tests and improving the methods through which NIPT is
performed: for instance, the use of maternal genotype information together with
paternal genotype data allowed to reconstruct, in 2010, a genome-wide genetic map of
the fetus, which opened up the possibility of a noninvasive genome-wide scanning of
potential fetal genetic disorders such as [-thalassemia or congenital adrenal

hyperplasia®®-7°,

Three years later, in 2013, the feasibility of performing the noninvasive prenatal
detection of fetal chromosomal microdeletions and microduplications at 3 Mb
resolution genome-wide was demonstrated. This represented the first noninvasive fetal
molecular karyotype ever generated’!. Nowadays, several companies offer extended
versions of their tests that cover several microdeletion syndromes of known clinical
significance such as the 22q11.2 deletion, which has an estimated prevalence of 1 in
992 in low-risk population defined by chromosomal microarray analysis’>. More
recent achievements in the field include the noninvasive determination of the fetal

methylome and transcriptome’3-74,

Other than progressively increasing the scope of the tests, the advances in the field
enabled to identify which factors can influence the test performance such as maternal
weight, maternal age, gestational age’” as well as methods of sample collection and
shipping conditions that may lead to undesired maternal cell hemolysis’®. In addition,
the fetal fraction (FF), which is the proportion of cffDNA in the total cfDNA in blood,
was defined a vital quality metric for NIPT analyses: if the FF is too low, it becomes
difficult to accurately distinguish an euploid from an aneuploid fetus, which can lead

to false negative results (see Section 1.7)7°,
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1.5 General applications of cfDNA

Currently, the most widespread and commercially successful application of cfDNA is

found in the context of NIPT, which is introduced in detail in the next sections.

In many other fields, cfDNA is regarded as a promising tool to improve or overcome
some of the limitations of current screening or diagnostic methodologies. However, to
date, none of these applications has reached the routine clinical practice. The most

relevant examples are described below.

One important example is found in the field of oncology, where early detection,
accurate molecular characterization of tumors and monitoring of disease progression
are key to increase cancer patients’ survival and to evaluate treatment efficacy’.
However, in this context, several biological and technical limitations challenge the
development of assays that can improve the sensitivity and specificity of the current
screening and diagnostic invasive techniques. These include the fact that 1) tumoral
masses are genetically heterogeneous, ii) ctDNA is mixed in the blood stream with
cfDNA from other non-tumor sources and iii) most NGS methodologies are error-

prone, which hinders the specific identification of low-frequency mutations’”.

Other potential applications of cfDNA include allograft transplant rejection
monitoring in transplanted patients through quantitation of the levels of the donor-
derived cfDNA in the blood of the recipient’®, diagnosis and prognosis of autoimmune
disorders (SLE)”, and assessment of myocardial infarction and stroke severity and

outcome®,

Finally, another promising example is found in the field of medically assisted
reproduction, in which pre-implantation diagnosis is currently performed by aspiration
of one or two cells from the developing embryo, potentially risking the successful
implantation of the embryos. This risk could potentially be avoided by the analysis of
cfDNA released into the cell culture medium by the embryos?®!.
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1.6 The use of cfDNA in the context of NIPT to improve current
prenatal screening strategies

In this section, the strengths and weaknesses of current screening strategies to detect

chromosomal aneuploidies and how the use of cfDNA can overcome some of these

limitations is introduced from a historic perspective.

Globally, chromosomal aneuploidies are a major cause of perinatal death and birth
defects, with an estimated rate of fetal death at 12 weeks (when first trimester screening
is performed) about 30% for T21 and 80% for T18 and T13*. For a woman aged 35
at 12 weeks gestation, the estimated risks are 1 in 250 for T21, 1 in 600 for T18 and 1
in 1800 for T13, and the risks of delivering an affected baby at term are 1 in 350, 1 in
4000 and 1 in 10000%3. Several factors modulate the above-mentioned risks, one of the

most well-known being maternal age, which increases the overall aneuploidy risk.

1.6.1 First trimester screening for the detection of chromosomal
aneuploidies

The use of screening strategies to detect chromosomal aneuploidies dates back to the

1970s, when maternal age was first used to set up a cut-off (35 years) to define a high-

risk pregnancy for T21. Using only maternal age, the detection rate (DR) for T21 was

30%, and the false positive rate (FPR) was 5%%.

In the subsequent years, it was shown that chromosomal aneuploidies are associated
with altered maternal serum concentrations of various fetoplacental molecules,
including a-fetoprotein (AFP), B-human chorionic gonadotropin (B-hCG), inhibin A,
unconjugated estriol (uE3) and pregnancy-associated plasma protein A (PAPP-A)3*
88 The concentrations of these markers were used to modify the a priori maternal age-
related risk to derive the patient-specific risk for chromosomal aneuploidies. Screening
at the second trimester by combining maternal age with AFP, free B-hCG, uE3 and
inhibin A (quadruple test), contributed to increase the DR from 70% to 75% for T21

at a FPR of 5%83:89-90,
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In the 1990 to 2000s, it was shown that combining maternal age, serum markers (free
B-hCG and PAPP-A) and nuchal fold thickness during the first trimester was superior
than second trimester screening quadruple test. Serum concentrations of these
placental products are affected by maternal characteristics (ethnicity, weight, smoking
and method of conception as well as the machine and reagents used for the analysis)
which are also considered to derive the patient’s specific aneuploidy risk. Several
studies have shown that the use of first trimester combined screening increases the DR
for T21 to 90% at a FPR of 5%°'~°7. The DR for T21 can be further improved to 93-
94% when the biochemical testing is performed at 9 to 10 weeks and ultrasound at 12
weeks?® 191 In the context of the Catalan clinical setting, guidelines currently
recommended to perform biochemical testing between weeks 8 and 13.6, and NT

measurement between weeks 11.2 and 13.6 3.

Additional first trimester sonographic markers of T21 include absence of the nasal
bone, increased impedance to flow in the ductus venosus and tricuspid regurgitations,
which contribute to a small increase of 93% to 96% in the DR and a small decrease in
the FPR to 2.5% for T21. However, these additional markers are not still validated

enough to be used in the risk calculation33102-104,

Screening for T21 also allowed screening for T13 and T18: all three trisomies are
associated with increased maternal age, increased fetal NT and decreased maternal
serum PAPP-A. However, some markers are different between the detectable
trisomies: serum free B-hCG is increased in T21 and decreased in T13 and T18, and
T13 is associated with fetal tachycardia while T18 and T21 are not!%-17, Sonographic
markers, some of them shared with T21, are also useful to determine the risk for these
trisomies. Based on the first trimester combined screening results, a patient-specific

risk for aneuploidy is assigned (Table 1).

Table 1. Risk groups and cut-off intervals in first trimester combined screening.

Risk group Risk intervals
Very high 1/9-1/2
High 1/250 - 1/10
Intermediate 1/1100 - 1/251
Low <1/1100
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The diagnostic accuracy of combined first trimester screening for T21, T18 and T13
was reviewed in a recent prospective validation study by Santorum M et al.!%. In this
study, 108,112 pregnancies at 11+0 to 13+6 weeks’ gestation were examined. The DR
and FPR of first trimester combined screening were evaluated at different risk cut-offs

(Table 2).

Table 2. Estimated DR and FPR in screening by a combination of maternal age, fetal NT
thickness, serum free p-hCG and PAPP-A at 11-13 gestation weeks. Data is presented as
% (95% CI). Adapted from Santorum et al.'%.

. DR (%)
Risk cut-off FPR (%)
T21 T18 T13
1in 10 73 (69 -77) 91 (86 - 96) 75 (66 - 85) 0.67 (0.64 - 0.71)
1 in 100 90 (87 -92) 97 (93 -99.9) 91 (90 -93) 3.90 (3.82 -3.99)
1 in 200 93 (91 -95) 98 (94 -99.9) 93 (86 -99.9) 6.46 (6.36 - 6.56)
1 in 1000 98 (96 - 99) 99 (97 -99.9) 97(92-99.9) 19.26 (19.08 - 19.43)

What the authors found is that DR is maximized at lower risk-cutoffs at the expense
of higher FPR. A previous study showed better DR figures at a cut-off of 1 in 100 at
11-13 weeks’ gestation: 98% of monosomy X, 97% of triploidies and 55% of other

chromosomal abnormalities were also detected!?®.

1.6.2 cfDNA screening for the detection of chromosomal
aneuploidies
A major improvement in screening for T21, T18 and T13 has been achieved through
the analysis of cfDNA in maternal blood. A recent meta-analysis published in 2017 of
35 relevant clinical validation and implementation studies reported that cfDNA
screening in singleton pregnancies was able to detect >99% of fetuses with T21, 98%
of T18 and 99% of T13 at a combined FPR of 0.13%'!°. It should be noted, however,
that the performance of NIPT is better documented in T21 and T18 than in T13, the
latter being a much less frequent condition. For sexual chromosome aneuploidies
(SCAs), the number of samples tested was very low, and therefore, as stated by Gil

and colleagues''®

, more validation studies are needed. In addition, the detection of T21
in twin pregnancies showed a DR of 100% at a FPR of 0%, but again, despite these

encouraging figures, a reduced number of cases have been examined (Table 3).
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Table 3. Estimated DR and FPR of chromosomal aneuploidies by c¢fDNA analysis. Data is
presented as % (95% CI). Adapted from Gil et al.!'°

Chromosomal aneuploidy DR (%) FPR (%)
T21 (1,963 cases) 99.7 (99.1-99.9) 0.04 (0.02-0.07)
T13 (119 cases) 99.0 (65.8-100) 0.04 (0.02-0.07)
T18 (563 cases) 97.9 (94.9-99.1) 0.04 (0.03-0.07)
X0 (36 cases) 95.8 (70.3-99.5) 0.14 (0.05-0.38)
XXX, XXY and XYY (17 cases) 100 (83.6-100) 0.004 (0.0-0.08)
T21 twin pregnancies (24 cases) 100 (95.2-100) 0 (0-0.003)

Most of the studies included in this meta-analysis involved high-risk pregnancies and
were not confined to pregnancies in the first trimester. However, subgroup analysis of
cfDNA testing in singleton pregnancies for T21 and T18 demonstrated no significant
difference in performance of screening between high-risk and routine or mixed
populations and between those examined in the first trimester and those examined at
any stage in pregnancy. Similarly, there was no obvious difference in performance of

screening between the diverse methods for cfDNA testing (detailed in Section 1.6).

Because cfDNA testing shows higher DRs at lower FPRs compared to first trimester
combined screening, there is an ongoing debate as to whether cfDNA should be
applied as a first tier screening tool or whether it should be used subsequent to first
trimester combined screening. Reasons against using cfDNA as a first-line screening
include high costs and the fact that the first trimester combined test has some unique
benefits like the detection of many major fetal defects, diagnosis of multiple pregnancy
and its chorionicity, detection of chromosomal defects other than T21, T18 and T13,

and early prediction of pregnancy complications (e.g. pre-eclampsia)'%.

In the Catalan setting, a strategy in which cfDNA testing is offered based on the first
trimester screening results was presented in June 2018. In pregnancies showing a very
high-risk outcome from first trimester combined screening, invasive testing is directly
offered. Pregnancies with mid to high risk are offered cfDNA testing as a first option
followed by invasive testing if positive results (i.e., high risk of aneuploidy) are
obtained, or invasive testing as a first option. Pregnancies falling in the intermediate
risk subgroup are offered cfDNA screening, while pregnancies falling in the low risk

would are not offered neither invasive nor cfDNA testing (Table 4)*!08,
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Table 4. Risk groups in first trimester combined screening test and subsequent screening and
diagnostic strategies.

Group (risk intervals) Strategy followed

Very high (1/9 - 1/2) Invasive diagnosis

High (1/250 - 1/10) Invasive diagnosis or cfDNA screening
Intermediate (1/1100 - 1/251)  ¢fDNA screening

Low (< 1/1100) None

1.6.3 cfDNA screening for the detection of other alterations

Although in the context of NIPT the main use of cfDNA is found in the detection of
chromosomal aneuploidies, starting in 2013, several companies expanded the number
of conditions tested by covering a number of clinically important and relatively
common subchromosomal aberrations such as the DiGeorge, Cri-Du-Chat, Prader—
Willi/Angelman and the 1p36 deletion syndromes, which are all caused by recurrent

microdeletions!!!,

Other applications of cfDNA in the NIPT field include the RhD status determination,
the fetal sex determination and the detection of fetal single-gene disorders through

real-time qPCR or digital PCR.

RhD incompatibility describes the situation when a RhD-negative woman is pregnant
with a RhD-positive fetus. If prior RhD antigen sensitization has occurred (e.g., due to
a previous pregnancy of a RhD-positive fetus or due to fetal injuries during invasive
diagnostic techniques), maternal preformed anti-RhD antibodies may cross the
placenta and lead to hemolytic disease of the fetus and newborn. To avoid that, anti—
D-immunoglobulin injections are systematically offered to RhD-negative pregnant
women to reduce the chances of prenatal immunization, even though up to 40% of
these women will have a RhD-negative fetus''?. Because the genome of a RhD-
negative woman does not contain the RhD gene, the noninvasive detection of RhD
sequences through real-time qPCR in plasma indicate a RhD-positive fetus, and this

information can be used to avoid unnecessary anti-D immunoglobulin administration.
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Another important application of cfDNA in the context of NIPT is the noninvasive
fetal sex determination in cases where the mother is a carrier of X-linked conditions
(such as the Duchenne muscular dystrophy) or when both parents are carriers of
alterations for congenital adrenal hyperplasia (CAH). In one of the most common
forms of CAH, 21-hydroxylase deficiency causes the overproduction of androgens,
resulting in virilization of female fetuses, which can be avoided through the
administration of steroids during pregnancy. However, steroid administration is not
necessary in male fetuses, and as a consequence, knowing the fetal sex in advance can
help manage this condition in those fetuses that have shown to have ambiguous

genitalia on ultrasound''3.

Finally, another important application is the noninvasive detection of single-gene
disorders, the most important being thalassemia, sickle-cell anemia and hemophilia.
Using this method, the proportion in maternal plasma of normal and mutant alleles
originating from the disease locus is interrogated using digital PCR and the mutational

status of the fetus is inferred!!*.

1.7 NIPT technologies for the detection of chromosomal and
subchromosomal alterations

The release of cffDNA has an effect on the overall concentration of cfDNA in pregnant

women. However, the fraction of cffDNA in the total cfDNA amount is considerably

low. Studies have shown that cffDNA can first be observed as early as 4 gestation

weeks, and the amount of cffDNA increases as the pregnancy progresses up to

approximately 30%%113

. When measured between 11 and 13 gestation weeks in
normal pregnancies (when NIPT is usually performed), the FF has been estimated to
be approximately 10% (interquartile range, 7.8-13.0%)'!5. Therefore, the detection of
any fetal defect requires highly sensitive technologies as well as robust quality

controls.

Testing for the presence of fetal aneuploidies and subchromosomal alterations can be

performed following the combination of different strategies. Based on what portion of

27



1. Introduction

the genome is analyzed there are: 1) whole-genome approaches, based on the random
sampling, amplification and sequencing of cfDNA molecules and ii) targeted-
sequencing approaches, based on the specific sampling, amplification, targeted
enrichment and sequencing or microarray analysis of specific regions or chromosomes
of interest'!®!!7 These two strategies are then coupled to diverse methods for the
detection of potential chromosomal abnormalities: count-based and single-nucleotide-

polymorphism (SNP)-based methods (Table 5)''3:11°,

Table 5. Summary of the different cfDNA analysis methodologies based on the fraction of genome
that is analyzed, technology used and commercial tests.

Fraction of Aneuploidy detection

FF calculation Commercial test
genome analyzed technology
Whole-genome  Count-based NGS Chromosome Y MaterniT21 Plus
sequencing Methylation sensitive- (Sequenom)
restriction enzymes NeoBona (Synlab)
Size-based NIFTY~(BGI)
SeqFF Verifi (Illumina)
Targeted Capture enrichment Genotype analysis with Veracity (NIPD
sequencing coupled to count-based  Bayesian estimation (SNP) genetics)

NGS

DANSR technology Genotype analysis with Harmony (Roche)
coupled to count-based  maximum likelihood

NGS or microarray estimation (SNP)

SNP-specific Maternal and fetal allele Panorama (Natera)
amplification coupled to ratios (SNP, maternal gDNA

NGS required)

In count-based methods, cfDNA molecules (fetal and maternal) are sampled,
amplified, sequenced, and mapped to specific chromosomes. The proportion of
sequencing reads mapped to each chromosome is calculated for a set of control
reference euploid samples, thus obtaining a null distribution of the copy-number values
for each chromosome in euploid pregnancies. Next, the proportion of reads mapped to
each chromosome for a given test sample is calculated. Since a trisomic fetus has 50%
more genetic material of the trisomic chromosome-of-interest, the proportion of DNA
from that chromosome will be higher than in euploid pregnancies. Thus, if the
proportion of reads mapped to a chromosome of interest is higher than a predetermined
threshold in the null distribution, a high trisomy risk for that chromosome is

reported'??,
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In contrast, SNP-based methods involve either the use of hybridization-based capture
of the genomic regions of interest or the use of highly multiplexed PCR to amplify a
set of SNPs on chromosomes of interest followed by NGS!21:122. SNP methods base
their detection power in the fact that the pregnant mother’s cfDNA is a mosaic that
contains father’s variants. These methods incorporate maternal genotype information,
which allows a more complex analysis than count-based methods, as it allows the
identification of fetal and maternal contribution to the observed sequencing reads
followed by a maximum likelihood evaluation that the fetus is either normal,

aneuploid, triploid or that uniparental disomy is present.

One important difference between count-based methods and SNP-based methods is
that count-based methods are not directly able to discriminate between maternal and

fetal-derived cfDNA molecules.

This means, on one hand, that the ability of count-based methods to detect increased
chromosomal dosage resulting from fetal trisomy is strictly dependent to the amount
of cffDNA in maternal circulation, that is, the FF. As a consequence, at lower FFs, in
which small deviations are expected, a high sequencing depth is required to detect
chromosomal aneuploidies!?3. Another important consequence is that, with count-
based methods, the FF estimation is challenging and usually relies either on cfDNA
fragment size differences, methylation differences or coverage differences. Not being
able to discriminate the fetal or maternal origin of cfDNA molecules can also lead to
confounding results in a number of situations that can be found in the clinical setting
such as the presence of vanishing twins, triploid fetuses, dizygotic multifetal

pregnancies or maternal aneuploidies, among others!?+!23,

In SNP-based methods, the discrimination between maternal and fetal-derived cfDNA
allows to evaluate the maternal and fetal contributions to the observed reads which,
compared to count-based methods, provides a higher sensitivity at lower FF and a
direct and accurate estimation of the FF. These methods also enable to overcome

important challenges commonly encountered when performing NIPT in the clinical
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setting as the presence of confounding situations above-mentioned. However, SNP-

based methods also present a series of limitations.

One of the main limitations of SNP-based methods is that maternal genotype
information is needed, and therefore, sample preparation and sequencing costs for each

assay are increased.

Another limitation of SNP-based methods is that because the maternal genotype is
required, egg-donor pregnancies may pose several difficulties due to the presence of

additional maternally derived fetal alleles in the surrogate mother.

Finally, the fact that SNPs account for only 1.6% of the human genome, high
sequencing depth and high-fidelity amplification are required to identify

unambiguously affected pregnancies with small imbalances.

1.7.1 Count-based WGS

Approaches based on WGS (Figure 9A) were first described in 2008 and became
commercially available between 2011 and 2012%%!%6, Some commercial tests
developed using this strategy include MaterniT21®Plus test (Sequenom), the
NeoBona test (Synlab), the NIFTY™ test (BGI) or the Verifi® test (Illumina) (Table
5)!27. All of them are able to determine fetal sex, FF and the presence of autosomal
and sexual chromosome aneuploidies, as well as a set of subchromosomal alterations
in singleton and multiple pregnancies'?®.

Because of the rather high production costs associated with WGS!?

, targeted
sequencing methods have been developed, which amplify and sequence specific
genomic regions of interest instead of random regions from all chromosomes.
Compared to WGS approaches, in targeted sequencing nearly all sequencing reads are
useful in assigning fetal chromosomal copy number, significantly reducing the total

number of analyzed reads and increasing efficiency'3?. This also means that only the

regions of interest can be studied, and that any chromosomal abnormality out of these
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regions can be easily overlooked. At least three different types of targeted sequencing

methods can be distinguished, which are introduced in the following sections.

1.7.2 Count-based targeted sequencing (solution hybridization
enrichment)

In this approach, a set of genomic regions of interest are captured using biotinylated

oligonucleotide probes, which allows the accurate detection of autosomal and sexual

chromosome aneuploidies fetal sex, FF and several subchromosomal alterations in

singleton and multiple pregnancies. One of the NIPT tests using this approach is the

Veracity test (NIPD genetics) (Figure 9B)!31:132,

1.7.3 Count-based targeted sequencing and microarray-based
aneuploidy detection

A count-based method using targeted sequencing, called Digital ANalysis of Selected
Regions (DANSR), was developed in 2012. In this method, a set of 384 non-
polymorphic loci across chromosomes 13, 18, 21, X and Y and 192 polymorphic loci
across chromosomes 1 to 12 are selectively targeted using a set of proprietary
oligonucleotide probes (DANSR assays). More specifically, cfDNA molecules are
biotinylated, immobilized on streptavidin beads and annealed with the multiplexed
DANSR oligonucleotide pool. Appropriate hybridized oligonucleotides (three for each
locus of interest) are ligated with Taq ligase, eluted from the bound cfDNA molecules,
and amplified using universal PCR primers. DANSR products containing non-
polymorphic loci in chromosomes 13, 18, 21, X and Y are used for aneuploidy
detection, whereas polymorphic loci across chromosomes 1 to 12 are used to calculate
the FF. In addition, two quantitation methods are available, the first one being NGS-
based and the other one microarray-based, the latter used in the commercial test!3>.
Using the measured FF, the Fetal fraction Optimized Risk of Trisomy Evaluation
(FORTE) algorithm is used to calculate the risk of the fetal aneuploidy!!7-13%134 An
example of a commercial NIPT test using this technology is the Harmony test (Roche),
which offers the detection of T13, T18 and T21 as well as X chromosome monosomy
(Turner syndrome), XXY aneuploidy (Klinefelter syndrome) and other SCAs (XXX,
XXY, XYY and XXYY) (Figure 9C).
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Figure 9. Noninvasive prenatal testing technologies for aneuploidy detection. A. Genome-wide
random sequencing. B. Count-based targeted sequencing of regions of interest captured with
hybridization probes. C. Count-based targeted sequencing or microarray using the Digital
Analysis of Selected Regions (DANSR) approach. D. SNP-based targeted sequencing using
maternal genotype information.

1.7.4 SNP-based targeted sequencing through multiplexed PCR

The use of highly multiplexed PCR to amplify a set of SNPs on chromosomes of
interest became commercially available in 2013 (Panorama test, Natera) and it used to
evaluate 19,488 polymorphic loci covering chromosomes 13, 18, 21, X and Y!3%136, A
proprietary algorithm (NATUS) uses the maternal genotypes and recombination

frequencies to generate billions of possible fetal genotype results. Based on the
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sequencing results, the algorithm calculates the relative likelihood for each potential
fetal genotype and infers the chance of chromosomal copy number alterations'?>. In
2016, a number of modifications were introduced to this test: the number of
interrogated SNP was decreased to 13,392 and the PCR chemistry was optimized to
enable a one-step massively multiplexed PCR (as opposed to the previous two-step
PCR) and to increase amplification uniformity among PCR targets. The detection
algorithm was modified as well to improve overall test performance'®’. Highly
multiplexed PCR SNP-based methods have also been shown to be able to detect
clinically relevant microdeletion syndromes such as 1p36, Cri-du-Chat or DiGeorge,
triploid fetuses and other complex situations like vanishing twins (see Section 1.3)

(Figure 9D)!24138,

Despite the main advantages and limitations of each technology have been described,
studies comparing the performance of the diverse methods on a same set of samples is
lacking. Not only that but these studies are often carried out by commercial companies,
and thus key pieces of information may not be easily accessible or may vary among
the literature. In addition, many NIPT validation studies do not publish the FF,
gestational age, or maternal weight distribution of the population studied, despite these
are factors known to have a direct impact on measured sensitivities and specificities.
Therefore, NIPT performance in populations with higher-than-average maternal
weights, or when tests are performed at earlier gestational ages for instance, may not
match the results presented in validation studies'*’. The most important NIPT
companies worldwide, together with the technology used, the conditions tested, the
earliest sampling gestation week, the sensitivities and the costs are presented in Table
6. The costs, which vary depending on the number of conditions tested, have been
obtained either from the company’s website or through direct contact and are updated

to July 2019.

Because of the importance an accurate FF calculation has on the overall performance
of NITP, we have devoted the following Section to explaining the different approaches

that have been developed to measure FF.
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Table 6. Examples of several commercially available NIPT tests using the technologies described
in Section 1.7 !13:129:139.140,

Test name MaterniT21 Plus Verifi Plus NeoBona Harmony Panorama
(Sequenom) Prenatal (Synlab) Prenatal (Natera)
(Illumina) (Roche)
Technology WGS WGS WGS - Illumina DANSR SNP
for technology and microarray (targeted)
aneuploidy analysis
detection software
(VeriSeq)
Conditions  T21,T18,T13, All All T21,T18, T13, T21,T18, T13,
tested SCAs, fetal sex, chromosomes, chromosomes SCAs, fetal SCA:s, triploidy,
microdeletions SCAs, fetal sex, SCAs, fetal sex, sex fetal sex,
microdeletions microdeletions microdeletions,
vanishing twins
Earliest 10 weeks 10 weeks 10 weeks 10 weeks 9 weeks
sampling
Sensitivity 92-9% 87-99% * 80-99% 92-99%
range
Market cost 465 to 750 € Not available 445 to 725 € 485 € 550 to 750 €
Delivery time 5 -9 days Not available 5 -10 days 3-5 days 5-7 days

* Not specified in the scientific validation paper, [llumina performance assumed.

1.8 Current methods for FF estimation

Various methods of FF measurement have been developed and employed in
conjunction with different approaches to cfDNA testing for fetal aneuploidy!#!. It
should be noted that these methods are not always described in detail in the literature,
especially those used by count-based aneuploidy detection technologies, in which FF
calculation is hindered by the fact that these methods do not discriminate between fetal

and maternal DNA.

Below are described the methods for FF calculation that are commonly used in NIPT
tests. On one hand, WGS count-based methods for aneuploidy detection usually rely
on Y-chromosome-based approaches, cfDNA size-based approaches, methylation-
based approaches, differences in sequencing counts (seqFF) or in some cases, on small
SNP panels for FF calculation. On the other hand, the count-based targeted sequencing
approach DANSR for aneuploidy detection (Harmony) relies on SNP-based FF

calculation. Finally, methods that rely on SNP detection for aneuploidy detection also
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use SNPs to calculate the FF (Panorama). A summary of the FF methods described

below can be found in Table 5.

1.8.1 FF estimation in WGS count-based methods

As mentioned earlier, count-based methods for aneuploidy detection are not able to
distinguish fetal-derived and maternal-derived cfDNA molecules through genetic
differences. Therefore, besides Y-chromosome-based approaches, which are
applicable only to male pregnancies, other strategies are used and combined for FF

determination.

a) Y-chromosome-specific sequences

In early works by Lo and colleagues'#?, FF was calculated by measuring Y-specific
contributions to the total circulating cfDNA when a male fetus was present. More
specifically, the amount of the single-copy genetic marker Sex determining Region Y
(SRY) located on chromosome Y (chrY) was compared to the amount of hemoglobin
beta (HBB) autosome marker by real-time qPCR. Y-specific approaches are simple
and accurate methods for FF determination, but the fact that they can only be applied
to male-bearing pregnancies has led to the development of a number of alternative

methodologies that can be also applied to female-bearing pregnancies'*!.

b) Fetal methylation markers

This method is based on the differential DNA methylation profiles among body
tissues!'#>!144, Thus, regions that are differentially methylated in placenta compared to
maternal blood cells can in principle be used to estimate the FF using methylation-
sensitive restriction enzymes. This method was initially used by the MaterniT21 Plus
test prior to the introduction, in 2015 of seqFF (explained in paragraph D). Although
methods based on the use of methylation-sensitive restriction enzymes have a high
correlation with Y-chromosome-based FF determination (r = 0.85, P <0.001, Pearson
correlation), they represent a different methodology that must be performed in parallel
to WGS and need to be further verified in large-scale datasets generated from different

research centers!4!.
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c) Size-based estimation

Fetal and maternal-derived DNA molecules in a plasma sample have been observed to
exhibit different fragmentation patterns. More specifically, it has been reported that
the size distribution of the total maternal cfDNA is characterized by a major peak
centered at 166 bp with a series of smaller peaks occurring at 10 bp periodicities,
suggesting that a predominant population of plasma DNA molecules have a size of
166 bp. In contrast, cffDNA molecules are found to have a dominant population
centered at 143 bp®:145, The ratio between the count of fragments ranging from 100 bp
to 150 bp and from 163 bp to 169 bp can in principle be used to estimate the FF, as it
has been shown to have a high correlation with the Y-chromosome-based FF
determination (r = 0.827, P < 0.0001, Pearson correlation)'*'. One of the commercial
tests using cfDNA size distribution is the Neobona test (Synlab)'%°, In addition, this

approach is used complementarily to the strategy described below.

d) Differential sequencing counts in regions overrepresented in cffDNA

Different methods attempting to directly estimate FF from routine WGS data have
been developed. One of these approaches is seqFF, developed in 2015 by Sequenom
with the goal to use it for FF calculation in the MaterniT21 Plus test. In this approach,
normalized read counts within 50 Kb bins originating from all chromosomes except
chromosomes 13, 18, 21, X, and Y are analyzed to fit a high-dimensional regression
model. The model makes use of fragment size differences between fetal and maternal
cfDNA to infer discrete regions in the genome that are overrepresented in cffDNA.
Within these regions, the presence of a higher proportion of cffDNA results in larger
count differences between maternal and fetal-derived cfDNA molecules which can
then be used to train the model. This method showed a good correlation with Y-
specific methods in two independent cohorts (r = 0.93 in both, Pearson correlation).
However, such a high-dimensional model requires the use of a large amount of samples
during training of the algorithm, and the performance appeared to be greatly
deteriorated when the FF was below 5%, possibly because the number of cases with

such FF was not sufficient to train the model'#°.
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1.8.2 FF estimation in count-based targeted sequencing methods

Methods using count-based targeted sequencing for aneuploidy detection (either

solution hybridization or DANSR) use informative SNP loci to infer the FF.

In count-based targeted sequencing using solution hybridization, the FF is calculated
from the observed allelic count distribution at heterozygous loci in maternal plasma
using a binomial mixture model based on Bayesian inference. Then three possible
informative combinations of maternal/fetal genotypes are used within the model to
identify FF values that are strongly supported by the observed data'3'. One of the

commercial tests using this approach is Veracity (NIPD genetics).

In the DANSR method, used by the Harmony test, a set of 192 loci on chromosomes
1 to 12 shown to contain informative SNPs are analyzed to calculate the FF. These are
loci where fetal alleles differ from maternal alleles. For each locus, oligos differing by
one base are used to query each maternal/fetal SNP. A maximum likelihood estimation
approach is employed to determine the most likely FF based on the measurements from
several informative loci'!”13%134 One of the commercial tests using this approach is

the Harmony test (Ariosa).

1.8.3 FF estimation in SNP-based methods

A direct way to estimate the FF is to use the maternal genotype information obtained
from WBCs to identify paternally inherited SNPs. This method models a set of
hypotheses that represent the different possible fetal genotypes (e.g., monosomy,
disomy or trisomy) together with a specific probability. A maximum likelihood
estimation analysis selects the most likely hypothesis and calculates the probability of
that hypothesis being correct!*>136, The FF is thus obtained from these estimations.
Although this method is a direct and accurate way to assess the FF and generally
considered as a gold standard, the total costs of the test are increased as at least two
samples must be sequenced and analyzed. One of the commercially available tests

that uses this approach is the Panorama test by Natera.
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1.9 NIPT limitations: sources of discordant results

In order to better understand NIPT’s main limitations, the major sources of erroneous

results in NIPT analyses are described.

1.9.1 Sources of false positive results in NIPT

False positive results in NIPT are much more common than false negative results (88
vs. 12%)'%7. Although the consequences of a false positive result are less critical than
a false negative result (which could result in the birth of a trisomic baby), a false
positive still poses risks and unnecessary stress to the mother as it warrants the
performance of the invasive confirmatory procedures it was designed to avoid, such as
CVS or amniocentesis. The main sources of false positive results are confined

placental mosaicism and vanishing twins.

a) Confined placental mosaicism

In most pregnancies, placental and fetal cells share the same genetic information,
which is, in fact, the basis of NIPT. However, in a small proportion of cases, a mutation
or chromosomal alteration can occur after the point at which the cells destined to
become the fetus have separated from the cells destined to become the placenta. When
this genetic discordance between the fetus and the placenta occurs, it is termed
‘confined placental mosaicism’ or ‘confined fetal mosaicism’ depending on the
location of the mosaic cells’. A false positive NIPT result would be obtained by the

presence of an aneuploid placenta and an euploid fetus'*8.

b) Vanishing twins

A vanishing twin (VT) is a fetus in a multigestation pregnancy that dies in the uterus
and is then partially or completely reabsorbed, either by the mother, the surviving twin
or the placenta. In VTs, chromosomal abnormalities are common and are, in fact,

important contributors of false positive results in NIPT counting methods (15%)'*.

Other conditions that can lead to the reporting of a false positive result include

maternal chromosomal and subchromosomal abnormalities'*’, maternal cancer!43:150,
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previous organ or bone marrow transplant from male donor'*’, and certain maternal

medical conditions or treatments!'#°.

1.9.2 Sources of false negative results in NIPT

In NIPT, false negative results can be mainly caused by two non-mutually exclusive

situations: confined fetal mosaicism and low FF!1°,

a) Confined fetal mosaicism
As explained above, confined fetal mosaicism refers to the situation that takes place
when there is an euploid placenta and an aneuploid fetus, which would lead to a false

negative result and the potential birth of a baby with chromosomal anomalies.

b) Low fetal fraction

Another reason that can cause a false negative result in NIPT tests, if not measured, is
the FF. As stated in the previous section, the FF refers to the proportion of the total
cfDNA molecules in the maternal circulation that originate from the placenta rather
than the mother, expressed as a percentage''®. When the FF is low enough, it becomes
difficult or impossible to accurately detect chromosomal alterations or to determine
the fetal sex, which can ultimately lead to newborns with unexpected congenital
abnormalities. Therefore, determining the FF is paramount to interpret clinical
assessments and determining the overall performance of NIPT’®!5! In fact, in 2016,
the American College of Medical Genetics and Genomics stated that it should be
reported in all NIPT tests from then on'>2. Current NIPT tests generally require a

t153

minimal FF of 3 to 4% for a reportable result’~>. Below these values, a “no call” result

will be reported, and a new blood sample has to be obtained.

Several situations or conditions are associated to a low FF. First and foremost, the FF
is generally low during the first weeks of a normal pregnancy and tends to increase as
the pregnancy progresses*!13. Other known determinants of a low FF include maternal
body weight!>2, aneuploidies of chromosomes 13 and 18''°, multiple gestation causing

low FF per fetus!*?, certain maternal medical conditions (thromboembolic disorders,
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o

heparin use, vitamin B12 deficiency, autoimmune disease) or treatments'*’, an

assisted reproduction'3?,
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2. Objectives

This Thesis has been developed in the context of an industrial PhD program, and more
specifically, in a context in which genetic analyses are routinely performed to provide
diagnostic support and genetic counseling for several conditions mainly in the

pediatric and cancer fields.

Therefore, the principal objective has been to develop a set of tools to be able to work
with ¢fDNA and to extract the biological information contained in it in a way that
allows a further robust clinical application. Two main applications have been

considered, cancer and NIPT, although only the latter is presented in this Thesis.

Therefore, the specific objectives of this work are:

a) To identify the main experimental challenges associated to working with cfDNA
(mainly low amount and quality) to be able to optimize existing procedures in the
laboratory and develop new strategies that allow to obtain quality samples for

downstream analyses.

b) To identify relevant biological information contained in cfDNA for different
specific applications and develop cost-effective approaches to be able to extract it
and analyze it considering the advantages and disadvantages of the existing

strategies in the market.

c) To test the performance of our developed approach in the context of NIPT both

from a biological and economical point of view.
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3. Methods

In the following section I will describe the different sample sources (Section 3.1), the
optimization of the experimental steps (Section 3.2) and the bioinformatic pipelines

used for data processing and analysis (Sections 3.3 and 3.4 respectively).

3.1 Sample sources

Pregnant women attending the Hospital Universitari Dexeus (HUD - Grup
Quirdnsalut) for routine obstetrics care were recruited in the context of the pilot project
Evaluation of an alternative method for the detection of chromosome aneuploidies in
cell-free fetal DNA by massive parallel sequencing, which was approved by the ethics
committee of Grup Hospitalari Quirdn (protocol code qGEN-DEX-2017-09).

Potential participants in the study were provided with information on the aims,
methods, benefits and potential risks of the study as well as information on personal
data confidentiality, access, rectification, cancellation and opposition rights
(Supplementary Document 1). Written informed consent was obtained from all
participants prior to blood draw (Supplementary Document 2). For the samples
included in the pilot study (batch 1), potentially relevant data regarding maternal
habits, maternal body mass index (BMI), maternal diseases or plasma characteristics
was not available. In addition, matched gDNA extracted from blood cells was not

available either. All relevant information was available for samples in batch 2.

Inclusion criteria

Singleton pregnancies from approximately 11 to almost 17 weeks gestation.

Patient classification
o Cases: pregnancies at high risk (>1 in 270) for fetal genetic disorders in the first
trimester combined screening (i.e., increased NT in the ultrasound scan and

abnormal results in the biochemical screening tests).
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o Controls: pregnancies at low risk (1 in 1/271 to <I in 1100) in first trimester
combined screening. Controls were confirmed through second trimester

screening and physical exploration at birth.

Following the standard diagnostic procedures, controls were offered the noninvasive
prenatal test Panorama (Natera) at HUD, while potential cases were directly validated
by both quantitative fluorescent PCR (QF-PCR) and karyotype of chorionic villi cells.
Because CVS involves some tissue damage that could potentially influence the FF in
the maternal circulation, blood samples were drawn after first trimester screening and

before CVS was performed.

Known or suspect factors susceptible of having an impact on the FF and thus on the
analysis outcome such as maternal age, gestation age, BMI, daily habits as smoking or

sport practice and maternal diseases were recorded.

Exclusion criteria
Potential candidates suffering from conditions such as malignancy, hepatocellular
damage, trauma, inflammation, obesity or autoimmune diseases were excluded from

the study, due to the potential distorting effects that these conditions can have over the
levels of cfDNA!'!S,
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3.2 Optimization of laboratory procedures

An outline of the devised experimental workflow can be found in Figure 11.

3.2.1 Plasma separation

In the context of NIPT, it is key to keep the FF as constant and high as possible
throughout the blood collection and plasma preparation process'®’. This requires
robust collection devices and blood processing protocols that prevent an increase of
maternal genomic DNA in the collection tube due to WBC lysis. In this context,
peripheral blood samples were collected in 10 mL Cell-Free DNA™ blood collection
tubes (Streck BCTs) and shipped to qGenomics at room temperature (RT; 15 °C to 25
°C) taking advantage of the already established sample collection circuit used for
routine samples obtained from HUD. Streck BCTs are pre-coated with cell-preserving
reagents to prevent WBC lysis and inhibit nuclease-mediated DNA degradation up to
14 days when stored at RT according to the manufacturer!®® and up to 7 days at RT

according to independent recent studies'®”.
Plasma was isolated within 72 hours of blood draw by two rounds of centrifugation

according to the manufacturer’s protocol. Briefly, a first low-speed centrifugation

(1,600 xg for 15 minutes at 16 °C) was carried out to fractionate blood cells from
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plasma, which was then carefully transferred to 2 mL fresh tubes without disturbing
the buffy coat layer. A second high-speed centrifugation at 16,000 xg for 10 minutes
at 4 °C was performed to pellet residual debris, and the resultant plasma was transferred

to 1.5 mL tubes without disturbing the residual cell pellet and stored at < —80 °C.

3.2.3 Isolation of cfDNA and quality controls

CfDNA was purified using the Maxwell RSC® ccfDNA Plasma Kit (Promega) in a
Maxwell® RSC instrument following the manufacturer’s instructions. The Maxwell
RSC® ccfDNA Plasma kit is an automated magnetic bead-based method showing one
of the highest isolation efficiencies among the commercially available technologies!".
For each cfDNA extraction, a cartridge containing 8 wells was placed in the Maxwell®
RSC Deck Tray with a plunger in well number 8. A 0.5 mL elution tube with 40 pL of
elution buffer (EB; 10 mM Tris-Cl, pH = 8.5) was placed into the elution tube position.
Up to 1 mL of plasma was added to well number 1 before running the method. The
automated Maxwell RSC® ccfDNA Plasma protocol involves an initial step of cfDNA
binding to magnetic beads in the presence of detergents and chaotropic agents

(guanidine thiocyanate and guanidine hydrochloride), followed by several wash steps

9]
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with ethanol and isopropanol, and a final elution step with EB. Typically, 30 to 32 uL.

of EB with the extracted DNA were recovered after running the method.

Fluorometric and electrophoretic methods were used to determine the concentration
and size distribution respectively of the extracted cfDNA using 2 pL of sample,
following manufacturer’s instructions. More specifically, the concentration of ctDNA
was determined using the Qubit™ dsDNA HS (High Sensitivity) assay on a Qubit®
3.0 fluorometer instrument (ThermoFisher Scientific) and its size distribution was
assessed using the Agilent High Sensitivity D1000 assay on a 2200 TapeStation

instrument (Agilent Technologies).

3.2.4 Isolation of gDNA

A volume of 1x phosphate-buffered saline (PBS; Sigma-Aldrich Merck) equal to the
extracted volume of plasma was added to the remaining cellular fraction (WBCs and
RBCs) in the Streck BCT in order to reconstitute the initial blood’s cellular density.
Blood was mixed using a Pasteur pipette to homogenize the 1x PBS, the buffy coat
and RBCs layers. Isolation of gDNA was done using the Maxwell® RSC Blood DNA
Kit following manufacturer’s instructions. This gDNA extraction method follows,
with some minor changes, the same basic steps in the Maxwell RSC® ccfDNA Plasma
protocol (explained in Section 3.2.3). Briefly, 300 uL of blood were mixed with 300
uL of lysis buffer and 30 pL of proteinase K and incubated for 20 minutes at 56 °C
shaking at 800 rpm in a Biometra S1 ThermoShaker (Analytik Jena AG). Each DNA
extraction required loading a total of 630 puL in well number 1. Samples were eluted

in 50 uL of EB, from which 40 puL were typically recovered.

Similar to cfDNA, the concentration and size distribution of the extracted gDNA was
determined by fluorometric and electrophoretic methods. However, in this case, the
Qubit™ dsDNA BR (Broad Range) and the Agilent D1000 assays were used on a
Qubit® 3.0 fluorometer instrument (ThermoFisher Scientific) and on a 2200

TapeStation instrument (Agilent Technologies), respectively.
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3.2.5 gDNA fragmentation

The first main step in preparing gDNA for NGS with an Illumina platform is
fragmentation which, as explained in the Introduction chapter, is typically done by
either physical methods (e.g., acoustic shearing and sonication) or random enzymatic
digestion (e.g., non-specific endonuclease cocktails and transposase tagmentation

reactions)!.

A total of 1.1 ng gDNA was enzymatically sheared using the NEBNext® dsDNA
Fragmentase® (New England Biolabs) following manufacturer’s instructions. Briefly,
NEBNext dsDNA Fragmentase was thawed on ice immediately prior to use, vortexed
for 3 seconds, and kept on ice. A reaction mix for n+1 reactions was prepared by
combining 2 pL of 10x Fragmentase Reaction Buffer with 2 uLL of NEBNext dsDNA
Fragmentase per reaction. Hence for each reaction, 4 pL of the reaction mix were
distributed per well on a 96-well plate and kept on ice. In addition, for each reaction,
16 uL of DNA (a total of 1.1 pg) were also distributed to a 96-well plate and kept on
ice. A multichannel pipette was then used to transfer each DNA sample to a well
containing the reaction mix avoiding bubble formation. This step is crucial to avoid
differences in the incubation time between samples. The plate was sealed with
adhesive film, vortexed for 3 seconds and briefly centrifuged. Samples were incubated
from 30 to 42 minutes at 37 °C in the TruTempTM DNA Microheating System
(Robbins Scientific Corporation) to generate fragments centered around 230 to 260 bp.
The reaction was stopped with 5 uL. of 0.5 M EDTA (Sigma-Aldrich Merck) and DNA
was purified with 60 uL of Agencourt AMPure XP Beads (Beckman Coulter) at a 1.2
beads-to-DNA volume ratio to maximize the recovery of smaller DNA fragments.
DNA was allowed to bind the beads at RT for 15 minutes and the tubes were then
placed on a magnetic stand for 10 minutes. After two freshly prepared ethanol 80%
washes, DNA was eluted in 45 pL of EB, from which 40 pL were recovered. The
remaining 5 pL were used to assess both the DNA concentration and fragmentation

profiles by using Qubit dsDNA HS assay and TapeStation HS D 1000, respectively.

When working with cfDNA, this step was skipped since cfDNA is already fragmented
into molecules of around 185 bp (range =160-700 bp).
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3.2.6 DNA library preparation

Both cfDNA and gDNA Illumina-compatible libraries were prepared with the
NextFlex® Rapid DNA Sequencing Kit (Bioo Scientific). This kit uses the
conventional double-stranded library construction method (see Section 1.2.1 in the

Introduction chapter).

NGS libraries were prepared according to the manufacturer’s protocol with slight

modifications considering the challenges and consequences (mainly low library

complexity and sequence bias) of working with low DNA inputs.

- The reactions for each library preparation reaction, which are outlined in

Figure 2 in the Introduction chapter), are described in detail below:

a) End-repair and adenylation

The DNA end-repair and adenylation (phosphorylation of the 5* ends and A-tailing of
the 3’ ends) steps were done by mixing in a PCR plate 32 uL. of DNA (be it cfDNA or
gDNA) with 15 puL of the NEXTflex™ End-Repair & Adenylation Buffer and 3 puL of
the NEXTflex™ End-Repair & Adenylation Mix. The reaction was performed in a
SimpliAmp™ Thermal Cycler (Applied Biosystems) with the following thermal
profile: incubation at 22 °C for 20 minutes followed by incubation at 72 °C for 20
minutes with a final 4 °C incubation step. The lid was set at 105 °C throughout the

procedure.

b) Adapter ligation
The adapter ligation reaction was performed by adding 2.5 pL of NEXTflex™
barcoded adapters and 47.5 pL of NEXTflex™ Ligase Enzyme Mix to the 50 uL of

end-repaired and adenylated DNA obtained in the previous step. At this point, the

5
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adapter-to-DNA molar ratio is key: while an excess of adapters versus DNA favors the
formation of adapter dimers (which can be difficult to completely remove during
purification and thus can affect subsequent PCR steps), too little amount of adapters
versus DNA will reduce the efficiency of the ligation step. Thus, adapter titration

experiments were performed in order to find the optimal adapter-to-DNA molar ratio.

c) Ligation purification
The ligation reaction was purified by performing two consecutive rounds of bead

clean-ups using the Agencourt AMPure XP Beads (Beckman Coulter)_

I ic 1. 100 L of

ligated DNA was mixed with 60 pL of beads and vortexed to ensure thorough mixing

of the solution and binding of the DNA to the magnetic beads. Samples were incubated
at RT for 5 minutes on the bench and 5 minutes on a magnetic stand. After the
incubation on the magnet, the supernatant (SN) was carefully removed without
disturbing the beads pellet. Then the beads were washed by adding 200 pL of freshly
prepared 80% ethanol. The plate was incubated at RT for 30 seconds, after which the
80% ethanol was carefully removed. After a second 80% ethanol wash, the plate was
briefly spun on a Tabletop centrifuge (VWR™ Galaxy Centrifuges) and placed on the
magnet again to allow the removal any residual 80% ethanol. The plate was left
uncovered on the bench for 1 to 3 minutes until the bead pellet was visibly dry. In
order to release the DNA from the beads, 52 uL. of EB were added to the dried beads,
vortexed until homogenized and incubated at RT for 5 minutes on the bench. The plate
was then placed on the magnetic stand for 5 minutes and the SN was transferred to a
new well. A second bead clean-up was performed in which 50 pL of beads were added
to the resulting 50 uL of sample. The final pellet was eluted in 22 puL. of EB, from

which 20 pL were transferred to a new plate for PCR amplification.

d) Determination of PCR ampilification cycles
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e) PCR amplification

For PCR amplification, 17.5 puL of adapter-ligated template were mixed with 2 pL of
NEXTflex™ Primer Mix, 12 pL of NEXTflex™ PCR Master Mix, and nuclease-free
water to a final volume of 50 pL in a PCR plate an run in a thermocycler with the same
thermal profile used in the real-time qPCR experiment (Table 7) except for the melting
step, which was substituted for a final 5 minute extension at 72 °C. Samples were
amplified for as many cycles as determined by qPCR. The PCR reaction was purified

using a single bead clean-uy [

Finally, amplified libraries were eluted in 20 pL of EB.
Qubit™ dsDNA HS (High Sensitivity) and Agilent High Sensitivity D1000 assay were

used to determine the concentration and size distribution respectively of the final

libraries using 2 puL of samples, following manufacturer’s instructions.

5
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_ A total of 7.5 uL of 2x Hybridization Buffer and 3 pL of Hybridization
component A from the SeqCap EZ Hybridization and Wash Kit (Roche Sequencing)

were added.

The hybridization procedure involved 1) DNA denaturation at 95 °C for 10 minutes,

st which [ - e vt
up to 15 pL were added, and ii) DNA-probe annealing through _
on a SimpliAmp™ Thermal Cycler equipment (Applied

Biosystems) with the lid set to - The hybridization reactions were purified using
the SeqCap EZ Hybridization and Wash Kit (Roche Sequencing) together with the
magnetic streptavidin beads Dynabeads™ M-270 Streptavidin (ThermoFisher
Scientific) following manufacturer’s instructions. The streptavidin beads were
tempered at RT for 30 minutes and resuspended in 100 uL of 1x Bead Wash Buffer
after two rounds of wash, after which they were transferred to a 0.2 mL PCR tube
placed in a magnetic stand. The SN was discarded, and the beads were mixed and
vortexed briefly with the hybridization reaction to allow binding of the biotinylated
heteroduplexes to the streptavidin beads. The reaction was incubated for 45 minutes at
- in a thermocycler with brief vortex every 15 minutes. After the incubation, the
unbound molecules were washed off with a series of more stringent washes as follows:
100 pL of 1x Wash Buffer I (preheated at - were added to the reaction, which
was briefly vortexed, centrifuged and incubated on a thermocycler at - for 5
minutes. The reaction was then placed on a magnetic stand and the SN was quickly
discarded once the solution was completely clear to avoid any significant temperature
loss. This step was performed twice and repeated with 200 puL of Stringent Wash
Buffer preheated at- Next, 200 uL of 1x Wash Buffer I at RT were added. The
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sample was vortexed for 2 minutes, placed on the magnetic stand and SN was
discarded once the solution was completely clear. The same procedure was carried out
with Wash Buffer II and Wash Buffer III with vortex for 1 minute and 30 seconds

respectively. Finally, enriched libraries were eluted in 30 puL of EB.

The enriched library pool was PCR amplified, purified and quantified as described in
Section 3.2.5. However, at this point, beads were not discarded as the biotinylated
library heteroduplexes were still bound to the streptavidin moiety of the beads. It is
not until libraries are denatured at 95 °C during the PCR amplification that the library

molecules are released from the beads.

3.2.9 lllumina next-generation sequencing

The_ library pools were loaded onto a NextSeq™ 500 Sequencing System
(Illumina) following the standard normalization method described by the
manufacturer. Briefly, libraries were diluted to 4 nM with the appropriate volume of
EB and denatured for 5 minutes at RT with freshly prepared 0.2 N NaOH (Merck®).
After denaturation, libraries were diluted to the 1.8 pM loading concentration with
prechilled hybridization buffer HT1 and kept on ice until they were loaded. As a
sequencing control, a denatured, 1.8 pM PhiX control v3 library (Illumina) was added
at 1% (v/v) to the final pool. Samples were sequenced using 2 x 150 bp paired-end

protocol. The instrument was set to read 6 bp indices.

3.2.10 Identification of fetal sex by real-time gPCR

The DYZ1 region, which consists of a 3.4 Kb array of 2000 to 4000 of highly repetitive
sequences located on the long arm of chromosome Y'7%!77 is of great interest for
forensic sex determination assays of highly degraded or minute samples!’®. In the
context of a pregnant woman, the detection of the DYZ1 region in a pool of cfDNA
molecules would distinctly indicate the presence of a male fetus, while its absence

would be compatible with the presence of a female.
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However, the absence of DYZ1 amplification could also be due to insufficient cfDNA
(PCR failure) or insufficient cffDNA template in the sample due to low FF, which
would lead to an incorrect fetal sex determination. In order to control for potential PCR
failure due to insufficient or low quality ¢fDNA, we simultaneously assayed an
autosomal region with a pair of primers targeting the HBD and HBB genes in the (-
globin locus (chr11:5,248,147-5,248,248 and chr11:5,255,559-5,255,660 respectively,

hg19 human genome reference build).

Primers for the DYZI1 region (forward 5’-TCCTGCTTATCCAAATTCACCAT-3’,
reverse 5’-ACTTCCCTCTGACATTACCTGATAATTG-3’) were designed as
described by Wataganara et al.'”®, and B-globin primers were designed as described by
Vasavda et al.'® (forward 5°-GTGCACCTGACTCCTGAGGAGA-3’, reverse 5°-
CCTTGATACCAACCTGCCCAG-3’).

Real-time qPCR was first performed in serial dilutions of gDNA samples in a
QuantStudio® 12K Flex Real-Time PCR System (ThermoFisher Scientific). A
reaction mix was prepared as follows: 5 uL of the Power SYBR™ Green PCR Master
Mix kit (Applied BiosystemsTM) were mixed with 2 pL of forward and reverse
primers (1 uM final concentration), 2 pL. of nuclease-free water and 1 puL of template
DNA to a final volume of 10 pL. Samples were amplified with the following thermal
profile: 95 °C for 10 minutes followed by cycles of denaturation at 95 °C for 15 seconds
and annealing and extension at 60 °C for 1 minute. The quantification cycle (Cq)
differences between DYZ1 and B-globin were used to relatively quantify them using
the following the formula (eq. 1). The specificity of the amplified product was

evaluated through electrophoresis on an 1.3% agarose gel (w/v).

BDng-l = 2 (O g~ O o) )
glopin
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3.3 Bioinformatic data processing

The data processing steps, involving read pre-processing and_ calculation
are described below. All bioinformatic procedures were performed at qGenomics

using custom bash shell scripts.

3.3.1 Read pre-processing

Raw sequencing data in the binary base call (bcl) format generated by the NextSeq
500 Sequencing System were demultiplexed and converted to standard FASTQ files
with the Illumina bcl2fastq2 Conversion Software v2.20'8! (Figure 13A). The
unmapped read sequences in FASTQ format were trimmed using TrimGalore software
(version 0.4.4)'%? (Figure 13B). First, low-quality base calls were trimmed off the 3’
end of the reads (quality trimming) followed by adapter removal from the 3’ ends of
reads (adapter trimming). Trimmed reads were aligned to the reference human
genome, build 37 (GRCh37/hgl19)!83 using the Burrows-Wheeler Aligner’s (BWA
version 0.7.5a) maximal exact matches (BWA-MEM) algorithm'#*!85 with standard
parameters (Figure 13C). The generated sequence alignment map (SAM) file was then
sorted (Picard tools [v2.14.1]'%6) and saved as a binary alignment map (BAM) file,

which was then subject to marking and removal of duplicated reads (Picard tools

2.14.1) (Figure 130, [
I ' . eads with 3

mapping quality value (MAPQ) score below 20 (which corresponds to >1%
probability of being wrongly mapped and includes multimapper reads) and a flagstat
below 256 were also removed using a combination of SAMtools (v0.1.19)'%” and
Picard software tools (Figure 13E). The Picard function CollectInsertSizeMetrics was
used to calculate the average insert size from BAM files (Figure 13G).

BAM alignment files were then converted to bedGraph track files using BEDtools'®®
(v2.25.0) to allow visualization of sequencing coverage using the WashU Epigenome

Browser (v48.5.0)!3%1° (Figure 13D).
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Figure 13. Summary of read pre-processing. A. BCL files generated by the sequencing equipment
are converted to FASTQ files to allow read processing. B. Quality and adapter trimming
are followed by I mapping of reads to the reference hgl19 genome. D. Next, duplicated reads,
I multiple mappers and low-quality reads are filtered out. At this point, files are ready for
further analysis, as for example, for (F) data visualization or (G) insert size metrics
collection.
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3.3.3 Data matrix building
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3.4 Bioinformatic data analysis
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The distance to TSS for each interval in the sample was annotated using the Homer
software package. The average coverage as a function of the distance to TSS was
calculated using a set of windows. The window size and hence the number of windows
used was dependent on the total distance upstream and downstream TSS that was being
evaluated: for a distance of +1.73 Mb, £150 Kb and +3 Kb, the window size was set

at 500 bp, 100 bp and 25 bp respectively.

The DNase signal from blood primary cells in each genomic interval in the matrix

was annotated using Homer software. DNase data was obtained from the
ENCODE databse!**!% and signal was averaged from all samples downloaded. A

summary of the downloaded data can be found in Table 9.
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3.4 Bioinformatic data analysis

Table 9. Blood primary cells DNase datasets downloaded from the ENCODE database. The
specific identifiers for each downloaded sample are provided.

Biosample summary ENCODE identifiers
B cell female adult (34 vears) ENCFF469VSO
B cell male adult (37 years) ENCFF203BEH
CD14-positive monocyte female adult (34 years) ENCFF175LYA
CD14-positive monocyte male adult (37 years) ENCFF418HYD
CD4-positive, alpha-beta T cell female adult (33 years) ENCFF938VVP
CD4-positive, alpha-beta T cell male adult (37 years) ENCFF162GBJ
CD8-positive, alpha-beta T cell female adult (34 years) ENCFF7360QAD
CDS8-positive, alpha-beta T cell male adult (37 years) ENCFF154RQQ
Common myeloid progenitor, CD34-positive male adult (36 years) ENCFF800ZLW

Common myeloid progenitor, CD34-positive female adult (33 years) ENCFF352KRQ

3.4.2 Detection of chromosomal aneuploidies

The identification of chromosomal aneuploidies was assessed by comparing
differences in the_sequencing read density of each chromosome between

control and test samples, which was calculated as described above (eq. 2 and 3).

Then, the expected normal variation for each chromosome was defined by calculating
the mean (eq. 4) and standard deviation (eq. 5) for each chromosome in the

control population of samples.

(4)

)

Then the z-score (z-test) for each chromosome in test samples (that is, potentially
aneuploid samples) was calculated to assess how many standard deviations each

chromosome in the test sample deviates from the baseline normal average (eq. 6 and
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3.4 Bioinformatic data analysis

3.4.3 Fetal sex discrimination through relative coverage differences
in chrY

For chrY, fetal sex determination was first performed by comparing raw chrY read
counts in male and female-bearing pregnancies using custom-designed scripts with the
R software. More specifically, the percentage of reads mapping to chrY (%chrY) (eq.

7) was calculated as:

>~ counts

%chrY =
vert > counts

chrY 100 (7)

sample
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3. Methods

Previous knowledge of fetal sex information was used to exclude any Y-specific
regions present in 2 or more female-bearing pregnancies (regardless of its presence in
male-bearing pregnancies). The percentage of reads after chrY filtering (%ochrY s

(eq. 8) was then calculated as:

>~ counts

chrYgy,
-100
>~ counts ®)

sample

%Cthfilt =

Heatmaps were generated in R to visually compare filtered and unfiltered %chrY

signal in male and female-bearing pregnancies.

The R software was also used to apply the unpaired two-samples Wilcoxon test
(alternative hypothesis: true location shift is less than 0) to test whether the ratio

differences between males and females was statistically significant when using either

unfiltered or filtered chrY.
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3.4 Bioinformatic data analysis

3.4.5 Statistical parameters

The results of our data analysis approaches to the detection of fetal aneuploidies and
determination of fetal sex were compared to actual Panorama NIPT test results
(aneuploidies) and fetal sex as provided by HUD. To this end, contingency tables were
generated (Table 10).

Table 10. Contingency table for the calculation of sensitivity, specificity and positive predictive

value.
True positive | True negative Total
Test positive A C A+C
Test negative B D B+D
Total A+B C+D A+B+C+D

From the contingency table, several parameters that are of interest in this study can be
calculated. These include the sensitivity (often referred also as detection rate [DR]; eq.

9), the specificity (eq. 10) and the positive predictive value (PPV; eq. 11).

A
Sensitivity = A+ B 9)
D
Specificity = D (10)
A
PPV = 11
A+C (b

3.4.6 Fetal fraction determination

7

W



3. Methods

~
(@)
—
~

—~ —~
— q\
on (ap)
p— o
~ N

o~




3.4 Bioinformatic data analysis

Heatmaps for data visualization were constructed using the R software. Values were

scaled by row for visualization purposes.
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3. Methods

All scripts for data processing and analysis are available upon request.
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4. Results

4.1 Samples

Samples collected from HUD were shipped to qGenomics using the already
established sample collection circuit used for routine samples. Full patient information
for all samples is shown in Supplementary Table 1A and 1B respectively. A summary
is shown in Table 11. Karyotype results of confirmed cases NIPT1 S4, NIPT1 S5
and NIPT3 S3 are shown in Supplementary Figure 2. Karyotype images from
sample AM14_S2 were not available.

Table 11. Summarized patient information from collected samples. Maternal age, maternal BMI
and gestational age are expressed as average (minimum value—maximum value). In addition,
gestational age is expressed as week.day. Maternal BMI for samples in batch 1 was not

available (NA).
Batch 1 Batch 2

Samples

Controls 7 13

Ancuploidies 1 3

Total 8 16
Maternal age 40.38 (35-46) 36.75 (30-43)
Maternal BMI NA 23.10 (17.99-32.05)
Gestational age 13.93 (12-17.5) 13.27 (11.5-16.6)
Pregnancy type

Simple 6 16

Simple VT 2 0
Informed fetal sex

XX 4 6

XY 4 10

4.2 Optimization of laboratory procedures

4.2.1 Plasma separation and cfDNA extraction

Typically, 6 to 8 mL of whole blood were collected from each pregnant woman in a
single Streck BCT, which yielded an average of 4.15 mL of plasma (range 3.6-5 mL).
The average time elapsed from blood draw to plasma separation at qGenomics was
1.38 days (range 0-2 days) for the first batch of samples and 1.25 days (range 0-3

days) for the second batch, well below the manufacturer’s recommended limit of 14
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days. Full sample information is shown in Supplementary Table 2A and 2B

respectively. A summary of the plasma parameters is shown in Table 12.

Table 12. Summarized plasma information. Days between blood collection and plasma separation,
plasma, volume and [ -

shown. Values are expressed as average (minimum—maximum). NA indicates non available.

Batch 1 Batch 2
Time elapsed between sample
collection and plasma separation (days) 138 (0-2) 125(0-3)
_Plasma volume obtained (mL) NA 4.15(3.6-5)

None of the plasma samples showed evident signs of hemolysis as shown by the
yellowish plasma coloration (see Supplementary Tables 2A and 2B for plasma color

codes and Supplementary Figure 1 for reference color palette), which, in NIPT

commercial tests, is deemed acceptable to proceed with downstream analyses. -

No correlation was observed between the days elapsed between sample collection and
plasma separon anc | ' szt
that under the shipping and processing conditions described here no measurable

hemolysis took place in plasma.

The extraction of cfDNA from 1 mL of maternal plasma from gestational ages 11.5 to
17.5 yielded an average of 4.92 ng/mL (range 1.99-11.1 ng/mL) for 22 out of the 24
samples collected. These values are well in agreement with previously published
data?’. Two samples yielded out-of-range (OOR) results, meaning their concentration
was below the 10 pg/uL detection limit of the instrument (High sensitivity assay)
which would correspond to less than 0.5 ng of cfDNA per mL of plasma.

Similarly, no correlation was observed between days elapsed between sample

collection and plasma separation and the amount of DNA extracted (» = -0.10, P =



4.2 Optimization of laboratory procedures

0.662) (Figure 21B), suggesting that WBC lysis, if present, did not increase during

sample processing.
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Figure 21. Effect of plasma storage on and cfDNA concentration. No
correlation is observed between time elapsed from blood draw until plasma separation
(days) and (A) (r=-0.21, P =0.424) or (B) cfDNA concentration (r =
-0.1, P = 0.662). Red and blue dots represent male and female-bearing pregnancies
respectively.

Additional correlation analyses were performed regarding the amount of cfDNA
extracted and diverse maternal conditions. In our set of samples, a weak negative
correlation was observed between the amount of cfDNA extracted and maternal BMI

(r=-0.29, P=0.273) (Figure 22A), and no correlation was observed with gestational
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Figure 22. Effects of maternal factors on the amount of cfDNA extracted. A. A weak negative
correlation is observed between maternal BMI and cfDNA concentration (r = -0.29, P =
0.273). B No correlation between gestational age and cfDNA concentration is observed (r
=0.05, P =0.816). C. No correlation between maternal age and cfDNA concentration is
observed (r=-0.07, P =0.748).
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4. Results

age (r=0.05, P=0.816) (Figure 22B), or maternal age (r = -0.07, P = 0.748) (Figure
22C).

Taken together, the above results suggest that hemolysis, and therefore, WBC lysis, if

present, were low within the timeframe in which samples were preprocessed.

4.2.2 cfDNA extraction quality controls

The assessment of the size distribution of the extracted cfDNA fragments showed a
main peak centered at the mononucleosome plus linker DNA size range (166 to 237
bp) and a secondary peak at the dinucleosome plus linker DNA size range (332 to 474
bp) well in agreement with the cfDNA size range reported in the literature?*!26, Figure
23 shows the size distribution illustrative of an extracted cfDNA sample at 0.171

ng/uL (6.84 ng cfDNA per 1 mL of plasma) presenting a main peak at 185 bp and a

secondary peak at 386 bp.
Lower mononucleosome dinucleosome Upper
marker 185 bp 386 bp marker
800
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= {\
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Figure 23. Fragment size distribution of ¢fDNA fragments extracted from a maternal plasma
sample at 0.171 ng/pL final concentration. A main peak and a secondary peak around
185 bp (mononucleosome) and 387 bp (dinucleosome) respectively are observed. Upper
(1.5 Kb) and lower (25 bp) molecular weight markers are run together with the sample to
provide size reference.

e

The absence of high molecular weight DNA in the fragment size distribution profiles
of the extracted cfDNA (Figure 23) provides additional proof that no evident

hemolysis took place prior or during sample processing.
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4.2 Optimization of laboratory procedures

Then, we attempted to identify the presence of cffDNA in the maternal circulation as
a clear evidence of an effective isolation of cfDNA from plasma. In this context, one
of the simplest assays that can be performed is to detect, by quantitative PCR (qPCR),

the presence of Y-derived molecules in male-bearing pregnancies.

The specificity of the DYZ1 and B-globin primers was first tested by in silico PCR.
The B-globin primers yielded two amplicons of 102 bp each corresponding to the HBB
and the HBD genes. The DYZ1 primers produced 12 and 4 amplicons of 85 bp and
2,462 bp each (Supplementary Table 3). Since cfDNA is highly fragmented, only the
85-bp products are expected to be generated. Consequently, a 3-fold ratio of DYZ1
(12 amplicons for a single chromosome) to B-globin (2 amplicons each chromosome
11, 4 amplicons total) was expected, which translates into an approximate Cq

difference (ACq) of 1.5 when assayed by qPCR.

The above calculations were confirmed using 10-fold serial dilutions of a male
reference gDNA from 8.67 ng/uL (measured with fluorometric methods) down to a
theoretical 8.67 pg/uL (not measurable with fluorometric methods). Results show that
both B-globin and DYZ1 could be linearly detected through all the dilution points and
that the ACq was maintained through all the dilution points (ACq=1.66 £0.1) (Figure
24A).

Next, real-time qPCR was performed in 3 maternal plasmas from women at gestation
weeks 11.3, 14.3 and 11 bearing female (XX), female (XX) and male (XY) fetuses
respectively. As expected, B-globin was amplified in all three samples before the blank
control. On the other hand, DYZ1 was detected before the blank control only in the
male sample. In female samples, amplification with DYZ1 primers was observed only
after the blank control (Figure 24B). The specificity of the amplified products was
confirmed by gel electrophoresis, which showed a 102-bp band (B-globin) in all
samples and a 85-bp band (DYZ1) only in the male sample. Additional bands of a
lower molecular weight observed in the B-globin wells which could be due to primer-

dimer formation (Figure 24D).
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The ACq between B-globin and DYZ1 for each sample was used to calculate the

amount of relative chrY signal among samples. Results show that this signal in the

male fetus is 60-fold higher than that of the reference female fetus (Figure 24C).
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Figure 24. Y-derived sequences detection in plasma. A. Cq values for B-globin and DYZ]1 at different
point dilutions (1:10, 1:100, 1:1000 and 1:10 000) in a reference male gDNA sample. B. Cq
values for B-globin and DYZ1 in ¢fDNA samples of two female and one male-bearing
pregnancies. C. Relative amount of chrY-derived signal among cfDNA samples. D. Gel
electrophoresis showing the specificity of the amplified products. Amplicons corresponding
to B-globin (102 bp band, highlighted with a black asterisk) are observed in all samples.
Amplicon corresponding to DYZ1 (85 bp band, red asterisk) is only observed in the male-
bearing pregnancy. Additional bands of less than 85 bp are observed in all samples and may
be attributed to primer-dimer formation.

Overall, these results show that we have successfully extracted cfDNA as well as
cffDNA and that we can specifically detect the presence of male cffDNA in blood as
early as 11 weeks by qPCR.
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4.3 Generation of low input libraries

4.2.3 gDNA extraction and fragmentation

Regarding gDNA sample processing prior to library preparation, gDNA samples were
extracted and enzymatically digested. As expected, the size distribution of fragmented

gDNA is found between ~100 and 700 bp (Figure 25).

Sample Intensity [Normalized FU]

200 A

100

Size
[bp)

R

Figure 25. Example of a fragmented gDNA sample. Size distribution of fragments is centered at 242
bp (range ~100-700).
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4.3 Generation of low input libraries

The optimized generation of low input dsDNA libraries of both cfDNA and gDNA
involved a series of modifications to the manufacturer’s protocols that are detailed in

the following Sections and summarized in Table 13.

4.3.1 Adapter molarity and PCR cycle optimization for low input
DNA

In library construction, in order to maximize the number of ligated molecules, the

amount of adapter with respect to the DNA input as well as the number of PCR cycles

to perform have to be optimized.

a) Optimization of adapter molarity
If adapter molecules outnumber the DNA molecules to ligate, the formation of adapter
dimer, this is, the ligation of two adapter molecules through their double-stranded

ends, can be favored. The formation of adapter dimers during library preparation is
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unwanted because adapter dimers are the smallest molecules within the library that can
be formed and as such, will be preferentially amplified and sequenced in the
subsequent steps'>. It is therefore critical to find the optimal adapter-to-DNA molar

ratio that will maximize library formation while minimizing adapter dimer formation.

Therefore, we first aimed at evaluating manufacturer’s guidelines of adapter molarity

for inputs as low as 1 ng of gDNA and cfDNA (Table 13).
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4.3 Generation of low input libraries

Because adapter dimers are preferentially amplified during the PCR reaction, the total
number of PCR cycles performed has an effect on the final adapter dimer to DNA
library ratio. Therefore, the amount of adapter should be ideally optimized considering
not only the DNA input, but also the number of cycles that will be applied to DNA
libraries. In turn, the total number of cycles that will be applied to DNA libraries is

dependent on the amount of ligated molecules available.

When amplifying ligated DNA libraries, PCR cycles must be kept to the minimum
necessary to obtain enough amplified product and avoid PCR biases and errors. In the
context of this work, in which the amount of cfDNA is determined by its amount in
plasma, the amount of PCR cycles required needs to be adjusted for each sample
(described below). Therefore, in our context, we considered the optimal adapter
concentration as the one in which adapter dimer formation is avoided regardless of the

number of PCR cycles.
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b) Optimization of PCR cycles

In targeted sequencing experiments, PCR amplification cycles have to be performed
to generate enough material to allow the precise quantification of the amplified product
by fluorometric methods and generate enough template for hybridization. Importantly,
PCR overamplification has to be avoided as this can introduce biases due to
polymerase errors and sequence base composition. This is especially critical when

working with low inputs as in the case of cfDNA.
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malized FU]

ple Intensity [N
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Figure 28. Size distribution of cfDNA and gDNA libraries before and after solution hybridization.
A. Size distribution profile of a gDNA library at 11.3 ng/uL before solution hybridization.
B. Size distribution profile of a final gDNA library pool at 4.89 ng/uL. C. Size distribution
profile of a cfDNA library at 11.1 ng/uL before solution hybridization. D. Size distribution
profile of a final cfDNA library pool at 3.93 ng/uL.

4.3.2 Optimization of the hybridization probe

Targeted sequencing through library hybridization is a procedure that is routinely

performed at qGenomics and therefore, general conditions for this step were mainly

obtained from qGenomics internal protocols. _
I (ccc. e firt cvaluntd i the

feasibility of hybridizing low DNA inputs using our custom hybridization probes and

i) the optimal amount of probe that should be used. _

_ The hybridization and washing reactions were

performed as described in the Methods chapter and the amount of recovered material

after hybridization was quantified using real-time qPCR. _
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4.3 Generation of low input libraries

Final gDNA and cfDNA library pools show the size distributions observed prior to
hybridization. In the case of the gDNA pool, a continuous size distribution of
fragments centered at ~304 bp is observed, of which ~120 bp correspond to adapter
sequences and ~184 bp correspond to the fragmented DNA insert (Figure 28B).

9
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Regarding cfDNA libraries, a main peak around 297 bp, of which ~120 bp correspond
to adapter sequences and ~177 bp correspond to the nucleosomal DNA length plus a
variable-length linker DNA can be observed. Additional peaks of higher molecular
weight corresponding to di-, tri- and also tetra-nucleosomes are observed (Figure

28D).

4.4 Raw and pre-processed data quality metrics

A total of 8 unpaired cfDNA samples (batch 1) and 16 cfDNA and gDNA paired
samples (batch 2) from pregnant women were sequenced on the NextSeq500 Illumina
platform using 150-bp paired-end reads. A number of different metrics relative to the
sequencing and processing parameters are summarized for each sample in

Supplementary Table 4.

Because the first unpaired 8 cfDNA samples that were sequenced were the ones that
had been used during the library preparation optimization and initial sequencing tests,

the total initial number of reads obtained varies considerably among samples: an

average - reads (range _ reads) was obtained. The
average percentage of duplication was - (range _). These values are

considerably higher than the ones obtained in the subsequently sequenced cfDNA and
gDNA paired samples. This high variability in some of the sequencing metrics of the
first batch of sequenced samples can be explained by a technical error in 5 out of the
8 samples analyzed. The error occurred during the recovery of cfDNA after the
hybridization step (AM14_S1, AM14_S2, AM3 S43, AM3 S46 and AM7_S1). More
specifically, it was due to not including the streptavidin beads containing most of the
sample in the PCR amplification step after hybridization (see the Methods chapter,
Section 3.2.7 for information on the detailed procedure of DNA recovery after
hybridization and successive PCR amplification). Despite this error, which was solved
in the subsequent analyses, these samples were included in downstream analyses, as
the number of final reads was comparable to the samples that were processed properly.

From the remaining non-duplicated reads, an average of| - (range _)

corresponded to unique sequences with a MAPQ score above 20 and a flagstat below
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4.4 Raw and pre-processed data quality metrics

256, which yielded a final average of - unique reads (range _
_ reads) per sample. This corresponded to an average of _
I (S:vp\cmcntary Table 44)

For paired cfDNA and gDNA samples, an average of _(range _
_reads) and- (range_ reads) total reads per

sample was obtained respectively. An average of - (range _) and
- (range _) of duplicated reads was obtained for each cfDNA and

gDNA sample respectively, from which an average of - (range _)
and- (range _) (cfDNA and gDNA samples respectively) of them

corresponded to uniquely mapped reads to the hg19 human reference genome with a

MAPQ score above 20 and a flagstat below 256. The final unique sequence reads per

sample averaged - (range _ reads) and -
(range _ reads) for cfDNA and gDNA samples respectively
(Supplementary Tables 4B and 4C). The average number of genomic regions
captured in cfDNA and gDNA samples was - (range _
regions) and _ (range _ regions) respectively.
Regarding horizontal coverage, an average of] - (range_) were
covered by cfDNA samples and an average of - (range _)

were covered by gDNA samples.

In final uniquely mapped reads, the median fragment size for cfDNA samples was very
close to the size of the nucleosome-protected DNA. Figure 30 shows the distribution
of insert sizes for sample NIPT2 S5, with a median fragment size of ~164 bp. It’s
important to note that cfDNA samples, unlike gDNA samples, are not fragmented prior
to sample preparation (see Methods). The sequence size of the matched, in vitro

fragmented gDNA was a little higher, with a median value of 178 bp.
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Figure 30. Fragment length of gDNA and cfDNA libraries inferred from alignment of paired-end
reads. A. In gDNA libraries, the median insert size in gDNA libraries was found at ~178
bp. B. In ¢fDNA libraries, the median insert size was found at ~164 bp, consistent with the
length of DNA associated to a nucleosome. Additional small peaks at ~10-bp periodicities
are also observed, which have been attributed to the to the helical pitch of DNA on the
nucleosome core!S.
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4.6 Data matrix building
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4.8 Detection of fetal chromosomal aneuploidies

4.8 Detection of fetal chromosomal aneuploidies

The major goal of the methodology described here is to sensitively and specifically
detect chromosomal aneuploidies at the earliest stages of fetal development. The basis
of the approach is one that is widely used for the detection of chromosomal
aneuploidies in the context of NIPT®127:13% For each chromosome, a distribution of

expected reference amounts of relative coverages _ 1

generated using a set of control samples (euploid fetuses according to first trimester

srcenin.
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Figure 43. Autosomal z-score values (z-test)
in control samples. A, D-S. Control samples
showing z-scores within +2.58. B. Sample
AM3 S43 shows extreme z-score values for
chromosome 9 (z=3.14). C. Sample AM6_S43
shows extreme z-scores for chromosomes 2 (z =
-3.29),4 (z=-4.9), 13 (z=-3.3), 19 (z =-2.92),
20 (z=5.34)and 21 (z=-3.9).

This procedure was repeated until all control samples were evaluated. In all of them,

except in samples AM3 S43 (Figure 43B) and AM6 S43 (Figure 43C),

chromosomal z-scores (z-tests) were found between the +2.58 threshold, which means

that the chromosomal read densities evaluated are found within the expected range of

values for true control samples. Sample AM3 S43 showed a z-score of 3.14 for chr9,

meaning that the read density in this chromosome was higher than expected compared

to the rest of control population. In addition, sample AM6 S43 showed extreme z-

scores for chromosomes 2, 4, 13, 19, 20 and 21: the read density was lower than the

reference read densities in the case of chr2, 4, 13, 19 and 21 (z-scores of -3.29, -4.9, -

3.3, -2.92 and -3.9 respectively) and higher in the case of chr20 (z-score = 5.34).

We next tested whether we were able to detect the presence of chromosomal

aneuploidies by comparing differences in the relative coverage of all chromosomes
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4.8 Detection of fetal chromosomal aneuploidies

between control and potential aneuploid samples, as determined in the first trimester

screening.

Using the same method, we were able to correctly identify 4 aneuploid cases (three
T21 and one T13) that had been previously confirmed by CVS and QF-PCR. Z-scores
(z-tests) for samples AM14 S2 (T21), NIPT1_S5 (T21), NIPT3_S3 (T21) and
NIPT1_S4 (T13) were 6.17, 17.79, 13.82 and 3.89 respectively (two-tailed test, p-
value < le-4). An additional sample (NIPT1 S8) classified as a potential case by first
trimester combined screening was found to be a false positive, as none of the analyzed
chromosomes showed a z-score above the threshold set at 2.58 (Figure 44). Our
findings were confirmed by karyotyping (samples NIPT1 S4, NIPT1 S5 and
NIPT3 S3) and QF-PCR (all of them).
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Figure 44. Chromosomal z-score values (z-
test) in potential aneuploid samples. A.
AMI14 S2 (T21). B. NIPT1 S5 (T21). C.
NIPT3 S3 (T21). D. NIPT1 S4 (T13). E.
NIPT1_S8 (control with abnormal screening
results). Z-score values for chr2l in samples
AM14 S2,NIPT1 S5 and NIPT3 S3 were 6.17,
17.79 and 13.82 respectively. Chrl3 showed a z-
score of 3.89 in sample NIPTI S4 and for
NIPT1_S8 all z-scores were found within the
predefined normality range.

The sensitivities and specificities were calculated considering two different situations.

The first situation is one in which only chr21, 18 and 13 with a z-score >2.58 is

reported (Table 15). In this case, the sensitivity and specificity would be both 100%

(Table 17). The second situation is one in which z-score >2.58 in chromosomes other

than 21, 18 and 13 are also reported (Table 16). In this case, the resultant sensitivity

would still be 100%. However, the specificity would decrease to a 90% (Table 17).

Table 15. Contingency table in which only potential trisomies (z-test >2.58) for chr21, 18 and 13

are considered.

Actual trisomies Actual controls  Total
Predicted trisomies 4 0 4
Predicted controls 0 20 20
Total 4 20 24

Table 16. Contingency table in which potential trisomies (z-test >2.58) for any chromosome are

considered.
Actual trisomies Actual controls Total
Predicted trisomies 4 2 6
Predicted controls 0 18 18
Total 4 20 24

Table 17. Sensitivity and specificity for the detection of either i) chr21, 18 and 13 (Table 15) or ii)

116

all chromosomes (Table 16).

Sensitivity Specificity

Chromosomes 21, 18 and 13

100 % 100 %

All chromosomes

100 % 90%




4.9 Noninvasive fetal sex determination

4.9 Noninvasive fetal sex determination

In the context of NIPT, the simplest strategy for fetal sex determination in maternal
blood is the identification of chrY-derived cffDNA in male-bearing pregnancies,

8 141,142,204-206

which has been shown to be reliable as early as gestation week , earlier

than CVS and ultrasound.

During a normal, single pregnancy, the presence of chrY-derived ¢fDNA in the

mother’s bloodstream is a clear indication of the presence of a male fetus.

We first aimed at evaluating whether we could _

_ determine fetal sex through the detection of chrY-derived sequences in
male-bearing pregnancies. To this end, we first simply calculated for each sample the
percentage of reads mapping to - chrY _ (%chrY) with
respect to the total number of reads, in both male and female-bearing pregnancies. As
expected, in male fetuses the %chrY is higher than in female fetuses (Wilcoxon rank-
sum test P = 4.70e-5; Figure 45A and Supplementary Table 8, unfiltered reads).
However, the male and female distributions almost overlap, which suggested that a
significant number of reads fall into chrY intervals also in females. To further explore
this, we created a heatmap with the %chrY _ both in males and
females (Figure 45B). From this visualization it becomes clear that there are a number

of chrY intervals that are sequenced in both male and female bearing pregnancies.
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Figure 45. ChrY-derived reads in male and female pregnancies before and after chrY filtering.
A. Distribution of the percentage of reads mapping to unfiltered chrY (left) and filtered chrY
(right) in male and female fetuses. B. Heatmap showing unfiltered read counts mapping to
chrY in male and female pregnancies. Genomic regions are shown row-wise and samples
are shown column-wise. C. Heatmap showing filtered read counts mapping to chrY in male
and female pregnancies. Heatmap data sorted by chromosomal location.

Because chrY reads observed in both male and female fetuses are not informative of
fetal sex, we next attempted to increase the sensitivity for the detection of male
pregnancies by filtering out those regions containing read counts in more than one
female fetus sample. In other words, only those chrY regions that rarely contained
reads in female samples were kept, while regions that were frequently covered among

female samples were filtered out.

Filtering had consequences on both the horizontal (total number of genomic regions in

chrY’) and the vertical (total number of reads mapped to chrY) coverage available for

frthr anatyscs. [
_. Because part of the filtered regions were also present
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4.9 Noninvasive fetal sex determination

in male-bearing pregnancies, filtering resulted in a decrease in the %chrY in both

female and male fetuses.

The Wilcoxon rank-sum test showed that the

differences in coverage in %chrY between male and female fetuses were significant
regardless of chrY being filtered or unfiltered (P = 9.40e-5 in both comparisons).
However, filtering resulted in a relative chrY signal increase in male-bearing
pregnancies with respect to female-bearing pregnancies (calculated as the average

%chrY in males divided by the average %chrY in females) from 1.92-fold to 60.90-
fold (Figure 45A and Supplementary Table 8, filtered reads). _

After establishing the need to filter chrY reads to better discriminate male from female

pregnancies, we focused on establishing a test that would allow us to predict fetal sex

and identify aneuploidies affecting sexual chromosomes.
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4. Results

4.10 Fetal fraction estimation

Next, we aimed at determining the FF using_. To

this end, several strategies based on the methods mentioned in the Introduction

chapter were explored in order to devise a method that can accurately measure FF at
the lowest possible cost. The first strategy that we explored was the Y-chromosome-
based approach for being one of the simplest and most accurate methods for FF
determination in male fetuses. It should be noted that all the results in Section 4.10 are
validated using an external FF measure obtained from the ffPanorama test which had
been performed in these samples in HUD. Nevertheless, this measure was not available
in the beginning of this work, which prompted us to explore all the described strategies

below.
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4.10 Fetal fraction estimation

4.10.1 ChrY-based approach (ffChrY)

To calculate the FF based on the amount of Y-derived sequences (ffChrY') in our male-
bearing pregnancies, the percentage of sequencing reads mapping to filtered chrY
(%chrYrir) in male fetuses (n = 14) was first calculated, which resulted in an average
of 0.017% (range 0.009—-0.027%) of reads mapping to chrY. For a subset of them (n =
7), an external FF measure obtained from the SNP-based Panorama® commercial test
(Natera), was available (ffPanorama). Comparison of the %chrY to the ffPanorama
revealed a statistically significant strong positive correlation (r = 0.96, P = 0.003)

(Figure 49A).

A B
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Figure 49. ChrY-based FF estimation. A. A strong positive correlation between the %chrYyy, and the
external FF measure ffPanorama for a set of male-bearing pregnancies is observed (r=0.96,
P=0.003). Shaded region corresponds to a 95% confidence band. B. Comparison of ffChrY
and ffPanorama FF values.
We next aimed at translating the %chrY nic values to FF values (ffChrY). To do this,
we first calculated the %chrY in the cfDNA of an adult male sample to determine what
is the expected %chrY in an undiluted male sample. In other words, the %chrY in the
cfDNA of a male adult individual would represent the expected proportion of chrY
molecules in a hypothetical maternal sample in which 100% of the molecules in the
cfDNA pool were of male fetal origin. The calculated value (%chrY mate ref = 0.17%)
was used as a scaling factor to calculate the ffChrY, that is, the proportion of fetal
genome in the maternal sample. Results show that the resultant ffChrY values are

found very close to the absolute values provided by ffPanorama (Figure 49B and

Supplementary Table 11).
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Because we have previously shown that a proportion of the reads mapping to chrY
should be filtered out to better discriminate between males and females, we filtered the
reference male sample chrY resulted in a scaling factor of 0.12 (%chrY st male ref =
0.12%). When a reference value of 0.12 was used to generate FF values, the
determined ffChrY was considerably higher for all samples. The ffChrY values were
not only higher compared to ffPanorama values but were also slightly higher than what

it is reported in the literature'!> (Supplementary Figure 3).

Ideally, the transformation of %chrY i values into ffChrY values in pregnant women
samples should be performed taking an averaged scaling factor obtained from a pool
of reference adult males, which was not possible in the context of this work. In
addition, the approximation based on the removal of those regions identified in female-
bearing pregnancies might not be adequate in this context. Therefore, we decided to
use the unfiltered scaling factor of 0.17 for the reference male sample as it provided

the best fit when comparing our ffChrY with the external ffPanorama.

Because determining the FF based on chrY was valid only for male pregnancies, we
next aimed at finding a method for calculating FF that could be applied to both male
and female fetuses. In this analysis, only samples with maternal information available
(that is, matched gDNA) were used, which represent a total of 16 samples (10 male
fetuses and 6 female fetuses).
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One of the most well-established chrY-independent approaches that works equally
well for both male and female fetuses is the use of SNPs to distinguish fetal from
maternal DNA. Because it evaluates the presence of paternally-inherited alleles in the
cfDNA, similar to the presence of chrY, it allows a direct assessment of the proportion
of the cffDNA in the maternal circulation. Nevertheless, the SNP strategy comes at the
cost of having to perform an additional assay, since the maternal gDNA needs to be
sequenced. With the variant call information of maternal gDNA and cfDNA, fetal-
specific alleles can be identified at those loci in which ¢cfDNA (contains maternal and
paternal alleles) and maternal gDNA genotypes differ. The ratio of the fetal-specific

to maternal variants has been shown to be proportional to the FF!3136,
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4. Results

In summary, we have shown that it is possible to derive accurate FF calculation

methods by | ' o

described here covered those already described (chrY-dependent and SNP-dependent)

and include a novel method_ that are valid for both male

and female-bearing pregnancies. A summary of all the measured correlations with the

different FF calculation methods described here can be found in Table 21.

4.10.6 FF and z-score correlation in aneuploid chromosomes

It is well established that the degree of deviation (here represented by the z-score
value) shown by a given aneuploid chromosome from the reference euploid
chromosomes is directly related to the FF?!1212.130_ Thyis is, the more cffDNA molecules
in cfDNA, the higher the deviation will be for an aneuploid chromosome with respect
to the distribution of euploid chromosomes. To test the validity of this premise in our

samples, we compared the z-score values obtained for our 4 aneuploid samples
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4.10 Fetal fraction determination

(AM14_S2 [T21],NIPT1_S4[T13], NIPT1_S5[T21]and NIPT3 S3[T21]) with their
FF (Figure 57). For these samples, the FF measurements provided by the Panorama
test were not available, since patients presenting abnormal results in the screening test

would directly undergo invasive testing rather than NIPT. Therefore, the z-score

values were compared to our own FF measurements, _

-, which, as we have previously shown, are well correlated with ffPanorama

values and work with male and female-bearing pregnancies.
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Sample corresponding to T13 shows the lowest FF not only when compared to the

other trisomic samples, but also when compared to the rest of samples in the dataset.

This observation is consistent with previous findings that trisomies of chr13 and chr18
generally show a lower FF than trisomies of the chr21'23213 and it is believed to be
caused by a decrease in the release of cffDNA in blood by placentas affected by this
kind of aneuploidy. Because 1) FF likely depends on the presence of specific
aneuploidies and 2) it has been shown that NIPT tests fail to detect chromosomal
aneuploidies in which the FF is <4%?2'4, the aneuploidy detection sensitivity and

specificity will likely have to be tailored to each chromosome.

4.11Summary of fetal sex, aneuploidy and FF estimations

A summary of several parameters calculated regarding fetal sex determination,

aneuploidy detection and FF estimation can be found in Table 22.
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4.12 Costs

We first aimed at calculating the cost of each set of steps involved in producing a single
sample as described in this work. The goal was to compare the overall costs

of targeting Alu elements for the detection of chromosomal aneuploidies to other

commercial NIPT e

In a second step, we aimed at identifying the steps that could be potentially optimized

in order to bring costs down. A total of four main optimization points were initially

1dentified:
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. The second point relates to the multiplexing level: this is, how many

samples are hybridized together and co-sequenced.

- We calculated the costs of co-sequencing 16 samples, which
are summarized in Table 23B (see Mid output 2x150 bp columns). We
have conducted preliminary downsampling experiments that indicate
that it is possible to specifically detect all the aneuploidies in this study
at 1/2 the coverage that is achieved at an 8-sample multiplexing level.
Other parameters, such as fetal sex determination of FF estimation have
not been evaluated yet. This coverage would correspond to a

multiplexing level of 16 samples per run.

. The third point is related to sample preparation: although 2 ml of plasma
were used for sample preparation in this work, we have successfully
prepared samples from as low as 1 mL of plasma. Using only 1 mL of
plasma would bring costs related to extraction and sample preparation

down to around 25%.
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4. The last point is related to the number of sequencing cycles used. In the
experiments described here, samples were sequenced using a 2x150 bp
protocol. This means that each dsSDNA molecule is read 150 bp from
each end. Because most of the sequenced molecules have an average
size of ~165 bp (see Section 4.4), this means that for a majority of
molecules the forward and reverse reads largely overlap. Thus, it would
likely be possible to generate the same amount of unique information
by using a cheaper 2x75 bp protocol, reading a total of 150 bp per
dsDNA fragment (Table 23B, see Mid output 2x75 bp columns).

In summary, this preliminary cost an optimization analysis indicates that it is likely
possible to produce and sequence cfDNA libraries at costs around 100€ per sample,
starting from 1 mL of plasma and using a multiplex level of 16 samples per run and a

2x75 bp sequencing protocol.
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5.1 The access to clinical samples

The works described in this Thesis report have been mostly carried out within the
Research and Development department of the company qGenomics. For the time
being, qGenomics has very limited access to patients. Therefore, in order to have
consistent access to specific types of samples that can be used for research purposes,
multiple research agreements had to be made over the years with different institutions.
This has led to some very fruitful collaborations with public as well as private
hospitals. Relevant to this work, a close collaboration was established with Hospital

Universitari Dexeus (HUD - Grupo Quirdnsalud) to have access to samples from

pregnant women. _
I o 2+ samplcs analyzed in this

work, only 4 correspond to pregnant women carrying a trisomic fetus (either T13 or
T21) as confirmed in the laboratory by karyotyping and QF-PCR. The access to
trisomic samples has been limited by at least two situations: first, the fact that these
aneuploidies have a low prevalence in the population and second, although the
possibility to participate was offered equally to all pregnant women, women falling
within the high-risk group for fetal aneuploidies were more prone to refuse to

participate in the study than those who were informed to have a low risk.

In order to better validate our experimental approach, we plan to enroll a second, larger
series of samples. To this end, we have applied to, and successfully obtained approval
from, the ethics committee at HUD for an amendment of the project that allows the
recruitment of more samples. The amendment will allow the recruitment of up to 100
controls and 50 potential aneuploid cases. In order to increase the enrollment rate of
high-risk pregnancies we are considering expanding the information provided to the

mothers in a high-risk situation about the benefits of participating in research projects.
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5.2 Special handling and quality control requirements for the
manipulation of plasma and cfDNA samples

Typically, the bulk of NGS procedures that are performed in a clinical genetics’

laboratory involve the extraction of gDNA, mostly from whole-blood samples. The

manipulation of these samples follows very standard procedures used at qGenomics

and in laboratories worldwide that require little caution for their handling and

manipulation, with the basic goal of preserving gDNA’s integrity. _

. However,
the manipulation of samples for cfDNA extraction requires much more care in their
collection, transport and extraction in order to preserve cfDNA’s integrity and relative
concentration. For instance, more expensive special blood collection tubes (Streck
BCTs) that preserve cell integrity must be used. Additionally, these BCTs cannot be
stored cold, as low temperatures facilitate hemolysis, and large whole-blood volumes
(typically ~8 mL) are required to even extract a few nanograms of cfDNA. Moreover,
plasma samples must be obtained from whole-blood samples as soon as possible after
sample collection to, once more, avoid hemolysis. All these limitations pose many
challenges that had to be initially overcome in a laboratory that had no previous

experience in the extraction and manipulation of cfDNA samples.

At a time when, other than the widespread use of BCTs, current cfDNA processing
workflows lack standardization, the present project has tried to establish quality
controls at different points of the processing workflow mainly focused on 1) assessing

the presence of hemolysis in plasma and to ii) assure an effective cfDNA isolation.

Regarding the presence of hemolysis in plasma, we have not found any references in
the literature that clearly establish methods to quantify it in the context of the NIPT
routine. However, according to our experience in the laboratory, plasma samples
showing a reddish coloration by visual inspection are usually discarded for

downstream analyses by NIPT companies?*°. Other than the mere visual plasma color
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cfDNA samples

- This allowed us to determine that none of the plasma samples collected

exhibited evident hemolysis signs as shown by the plasma coloration, which was in

agreement with _ The generation of a distribution of
reference _ given our specific sample collection and transport

conditions will allow us, in the future, to obtain a specific hemolysis value threshold
to either accept or reject a specific sample for further processing and analysis. In
addition, the extraction of cfDNA showed that no correlation was observed between
pre-processing time and_ of extracted cfDNA, suggesting that if low
hemolysis levels (undetectable by our absorbance method) were present, they did not

increase under the established transport and processing conditions to detectable levels.

In this work we also used fluorometric, capillary electrophoresis and real-time qPCR
methods to confirm that an effective isolation of cfDNA had been achieved and to

exclude the presence of detectable amount of gDNA.

The fact that the concentrations of the extracted cfDNA measured through
fluorometric methods showed comparable concentrations to the reported values in
published data?’ and the identification of chromosome-Y-derived sequences
(indicative of the presence of cffDNA) in the maternal plasma of a male-bearing
pregnancy suggested that cfDNA was being isolated effectively. In addition, the size
distribution of the extracted fragments, assessed through electrophoretic methods, was
found within the expected nucleosomal range for cfDNA?, not only confirming the
efficient extraction of cfDNA, but it also excluding the possibility of gDNA

contamination.

A more sensitive quality control might be applied in the future, based on the
quantification of short (mainly originating from cfDNA) and long DNA (mainly
originating from cellular gDNA) fragments using real-time qPCR that can provide an
accurate quantification of the proportions of cfDNA and gDNA in the extracted

samples and that can be applied to both male and female fetuses.
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5.3 Challenges and consequences of working with low input
DNA

The fact that the levels of cfDNA in blood, although variable among individuals, are

typically very low (range 1-30 ng/mL approximately)?” has important implications for

library preparation for NGS. In this work, the total cfDNA used in library preparation

ranges from less than 1 to 22 ng, which corresponds to ~290 to 6,380 haploid genomes.

Such low input amounts of DNA result in a pool of adapter-ligated molecules with low
molecular complexity, which can exacerbate sequence representation bias and
duplicate generation during PCR amplification and sequencing. Sequence
representation bias is a common PCR artifact and is mainly due to variable
amplification efficiencies among sequences containing different GC content, broad

DNA library size range or polymerase errors!>216,

In the context of this work, several critical points in the standard library preparation
workflow were identified and modified in order to minimize the aforementioned
effects. These modifications included the optimization of adapter molarity and the
reduction of the number of PCR cycles to a minimum for both gDNA and cfDNA

libraries.

5.3.1 Adapter optimization to maximize library complexity and
minimize adapter dimer formation

Ideally, ligation of 100% of the molecules in the sample is desirable, as it theoretically

assures a maximal library complexity for a given DNA input. _

_ A common strategy to increase ligation efficiency is to increase the

amount of adapter. The downside of this strategy is that unligated adapter molecules
can self-ligate during the ligation reaction to form what are known as adapter dimers.
Because adapter dimers are the smallest molecules within the library that can be

formed, they are preferentially amplified and sequenced in the subsequent steps,
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5.3 Challenges and consequences of working with low input DNA

greatly decreasing the number of informative sequencing reads. Therefore, the optimal
amount of adapter to use has to be optimized for a given amount of input DNA so that
the number of ligated DNA molecules is maximized and the number of unligated

adapter molecules is minimized.

As described in the Results chapter, the total number of PCR cycles performed after
library ligation has an effect on the final adapter dimer to DNA library ratio, and
therefore, the amount of adapter should be ideally optimized taking into account not
only the DNA input, but also the number of cycles that will be applied to DNA
libraries. In turn, the total number of cycles that will be applied to DNA libraries is

dependent on the number of ligated molecules available.

. Although this

represents a conservative approach, the fact that no adapter dimers were observed
during any of the amplification reactions allowed us 1) to be less strict during the bead-
based size-selection purification, allowing the recovery of a greater number of cfDNA
fragments, especially smaller fragments, which are thought to be preferentially of fetal
origin!>%145 and ii) to use a single adapter-DNA ratio independent of the number of

PCR cycles applied.

This result highlights the necessity of experimentally identifying the optimal amount

of adapter to ligate, using manufacturer’s instructions as a general starting point. This
requirement is less likely to be relevant when high amounts of input DNA are used,
although in any case it can lead to a significant reduction in the consumption levels of

adapters and significant long-term savings.

151



5. Discussion

5.3.2 PCR cycle optimization to minimize sequence bias, duplicate
levels and polymerase errors
One of the central assumptions of the analysis of sequencing data is that each read
constitutes an independent observation, that is, that each read comes from an individual
biological molecule in the original sample. However, PCR-based library amplification
introduces the possibility that, given a sufficiently low diversity and enough PCR
cycles, multiple sequences in the final library come from the same original DNA
fragment. PCR amplification biases (due to different GC content or broad DNA library
size range) and an excess of PCR amplification rounds can ultimately lead to the
generation of PCR duplicates, which are sequence reads that result from sequencing
the exact same DNA fragment more than once. If not removed, PCR duplicates can
lead to erroneous conclusions in certain analyses. For instance, in any scenario where
depth of coverage is an important factor as in our work, PCR duplicates can

erroneously inflate the coverage in certain regions.

Because very little amounts of amplified library are loaded onto the sequencer, when
amplifying ligated DNA libraries, PCR cycles must be kept to the minimum necessary
to obtain enough amplified product that can be accurately quantified with the methods
available in the laboratory. For instance, a library with an average fragment size of
~300 bp can be amplified to a final concentration of 1 ng/uL and this concentration
(roughly 5 nM) is still 2,500-fold higher than the sequencer loading concentration (1.8
pM). In the context of this work, in which the input amount of ¢cfDNA is determined

by its amount in plasma, the amount of PCR cycles required was specifically adjusted

for cach sampe using real-time . [

_. In future studies, qPCR cycle determination

may be unnecessary as ideally, the number of required PCR cycles should be

established as a function of the initial amount of sample input. It should be noted that

because cfDNA and gDNA libraries have different fragment sizes, the relation
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5.4 Targeted sequencing [ ] overcoming the challenges and taking advantage of
the opportunities

between input and number of cycles may vary depending whether the sample is cfDNA
or gDNA.

Initial analysis of sequencing data quality metrics revealed that library optimization
for low DNA inputs was successful in terms of sequencing diversity, as the average

percentage of duplication in our cfDNA (except those samples for which there was
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5. Discussion

5.4.1 The potential challenges

The use or [ .

hybridization come with a number of potential challenges, both experimental and

bioinformatic, that were addressed at the beginning of the project.
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5. Discussion

A second potential challenge is related to a well-known technical limitation of
hybridization-based target enrichment methods such as the one used here and in
routine procedures at qGenomics. This limitation, known as daisy chaining, takes place
when two or more individual library molecules hybridize through their complementary
adapter ends, in a structure that resembles a daisy chain. If this happens, when a target
library molecule is specifically captured by a bait, it will also take with it the daisy-
chained library molecules. These events result in the unwanted capture and sequencing
of genomic regions that are of no interest for the experimenter (off-target regions),
with the consequent waste of sequencing resources. This situation is typically limited
by the use of blocking oligonucleotides (blockers) that hybridize the adapter portion
of the library molecules, very effectively reducing the hybridization between library

molecules through their adapters.

5.4.2 The opportunities

The reason we have taken this rather unorthodox approach is that

offers some very unique potential advantages over more traditional

The first advantage relates to the cost-efficiency of the methodology, a key point to

keep in mind from a company’s point of view.
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5.6 General considerations on data pre-processing and normalization

The overall results suggest that the presence and coverage_ in a final

sequencing experiment is dependent on its presence/absence in plasma,

its genetic distance to the probe (in turn dependent on_) and its degree
of homology with _ The design of experiments that contribute to

evaluate the effects of each of the above described potential factors as well as other

well-known factors as DNA sequence composition or GC percentage (higher in
younger families)'® will be useful to deepen our knowledge as to whether a given.
- might or might not be captured. In addition, this could allow the design of
additional probes to boost the capture of genomic regions of especial interest, for

instance,

5.6 General considerations on data pre-processing and
normalization
From a bioinformatic standpoint, the data pre-processing steps described here
resemble those in which no prior knowledge of the regions of interest is available. This
is the case of chromatin immunoprecipitation sequencing (ChIP-seq) assays, in which
the analysis pipelines require to initially identify what genomic regions bind a given
protein. Thus, binding peaks must be identified as genomic regions where reads
accumulate over a pattern of background signal. Similarly, the experiments described

here required the initial identification of the genomic regions that were captured.
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, the fact is that it was key to the
detection of chromosomal aneuploidies. Other normalization strategies that were

assessed (data not shown) provided a lower sensitivity for the detection of T21 samples



5.7 Normalized cfDNA coverage paterns are associated with key genome architecture features

and provided a false negative result for T13. This is the case of a modification of the
Transcript per kilobase Million (TPM) normalization method, based on dividing the
chromosomal read density by the total sample read counts followed by chromosome-
specific z-score calculation. We hypothesize the application of a modified version of

the TPM method didn’t work as well as our method because the TPM method was

developed to analyze transcription units??!, much shorter than chromosomes.

5.7 Normalized cfDNA coverage patterns are associated with
key genome architecture features

Further analyses revealed that this strong correlation can be attributed to the fact that

. These results

are in agreement with previous works showing that accessible genomic regions tend
to be overrepresented in cfDNA as their cleavage by endonucleases is favored in
comparison to more inaccessible regions'®1°%219 The flipside of this observation is
that some genomic regions of interest may be relatively absent from cfDNA and thus,

when performing this kind of experiments with cfDNA it is crucial to assess whether

the regions of interest are well represented.
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5. Discussion

The results described here are very reminiscent of a large body of classic experiments

that have aimed at studying chromatin accessibility in many model organisms under
different experimental conditions, both in vivo and in vitro. For instance, MNase has
been largely used in experiments directed at both addressing nucleosome positions and
nucleosome accessibility in the context of transcription, recombination, repair and

replication®??

. Because MNase preferentially cuts chromatin in the accessible DNA
linker spaces between nucleosomes, it produces a characteristic ladder pattern much
like the one observed in cfDNA. In a sense, analyzing cfDNA is akin to performing a
chromatin accessibility assay with human specimens in vivo in which the experimenter
has no control whatsoever over the experimental conditions. Future experiments will
be directed at expanding the limited body of work published to date regarding
nucleosome position and cfDNA fragment size!®1%%210, a piece of information that,
together with the identification of highly accessible regions in cfDNA, may help better
identify what cell type(s) are majorly dying within an individual. We hypothesize such
methods could serve in the near future to develop screening strategies that will allow

the real-time monitoring of anomalies in the cell-death patterns associated to

pathological processes.

5.8 Detection of fetal chromosomal aneuploidies through
relative differences in chromosomal coverage: a proof-of-
principle prototype

During the development of any new device or methodology that aims at providing a

new or improved service, several phases are typically followed. First, an uncovered

need or new functionality are identified. Design of a strategy to successfully cover the
need follows, with the small-scale production of working prototypes that prove the

feasibility of the approach. Larger-scale testing subsequently proves (or disproves) that
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5.8 Detection of fetal chromosomal aneuploidies through relative differences in chromosomal
coverage: a proof-of-principle prototype

the new process or device can be scaled and meets the specified characteristics it was

designed for.

Although the methodologies described here can be applied to several fields, in this
project we aimed at showing the feasibility of _ through its
application to the NIPT field. To this end, we have designed a cost-effective
methodology that would allow to sensitively and specifically detect chromosomal
aneuploidies at early stages of fetal development. The work presented here describes
the first-generation prototype that, as we will discuss in the following sections,
demonstrates the feasibility of the project. As mentioned at the beginning of this

discussion, a new phase will follow in which we will assess whether the conclusions

reached here hold true when a larger series of samples is used.

5.8.1 Sensitivity in the detection of aneuploidies

Although we acknowledge that the number of true positive aneuploid samples used in
this work is very limited (n = 4 aneuploid cases), the generated results clearly indicate
that our strategy is able to sensitively detect full chromosome aneuploidies, as it
correctly identified all 4 cases with trisomies of chrl13 and chr21. Moreover, the same
strategy that is able to detect extra chromosomal copies was used to very sensitively
detect the presence of a single chrX copy in all 14 male fetuses. This result strongly
suggest that our methodology may be also suitable for the detection of chromosomal

deletions.
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5. Discussion

5.8.2 Specificity in the detection of aneuploidies

Commercial NIPT tests clearly state the scope of their analysis, which means that they
only provide results for the chromosomes of interest. For instance, many NIPT tests
offer the possibility to assess the potential presence of aneuploidies only in chrl3, 18
and 21. Therefore, if only these three chromosomes are taken into account, our test is
100 specific in the identification of triploidies, as no false positives were detected
among the 24 cases (20 true negative and 4 true positive cases). However, if the scope
of the test widens to assess potential aneuploidies in any chromosomes, then two of
the samples (AM6_S43 and AM3 S43) would present one or more chromosomes
beyond the range of normality defined in this work, which includes all z-score values
between +2.58, and more specifically z-scores >2.58, indicative of the presence of a
potential trisomy. Hence, using this threshold, only 1% of true negative control
samples would have z-score value higher than 2.58. One possibility to avoid false
positive cases would be to adjust the threshold values for each chromosome, raising
the threshold in those chromosomes that are more prone to variation among control
samples. We believe this type of analysis will only be possible when a higher number
of true negative and positive samples are added to the analysis. Having access to more
samples will also facilitate the analysis of the different samples according to their FF,
as we and others?!1212130 hayve shown that the deviation that a triploid chromosome

departs from the average normal chromosomes depends on the FF.

Regardless of the thresholds used, we must assume all the extreme z-scores in sample
AMG6 S43 cannot be a faithful reflection of the chromosomal copy number status of
the fetus, as these alterations, if true, would be incompatible with life??3. Therefore, a
potential explanation is that this sample shows more dispersion than the rest of samples
due to differences related to maternal factors, for instance maternal age: this sample
corresponds to a woman aged 46, making her the eldest woman in the sample set.
Because it has been shown that aging causes profound epigenetic changes in the
genome, and cfDNA is a reflection of chromatin’s structure, it’s not far-fetched to
think that the high dispersion we see in this sample may be related to the mother’s

age?*.
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A second sample, AM3 S43, shows a positive z-score value above 2.58 for chr9, and
therefore, it is compatible with the presence of a trisomy in chr9. Although very rare,
fetuses with a trisomy in chr9 (T9) have been found to develop to term??3226, In this
case, we know the baby developed normally and no T9 was identified by NIPT.
Interestingly however, we also know this sample carried a vanishing twin, in which
chromosomal abnormalities are common, and are, in fact, important contributors of
false positive results in NIPT counting methods (15%)!2*. Thus, the results reported
for this sample are either compatible with a false positive result in our test or a true

positive T9 for the vanishing twin.

Importantly, besides the 4 true positive samples we received that had increased risk
from the first trimester combined screening and a positive karyotype result, we also
received another sample that had increased risk from the first trimester screening but
had a negative CVS result. This sample (NIPT1_S8) tested negative (normal) with our
test, thus confirming the false positive of the first trimester combined screening. Had
this sample been tested by NIPT, a confirmatory invasive technique would have been

likely avoided.

When the first cfDNA extractions were performed in the laboratory, we asked for the
easiest way to check if we had performed a successful isolation. At the moment we
reasoned that if we were able to specifically detect Y-derived sequences in the cfDNA
of male-bearing pregnancies, we must have successfully isolated cfDNA. These
experiments, performed by qPCR, were successful and lead to the development of the

rest of the sex determination methods described here based on the use of NGS read

count densiic
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5. Discussion

With regards to chrY, we first established the necessity to filter out those chrY intervals
that do not discriminate between males and females. This initially unexpected finding
cannot be explained by mapping ambiguities, since during data preprocessing
multimappers, chimeric reads and reads with a low mapping quality (MAPQ score
below 20) had been removed from the analysis. A literature search indicated that the
presence of reads mapping to chrY in female-bearing pregnancies is a recurrent
problem and is mostly attributed to technical artifacts such as male DNA
contamination during library preparation®>??’. We hypothesize that, besides the above-

mentioned potential contamination, at least two other plausible situations may explain

e abserved resuls. [
_. Second, from a biological standpoint, it is

well known that a continuous bidirectional trafficking of a variety of both cells and

cell-free substances (e.g., DNA) exists between the mother and the fetus during
pregnancy. Trophoblasts, nucleated erythroblasts, leukocytes, hematopoietic
progenitor cells, and in rare cases, mesenchymal stem cells of fetal origin have been

identified in maternal blood during pregnancy??®

. Interestingly, the detection of
microchimerism in maternal circulation and tissues, and also the detection of Y-
derived sequences in women with male offspring at different time intervals after
delivery ranging from 1 to 60 years strongly suggests that cells of fetal origin can
persist in the mother for decades after pregnancy®?’. These previously published
findings would be compatible with the detection of Y-derived sequences in female-
bearing pregnancies that have had a previous male pregnancy. However, we currently
don’t have information on previous pregnancies that may help us determine whether
we are detecting this type of chimerism in any of our samples. Regardless of the origin
of reads mapping to chrY in female pregnancies, regions observed in both male and

female fetuses were filtered out during data analysis, which contributed to increase the

chrY male-bearing to female-bearing pregnancies ratio from 1.92-fold to 60.90-fold.




The sex determination methodology described here is very similar to the methodology
used in the detection of potential autosomal aneuploidies in control samples. With this
approach we not only wanted to be able to accurately define fetal sex, but also be able

to accurately predict the presence of sex chromosome aneuploidies.
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5. Discussion

Finally, although the methodology has been designed to be able to identify
aneuploidies of the sex chromosomes, we have only been able to test normal samples,
therefore showing that the test is able to discriminate when chrY is absent or present
and_. Based on the results presented here,
we hypothesize that this method should be able to identify sex chromosome
aneuploidies. For instance, a X0 female (Turner) should be readily detected by our test
as both male-compatible (one chrX copy) and female-compatible (absence of Y). A
XXY male (Klinefelter) should readily be detected as both female-compatible (two
chrX copies) and male-compatible (presence of Y). Again, having access to these and
similar samples with sex chromosome aneuploidies will be required to test the

accuracy of detection.

Being able to accurately measure FF is critical in NIPT tests, as FF is one of the major
factors behind a no call (failed) result or a false negative result if not measured or not
measured properly. As has been introduced at different points throughout this work,
several ways have been described to measure FF. Some, like counting chrY-derived

reads, are very accurate and relatively inexpensive but only work in male-bearing
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pregnancies (not universal). Some others, like the SNP-based methods, are also very
accurate and can be used with both male and female-bearing pregnancies (universal),
but they generally require the analysis of both the mother’s own DNA and cfDNA,
which increases the production costs. At a midpoint, there have been attempts to
develop count-based methods that, unlike the chrY count-based method, can be used
with both males and females'#®. However, the computational methods behind these
analyses are complex and require the use of large datasets for their proper

training 41146,

In this work we have attempted to develop a novel approach to measure FF that

overcomes some of the limitations of the current FF measure methods.
e
wanted this method to be universal and as computationally simple as possible. We
acknowledge that the path we have taken towards the successful achievement of our
goal is not a simple one, but it is a faithful reflection of the complexity of the problem

we wanted to tackle and the many hurdles we had to overcome during the process.

This development path took us to explore the different FF calculation possibilities that

Counting the fraction of chrY-derived reads in male-bearing pregnancies was the first
and simplest strategy tested to measure FF (ffChrY) and showed the feasibility of our
approach. Comparison of the ffChrY to ffPanorama (our external reference, available

only towards the end of the project) revealed that our FF estimates were very close to

those of the reference in terms of absolute numbers.
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5. Discussion

-. Our results not only indicated that this is actually feasible, but that the FF

clcultc | ' :: oo <

using ffChrY itself or ffPanorama.
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Because at the time this data analysis was being performed the ffPanorama data had

not been made available to us, we were thus forced to come up with a FF calculation

method that would work with males and females

I ' i cd

to the development of our SNP-based approach for FF calculation.

SNP methods for FF estimation are the gold standard because they provide high
accuracy, but this accuracy generally comes at the expense of having to sequence
maternal gDNA, which may increase the production costs. This is the case of the
Panorama test, whose FF estimations have been used throughout this work as an

external reference and has been shown to be able to measure FFs as low as 1.4% in

aneuploid samples'’.
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In summary, we have implemented three possible approaches for calculating the FF
that will be further validated in the second phase of the study in which more samples
will be collected. From the methodologies tested, the one based in the proportion of
reads mapping to chrY has shown the highest correlation with the reference
ffPanorama values, which is expected, as chrY is exclusively derived from the fetus.
The SNP-based approach has also proved to be strongly correlated to the FF in both

males and females
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5. Discussion

5.10.4 Costs and turn-around times

As it has been described throughout this work, the technologies behind commercially
available NIPT tests and their associated costs are varied. However, this is not reflected
in the resultant market prices, which have reached certain homogeneity, probably due
to the competitiveness of the market. In fact, the price of any given test is mostly
dependent on the conditions that are detected: the cost of detecting chromosomal
aneuploidies, fetal sex determination and FF estimation is around 450-550 € and is

increased up to 725-750 € if microdeletions are included.

One of the major goals of this project was to produce a NIPT test whose costs could
be competitive in today’s crowded market. Our experimental strategy, which makes
use of a simple yet effective targeted sequencing approach, could easily deliver results
around the 100 € cost tag (reagents only) in a laboratory with a mid-throughput
sequencing platform like qGenomics. We believe there is ample room for improving
cost-efficiency by calculating the minimum amount of coverage required through
coverage simulations. Future cost calculations will have to consider the costs related

to human resources.

For a given sample, obtaining results in a timeframe as the one offered by most
commercial NIPT tests (5 to 10 calendar days except for the Harmony test, offering
results from 3 to 5 days as microarrays are faster compared to NGS) is feasible taking
only into account the time that is needed for each step in our workflow. However, it
should be evaluated how this workflow fits in the daily company routine, very much

dependent on equipment and human resources.

5.11 NIPT ethical concerns

The high sensitivity and specificity figures reported for NIPT has led to their
implementation in the National Health Systems of several countries. However, it has
also led some providers to believe that NIPS tests are diagnostic or virtually diagnostic.
In The Netherlands, NIPT is offered as an alternative to invasive testing to women

with a high-risk outcome from first trimester combined screening (risk >1:200) or
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5.11 NIPT ethical concerns

women with an increased risk for T21, T18 or T13 because of medical history since

2014 (TRIDENT-1 study)?3.

Regardless of the performance of current NIPT technologies, there is an underlying
biological reason for which cfDNA should not be regarded as a diagnostic tool, and
that is the fact that it originates from the placenta cytotrophoblast cells, meaning there
are a certain number of fetal conditions (see the Introduction chapter, Section 1.9)
that can lead to the extraction of incorrect conclusions. It should be noted that CVS,
which is considered a diagnostic test, analyzes the placenta too, although it does so by
analyzing two different layers from the placenta (cytotrophoblast and mesenchyme),
which increases the opportunity to detect conditions like placental or fetal mosaicism.
As a consequence, there is general agreement that the use of NIPT should be restricted

to a screening tool.

In addition, the fact that the sensitivities, specificities and FPRs of NIPT are superior
to first trimester combined screening for the detection of T13, T18 and T21235-238 has
led some countries to offer NIPT as an alternative to first-combined screening: in the
Netherlands, since April 2017, NIPT is also offered within the TRIDENT-2 study to
low-risk pregnant women, who are given a choice between first trimester combined
screening and NIPT. The current NIPT-based prenatal test includes detection of T21,
T18 and T13%?%°. However, NT thickness, evaluated during first trimester screening,
has been demonstrated to be a marker of a range of fetal disorders that cfDNA is not
able to detect, as for example cardiac anomalies, microdeletion syndromes, and some

single-gene disorders240-246,

Therefore, NIPT should be used in combination with first trimester combined
screening for a more accurate risk assessment of chromosomal aneuploidies with a
special emphasis in reducing the number of women undergoing unnecessary invasive

procedures, but it should not replace neither screening nor invasive confirmation.

With noninvasive genetic screening on the rise, companies are racing to add

chromosomal abnormalities even when research is still limited (for instance, sexual
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5. Discussion

chromosome aneuploidies), the detection accuracy is not well established, or even if
the effects derived from these chromosomal alterations are sometimes uncertain. An
example of this is the detection of subchromosomal alterations like microdeletions,
and in fact, professional guidelines do not recommend their detection in routine
screening??. Other than the limited number of studies and the potential technical
challenges of current methodologies**’, the fact is that because microdeletions affect
fewer genes, the physical or mental effects are not always predictable. For example, in
the case of the microduplication causing the DiGeorge syndrome, the effect can range

from severe heart defects and learning difficulties to asymptomatic individuals.

5.12 Future directions

5.12.1 NIPT

This Thesis has mainly focused on the development of a set experimental tools for the
manipulation and analysis of the information contained in cfDNA, first through
_ and its application in the field of NIPT. Basic
questions regarding the applicability of the methods have been answered by means of
a reduced number of samples obtained in the context of a pilot study in collaboration
with HUD. A larger number of samples is being collected to, on one hand, assess a
higher number of chromosomal aneuploidies and to build a larger population of control
samples, and, on the other hand, to try to address several questions that remained

unanswered in the context of this Thesis.

One important question that needs to be assessed with further detail is the resolution
our technique is capable of. For this work we have focused on full chromosome
aneuploidies but the fact that_ suggests that
we should be able to detect subchromosomal alterations such as microduplications or
microdeletions at high resolution. _
I
I
I
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5.12 Future directions

Besides chromosome count, we have identified three main factors that may have a role
in determining the ﬁnal_ and that may explain a considerable proportion
of the variability observed_ in our preliminary analyses. The first factor
is the inherent chromatin accessibility differences among genomic regions. As it has
been repeatedly discussed throughout this work, the extent to which a certain genomic
region can be released into plasma depends on its accessibility, which also determines
how much is protected from endonucleases and therefore its integrity. The second
factor is the GC content of our captured regions: regions with extremely high or low

GC content are subject to a negative PCR bias and may end up being poorly covered

compared to more intermediate GC regions.

. Therefore, if
we want our _ measures to more faithfully reflect the copy number status

of any given genomic location, we have to at least address the correction of our data

for GC content and the genetic distance to the probe. These corrections will have a

larger impact as we try to increase the resolution of the method_

and should allow the detection of subchromosomal aberrations.

A recent interest expressed by our HUD collaborators involved the detection of
signatures in cfDNA that could explain various pregnancy complications, as for

instance preeclampsia and spontaneous abortion in apparently healthy pregnancies.
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is usually more difficult when only small portions of the genome are analyzed, as is

the case of targeted sequencing like WES. Because we have shown that

is able to detect very small differences in coverage in the context of NIPT, we are
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5.12 Future directions

blood. To this end, samples previously analyzed in the laboratory by comparative

genomic hybridization (CGH) - array will be used as controls for the NGS analysis.

5.12.4 Intellectual property protection

A measure of the success of the research carried out in a company is the creation of
new products that can be commercialized, with or without intellectual property
protection (IPP) measures. Because of the obvious commercial applications of the
methodology described here, qGenomics is taking action in two directions: first, a
freedom to operate (FTO) analysis was commissioned to a law firm specializing in
IPP. Due to the complexity of the patent landscape surrounding the NIPT field we are
currently analyzing the FTO report. This analysis should provide clear information on
whether the technology we have developed infringes any patents and therefore, in what
countries could be potentially commercialized and under what conditions. Second, we
will commission a second analysis aimed at assessing whether the works described
here can be patented in part or in their totality. Due to the potential patentability of the

methods described here, critical parts of this Thesis are being embargoed.
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6. Conclusions

The work involved in the development of this Thesis can be divided in three main

parts. The first part is fully experimental and has consisted in the development and

optimization of existing tools to allow the production of good quality cfDNA

sequencing libraries, from where we have reached the following conclusions:

The established circuit, conditions and quality controls of sample
collection, storage, shipment, plasma separation and extraction allow the
obtention of high quality cfDNA samples that can be used for downstream

analyses in a timeframe that is feasible in the context of the clinical setting.

Optimization of each of the steps involved in library preparation has been
key to successfully avoid adapter dimer and duplicate formation as
revealed by subsequent data processing and analysis and, as a result, to
obtain good quality sequencing libraries from small amounts of partially

degraded DNA.

The second part of this Thesis involved sequencing data processing and analysis of the

_ as well as several relevant biological factors affecting the

amount of information available in cfDNA, from where we concluded that:

18
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6. Conclusions

e At least three factors govern the amount of coverage of a specific .

- have been detected: its GC content,

_, and its vicinity to accessible regions such as TSSs.

Finally, the third part of this Thesis focused on the feasibility of using Adusequencimg-

in the NIPT context. As a proof-of-concept, we focused on the detection of

chromosomal aneuploidies, fetal sex determination and fetal fraction calculation, the
main parameters calculated in a NIPT test. From this part, a series of conclusions were

extracted:

e The analysis of sequencing costs shows that the optimization of several steps in
the protocol may contribute to a more cost-effective test that can compete with

current market prices.
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7. Supplementary Figures
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Supplementary Figure 1. Pantone® color codes used for visual plasma inspection.
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7. Supplementary Figures
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Supplementary Figure 2. Karyotype results for three out of four aneuploid samples. A.
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7. Supplementary Figures
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based FF values after filtering male reference sample.
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8. Supplementary Tables

Supplementary Table 1.

Patient information. A. Batch 1 samples. B. Batch 2 samples. Gestational

age is expressed as weak.day. Abbreviations: body mass index, BMI;
vanishing twin, VT; nuchal translucency, NT; not available, NA.; increased,

Inc.
A
o —_ )
= & g g 2 o =
= s = 5 | 8 3 % 2 S0
= 2 < = S o g e g == = s =
=¥ - o - o |
*lF | & |5 &% 82 |E|ER} E3 g%
& = 3 & 2@ R E =
1 | AM14 S1 | Control | 42 | NA | 14.1 Simple NA | NA Male NA
2 | AM14 S2 T21 39 | NA 14 NA NA | NA Female NA
3 | AM3 S43 | Control | 35 | NA | 17.5 | Simple VT | NA | NA Male VT NA
4 | AM6 S43 | Control | 46 | NA 12 Simple NA | NA Female NA
5| AM7 S1 | Control | 40 | NA | 14.2 | Simple VT | NA | NA | Female VT | NA
6 | NIPT1 S1 | Control | 43 | NA 13 Simple NA | NA Female NA
7 | NIPT1 S2 | Control | 41 | NA 12 Simple NA | NA Male NA
8 | NIPT1 S3 | Control | 37 | NA | 14.6 Simple NA | NA Male NA
B
= = > 2
o= = = 9 St 7 E 4 < »
%) ] = [ =) S o Q = ) = =T
— o o @ = 5] < -9 Y - = E : ~ .E
) B | & |£%| 2 |3%| 55 2|ER| E3 | BE
& = 3 & 2| g s = E =
9 | NIPT1 S4 T13 43 20.70 | 12.4 | Simple | no | no Male Inc. NT
10 | NIPT1 S5 T21 38 22.04 | 13.0 | Simple | no no | Female Inc. NT
11 | NIPT1 S6 | Control 31 32.05| 14.1 | Simple | no | no Male None
12 | NIPT1 S7 | Control 36 23.78 | 13.1 | Simple | no no Male None
13 | NIPT1 S8 | Control 40 19.71 | 12.2 | Simple | no no Male Inc. NT
14 | NIPT2 S1 | Control 34 19.72 | 11.5 | Simple | no no | Female None
15 | NIPT2 S2 | Control 41 22.06 | 124 | Simple | no | yes | Female None
16 | NIPT2 S3 | Control 38 2546 | 13.0 | Simple | no | no | Female None
17 | NIPT2 S4 | Control 41 24.54 | 13.3 | Simple | no no Male None
18 | NIPT2 S5 | Control 33 21.36 | 124 | Simple | yes | yes Male None
19 | NIPT2 S6 | Control 38 22.83 | 134 | Simple | no | no | Female None
20 | NIPT2 S7 | Control 38 27.18 | 133 | Simple | no | no Male None
21 | NIPT2 S8 | Control 37 21.77 | 15.1 | Simple | no | no | Female None
22 | NIPT3 S1 | Control 35 22.65| 13.5 | Simple | no no Male None
23 | NIPT3 S2 | Control 30 25.81 | 16.6 | Simple | no no Male None
24 | NIPT3 S3 T21 35 17.99 | 13.0 | Simple | no | no Male Inc. NT
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8. Supplementary Tables

Supplementary Table 2. Processing parameters for plasma and ¢fDNA. A. Batch 1 samples. B.

Batch 2 samples. Days between blood collection and plasma separation (P,
— Pout), plasma volume (Plasma vol), color (PMS code, see Supplementar;

Figure 1), ,
and amount of cfDNA extracted per mL of plasma are shown. For two
samples, cfDNA concentration was too low (out-of-range, OOR) to be
detected through fluorometric methods. Abbreviations: non-available (NA).

A
# Sampleid  Psep- Popt Plasma vol (mL) PMS c¢fDNA (ng / mL)
1 AMI14 S1 1 NA 122 OOR
2 AMI14 S2 0 NA 128 OOR
3 AM3 S43 2 NA 123 2.112
4 AM6 S43 2 NA 1215 3.840
5 AM7 SI 2 NA 116 2.560
6 NIPT1 S1 1 NA 122 8.133
7 NIPT1 S2 2 NA 120 3.060
8 NIPT1 S3 1 NA 121 4.205
B
# Sample id Psep- Popt ~ Plasma vol (mL) PMS c¢fDNA (ng / mL)
9 NIPT1 S4 0 4.35 128 6.75
10  NIPT1 S5 1 4.6 121 3.51
11  NIPT1 S6 2 3.6 134 7.14
12 NIPT1 S7 2 4 121 5.17
13 NIPT1 S8 1 4 122 8.25
14  NIPT2 S1 1 4 134 2.98
15 NIPT2 S2 1 3.6 1215 2.14
16  NIPT2 S3 1 3.6 121 2.38
17 NIPT2 S4 1 4 122 2.13
18  NIPT2 S5 0 3.8 109 1.99
19  NIPT2 S6 1 4.8 127 10.66
20  NIPT2 S7 2 5 116 2.48
21  NIPT2 S8 3 4 1215 2.74
22  NIPT3 S1 2 4.5 116 6.96
23 NIPT3 S2 1 4.5 123 11.10
24  NIPT3 S3 1 4 1215 8.03
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8. Supplementary Tables

Supplementary Table 3. Genomic coordinates and length of B-globin and DYZ1 amplicons
generated by in silico PCR. A total of 2 B-globin amplicons of 102 bp and
16 DYZ1 amplicons of 85 and 2462 bp were obtained.

p-globin amplicons

>chrl11:5234329-5234430 102 bp
>chrll1:5226917-5227018 102 bp
DYZ1 amplicons

>chrY:27008214+27008298 85 bp
>chrY:27012994+27013078 85 bp
>chrY:27017751+27017835 85 bp
>chrY:25399693+25399777 85 bp
>chrY:25392538+25392622 85 bp
>chrY:25387758+25387842 85 bp
>chrY:25382980+25383064 85 bp
>chrY:26932643-26932727 85 bp
>chrY:26937400-26937484 85 bp
>chrY:26942156-26942240 85 bp
>chrY:25301303-25301387 85 bp
>chrY:25306082-25306166 85 bp
>chrY:26930266-26932727 2462 bp
>chrY:26935023-26937484 2462 bp
>chrY:26939779-26942240 2462 bp
>chrY:25298926-25301387 2462 bp
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8. Supplementary Tables

Supplementary Table 8. Percentage of reads mapping to unfiltered chrY (%chrY) and filtered

chrY (%chrYrir) for each sample.

Sample Fetalsex %chrY % chrYrit
NIPT2 S7  male 6.28e-02 2.66e-02
AM14 S1 male 6.20e-02 1.58e-02
NIPT3 S3 male 5.70e-02 2.50e-02
NIPT1 S3 male 5.81e-02 1.69¢-02
NIPT1 S7 male 5.64e-02 1.84e-02
NIPTI S8  male 5.66e-02 1.69¢e-02
NIPT2 S4  male 5.48e-02 2.20e-02
NIPT2 S5  male 5.48e-02 2.28e-02
NIPT1 S2  male 5.04e-02 1.28e-02
NIPT1 S6 male 4.80e-02 1.29¢-02
AM3 S43 male 4.38e-02 1.59¢-02
NIPT1 S4  male 4.30e-02 9.83e-03
NIPT3 S2  male 4.09e-02 1.38e-02
NIPT3 Sl male 3.65e-02 1.02e-02
NIPT1 S1  female 3.55e-02 4.33e-04
NIPTI S5 female 3.43e-02 3.10e-04
NIPT2 S3  female 3.05e-02 3.52e-04
NIPT2 S1 female 2.84e-02 3.55e-04
NIPT2 S2  female 2.76e-02 2.27e-04
NIPT2 S6  female 2.69¢e-02 2.50e-04

AM7 SI female 2.37e-02 2.86e-04
AMI14 S2  female 2.13e-02 4.91e-04
AM6 S43  female 2.01e-02 2.91e-05
NIPT2 S8 female 2.08e-02 7.77e-05
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8. Supplementary Tables

Supplementary Table 11. Summary of FF estimations based on different approaches. A. Female
fetuses. B. Male fetuses. Only those samples for which paired gDNA was
available were included in the estimations. The reference ffPanorama
(available for all except aneuploid fetuses), the ffChrY (applicable only to
male fetuses) and the

A
Sample 1}:2?1;?3 ffPanorama ffChrY
NIPT2_S6 female 6.3 NA
NIPT2_S3 female 10.2 NA
NIPT2_S2 female 13.8 NA
NIPT2_ S8 female 14.5 NA
NIPT2_S1 female 18 NA
NIPT1_SS female NA NA
B
Sample If{:tl::;l;?f ffPanorama ffChrY
NIPT3_S2 male 11.1 8.06
NIPT3 Sl1 male 7 5.92
NIPT1 S6 male 7.3 7.5
NIPT1_S7 male 10.6 10.75
NIPT2 S4 male 12.9 12.79
NIPT2_SS5 male 13.3 13.26
NIPT2_S7 male 16.6 15.52
NIPT1_S4 male NA 5.73
NIPT1 S8 male NA 9.86
NIPT3_S3 male NA 14.57
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Supplementary document 2. Informed consent.
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