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The majority of women with ovarian cancer (OC) have advanced disease at diagnosis
and 5-year survival rates of less than 25%. Women with stage I disease have significantly
better 5-year survival rates of over 90%. Recent large studies using CA 125 and transvaginal
ultrasound have failed to improve mortality in a screened population. There is therefore a

pressing need for new diagnostic biomarkers in OC.

The primary aim of my project, as a first step in developing a diagnostic circulating
tumour DNA (ctDNA) biomarker for high grade serous ovarian cancer (HGSOC), was to in-
vestigate low-cost high-throughput next generation sequencing assays in plasma samples
collected from women with newly diagnosed OC. The secondary aim was to apply these
methods to other non-invasive samples including cervical liquid based cytology samples

that might contribute to earlier diagnosis or screening for women with OC.

ctDNA was detected in 30-49% of women with newly diagnosed OC from the UKOPS
(n=54) and CTCR-OV04 (n=156) cohorts using targeted sequencing. Using the trimmed
median absolute deviation (t-MAD) score, a quantitative measure of genome wide copy
number aberration generated from shallow whole genome sequencing (sWGS) data, ctDNA

was detected in 39-41% of the women with newly diagnosed disease.

To improve sensitivity of ctDNA detection I developed an optimised method for tar-
geted sequencing that has the potential to lower the limit of detection of ctDNA in HGSOC
by 100 fold. I have also shown that the size profile of HGSOC ctDNA fragments is different
to that of wildtype DNA fragments and shown that selecting for DNA fragments between
90-150 bp can increase rates of ctDNA detection in HGSOC. ctDNA detection increased to

53-67% of women with newly diagnosed OC using the size selected t-MAD score.

[ have evaluated the utility of cervical sampling for earlier diagnosis of OC by testing
and optimising DNA extraction, library preparation and sequencing methods. I have detec-
ted tumour DNA in routine cervical cytology samples collected from women subsequently

diagnosed with cervical and endometrial cancers.

In summary I have developed methods for ctDNA detection in women with newly dia-
gnosed HGSOC that can be applied and refined in larger prospective studies of women un-
dergoing follow-up for treated HGSOC, women with symptoms suggestive of OC and wo-
men at high risk of OC.
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Abstract

The majority of women with OC have advanced disease at diagnosis and 5-year survival
rates of less than 25%. Women with stage I disease have significantly better 5-year survival
rates of over 90%. Recent large studies using CA 125 and transvaginal ultrasound have
failed to improve mortality in a screened population. There is therefore a pressing need

for new diagnostic biomarkers in OC.

The primary aim of my project, as a first step in developing a diagnostic ctDNA bio-
marker for HGSOC, was to investigate low-cost high-throughput next generation sequen-
cing assays in plasma samples collected from women with newly diagnosed OC. The sec-
ondary aim was to apply these methods to other non-invasive samples including cervical
liquid based cytology samples that might contribute to earlier diagnosis or screening for

women with OC.

ctDNA was detected in 30-49% of women with newly diagnosed OC from the UKOPS
(n=54) and CTCR-0V04 (n=156) cohorts using targeted sequencing. Using the t-MAD score,
a quantitative measure of genome wide copy number aberration generated from sWGS

data, ctDNA was detected in 39-41% of the women with newly diagnosed disease.

To improve sensitivity of ctDNA detection I developed an optimised method for tar-
geted sequencing that has the potential to lower the limit of detection of ctDNA in HGSOC
by 100 fold. I have also shown that the size profile of HGSOC ctDNA fragments is different
to that of wildtype DNA fragments and shown that selecting for DNA fragments between
90-150 bp can increase rates of ctDNA detection in HGSOC. ctDNA detection increased to

53-67% of women with newly diagnosed OC using the size selected t-MAD score.

[ have evaluated the utility of cervical sampling for earlier diagnosis of OC by testing

and optimising DNA extraction, library preparation and sequencing methods. I have detec-
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ted tumour DNA in routine cervical cytology samples collected from women subsequently

diagnosed with cervical and endometrial cancers.

In summary [ have developed methods for ctDNA detection in women with newly dia-
gnosed HGSOC that can be applied and refined in larger prospective studies of women un-
dergoing follow-up for treated HGSOC, women with symptoms suggestive of OC and wo-
men at high risk of OC.
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Introduction

2.1 Ovarian cancer

Ovarian cancer (OC) is the fifth most common cancer in women in the UK with approx-
imately 7,000 new cases diagnosed each year (CRUK 2016). Approximately 60% of wo-
men already have stage III/IV disease at the time of diagnosis (CRUK 2016). Presentation
with advanced disease is more common (>70%) in women with high grade serous ovarian
cancer (HGSOC) and these cases account for the majority of mortality from OC. Although
initially 70-80% of women respond well to chemotherapy ultimately most develop chemo-
therapy resistance leading to treatment failure. 5-year survival rates for women with ad-
vanced disease at the time of diagnosis are less than 25%, however women with early stage
disease at the time of diagnosis have 5-year survival rates of over 90%, including signific-
antly improved survival for women with HGSOC (CRUK 2016). Since the early 1970s mortal-
ity rates from OC have only slightly improved (CRUK 2016) with survival in the UK lagging
behind the rest of Europe (Coleman et al. 2011). There is therefore a pressing need to de-

velop methods that might enable earlier diagnosis of and potentially screening for OC.

HGSOC originates from the fallopian tube epithelium, specifically arising from intrae-
pithelial tubal carcinoma, preferentially at the fimbrial end of the fallopian tube. High rates
of co-existent serous ovarian carcinoma and serous tubal intraepithelial carcinoma (STIC)
(Kindelberger et al. 2007; Przybycin et al. 2010) and primary serous peritoneal carcinoma
and intrapepithelial tubal carcinoma (Carlson et al. 2008) have been identified. Identical
TP53 mutations have been identified in STIC and paired HGSOC samples (Kindelberger et
al. 2007; Lee et al. 2007; Kuhn et al. 2012) suggesting a clonal relationship. Mouse models
of HGSOC have shown that oophrectomy does not prevent the development of HGSOC but
that bilateral salpingectomy is preventative (Perets et al. 2013; Kim et al. 2012).
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The fallopian tube is in direct communication with the peritoneal cavity. As such
symptoms of OC are generally non-specific and include abdominal bloating, loss of ap-
petite, early satiety, abdominal pain, urinary frequency and urgency. One in two women
aged between 50-70 present to their GP each year with these symptoms (Lim et al. 2014).
The unique biology of HGSOC also results in early metastatic spread, particularity to the
omentum. Diagnosis of OC is currently a challenge with only 1/3 patients with OC in the
UK presenting through a primary care referral (Elliss-Brookes et al. 2012). Thus tests with
improved sensitivity and specificity in women with non-specific symptoms are critical to

improving mortality.

The gene TP53 encodes the tumour suppressor protein p53, a transcription factor that
regulates the expression of proteins involved in apoptosis and genomic integrity. TP53
mutations are ubiquitous in HGSOC (Ahmed et al. 2010; Kobel et al. 2016) and have been
identified as early drivers of the disease (Labidi-Galy et al. 2017). Other point mutations are
uncommon in HGSOC which has been identified as a disease characterised by copy number
alterations (Ciriello et al. 2013) and unlike most other cancer subtypes these are typically
acquired during the first half of clonal evolution (Gerstung et al. 2017). The unique genomic
features found in HGSOC present another significant challenge to the early detection of
HGSOC.

2.2 CA125

CA125is aglycoprotein encoded by the MUC16 gene that was originally found to be elevated
(>35U/ml) in serum in 82% of OC cases but only 1% of healthy and 6% of benign controls
(Bast et al. 1983). CA 125 is a well validated biomarker instrumental to the current clinical
management of OC. Current guidelines recommend measuring serum CA 125 in primary
care in all women with symptoms suggestive of OC followed by a transvaginal ultrasound
scan (TVUS) in those with elevated levels (RCOG 2016; NICE 2011). The combination of
CA 125, ultrasound findings (expressed as a score of 0, 1 or 3) and menopausal status (1
if premenopausal, 3 if postmenopausal), are used to calculate a Risk of Malignancy Index
(RMI). RMI with a cut-off of 200 was found to have a sensitivity of 85% and specificity of

97% to discriminate OC cases from benign controls (Jacobs et al. 1990).

However CA 125 is limited in both sensitivity and specificity as a diagnostic biomarker.

In both screening and pre-surgical studies it has been shown that >50% of women with
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stage [ disease do not have an elevated CA 125 (Jacobs et al. 1989; Jacobs et al. 1993) poten-
tially resulting in delayed or missed diagnosis. Conversely CA 125 is elevated in a number of
benign gynaecological and non-gynaecological conditions, particularly in premenopausal
women, leading to further potentially unnecessary invasive investigations and associated

anxiety.

2.3 CA125 based screening

A mortality benefit to OC screening using CA 125 has yet to be elucidated. The prostate,
lung, colorectal and ovarian (PLCO) cancer screening trial of over 60,000 women using an-
nual TVUS and CA 125 found no increase in cancers detected at an earlier stage and no im-
provement in mortality (Buys et al. 2011). This study was limited in that a single threshold
was used for CA 125, there was a lack of central protocol for management of a positive result
and there was a long follow up with 40% of OC diagnoses occurring after the end of screen-
ing. An increase in detection of early stage cancer was found in the Japanese study of OC
screening of over 80,000 women again using annual ultrasound and CA 125 (Kobayashi et
al. 2008) however, the mortality rates are unknown. An improved survival in women un-
dergoing annual screening with ultrasound was found in The Kentucky screening study of
over 20,000 women (Nagell et al. 2007). This however was not a randomised control trial

(RCT) and findings may be biased by a healthy volunteer effect.

The UK Collaborative Trial of Ovarian Cancer Screening (UKCTOCS) is the largest screen-
ing study with over 200,000 postmenopausal women aged 50-74 years recruited from
13 centres in England, Wales and Northern Ireland. Women were randomised to annual
multimodal screening using CA 125 interpreted using the risk of ovarian cancer algorithm
(ROCA), annual ultrasound or no screening in a 1:1:2 ratio and followed up for a median
of 11.1 years. This study initially reported encouraging data with an increase in sensitivity
and specificity, 89.4% and 99.8% respectively, for the diagnosis of OC in women in the mul-
timodal screening arm (Menon et al. 2009). Primary analysis did not reveal a significant
reduction in mortality in the multimodal screening arm (Jacobs et al. 2016). However, an
encouraging mortality reduction of 23% was seen in years 7-14 compared to 8% in years

0-7 suggesting that a mortality benefit might be seen after longer follow-up.
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2.4 Other biomarkers in ovarian cancer

Significant work is currently being undertaken to identify new protein biomarkers that
can potentially be used in combination with CA 125 and RMI to improve triage of OC. One
example is HE4, a serum protein biomarker, that has been found to have increased sensit-
ivity for the diagnosis of OC compared to RMI when used in combination with menopausal
status and CA 125 to calculate a Risk of Ovarian Malignancy Algorithm (ROMA) (Moore et
al. 2010).

However, despite decades of effort, CA 125 remains the single-best biomarker for OC
with models derived from the most promising markers failing to show improvement over
serum CA 125 alone (Cramer et al. 2011; Zhu et al. 2011).

Refining Ovarian Cancer Test accuracy Scores (ROCkeTS) is a National Institute for
Health Research (NIHR) funded study that has been developed by the University of Birm-

ingham with four phases:

1. Systematic review of the literature.

2. Interrogation of datasets/samples from UK Ovarian Cancer Population Study (UKOPS),
UKCTOCS and International Ovarian Tumour Analysis (I0OTA) to refine model using

tests identified in phase 1.

3. Prospective study to collect serum and perform ultrasound with IOTA criteria to val-

idate new models.

4. Analysis and pathway generation.

Recruitment to the prospective part of the ROCkeTS study commenced in June 2015
and as of March 2018 1,021 postmenopausal and 737 premenopausal women had been re-
cruited. This will provide a valuable resource to validate CA 125 and other protein bio-
markers for triage of symptomatic women in secondary care. Interim analysis of current
recruitment to ROCkeTS showed a prevalence of OC of 8% among postmenopausal women
and 1.5% in premenopausal women (personal communication Sudha Sundar, Univeristy of

Birmingham).

Alternative biomarkers to serum proteins include the detection of tumour-associated

antibodies in serum. Proteins produced by tumour cells can be mutated or over-expressed.
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Release of these into the circulation can trigger an autologous immune response generat-
ing autoantibodies. It has been shown that p53 specific autoantibodies can be detected in
24-42% of OC cases (Angelopoulou et al. 1996; Anderson et al. 2010; Tsai-Turton et al. 2009)
including 16% of UKCTOCS cases not detected using the multi-modal screening strategy
(Yang et al. 2017).

2.5 C(irculating tumour DNA

An alternative strategy for earlier detection and/or screening is the detection of circulat-
ing tumour DNA (ctDNA). It has been known since 1948 that blood contains free circulating
DNA (Mandel et al. 1948). In 1977 it was shown that there are higher levels of free circu-
lating DNA in the blood of patients with cancer (Leon et al. 1977) and studies have con-
sistently found higher levels of free circulating DNA in the blood of patients with cancer
(mean 219 ng/ml, range 10-1200 ng/ml) compared to healthy controls (mean 3.7 ng/ml,
range 0-100 ng/ml) (Jahr et al. 2001). In 1989 it was first shown that tumour DNA can be
identified in the blood of patients with cancer (Stroun et al. 1989) however, tumour DNA
can make up a tiny fraction of the total cell free DNA (cfDNA). Using next-generation se-
quencing (NGS) techniques it is now possible to amplify small amounts of free circulating
DNA in the blood to identify molecular alterations observed in tumour DNA and identify
these from the large amount of non-tumour cfDNA in the circulation. ctDNA is a highly
specific biomarker of cancer and could therefore provide a powerful non-invasive method

for earlier OC diagnosis.

The detection of ctDNA has had an extensive impact in oncology with widespread
use in research studies of advanced and relapsed disease (Wan et al. 2017). ctDNA has
been shown to be useful for the prediction of clinical response in metastatic breast cancer
(Dawson et al. 2013), prediction of disease relapse in colorectal cancer (Diehl et al. 2008)
and breast cancer (Garcia-Murillas et al. 2015) and for the detection of resistance mechan-

isms in colorectal cancer (Diaz et al. 2012; Kuang et al. 2009).

There has also been considerable recent interest in using ctDNA for early detection
of cancer (Wan et al. 2017). There are significant challenges in applying this approach to
detection of early disease where levels of ctDNA are expected to be very low and in many
cases below detection thresholds of current methodologies. Strategies applied to increase

the detection of ctDNA in early stage cancers include the detection of patient specific muta-
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tions (Bettegowda et al. 2014; Abbosh et al. 2017), deep sequencing of multiple genes (Phal-
len et al. 2017) and the combination of ctDNA and protein based biomarkers (Cohen et al.
2018). These powerful methods, able to detect down to an allele fraction (AF) of 0.1-0.01%,
have been able to detect ctDNA in 40-50% of stage [ cancers. Although these studies have
shown feasibility for detection of ctDNA in early stage cancers, results in HGSOC are pre-
liminary. There is not yet any evidence that cancers can be detected earlier, or that this will
lead to improved clinical outcomes. These methods are also unlikely to be cost effective.
It is possible that sensitivity also may not be sufficient for the detection of very low tu-
mour volumes. Using linear modelling it has been predicted that a tumour with a volume
of 10 cm? will have a variant allele fraction (VAF) of 0.1% and a tumour with a volume of
1 cm?® will have a VAF of 0.008% (Abbosh et al. 2017).

2.6 Circulating tumour DNA in ovarian cancer

Original studies found ctDNA to be present in 17-30% of plasma and serum samples ob-
tained from women with OC (Otsuka et al. 2004; Swisher et al. 2005). These studies ex-
amined the frequency of TP53 mutations in samples but were limited to only a few nucle-

otide substitutions and were relatively insensitive.

A targeted sequencing method (TAm-Seq) developed by the labs uses a two-stage
amplification process for amplification and deep sequencing of exons of driver genes from
fragmented and/or low abundance input DNA such as plasma cfDNA. Prior knowledge of
the patients tumour specific mutation is not required. Control samples are used to assess
background sequencing error rates and each sample is analysed in duplicate to control for
sequencing errors and increase specificity. The original method using a sequencing depth
of approximately 700X was able to detect ctDNA in 20/38 (53%) of women with advanced
HGSOC down to AF of 2% with a specificity of >95% (Forshew et al. 2012). TAm-Seq is a

cost effective method and may be suitable for clinical application.

Digital PCR has a higher sensitivity for ctDNA detection. Using prior knowledge of
the patients tumour specific mutation to design tumour-specific assays for TP53 ctDNA
can be detected in >80% of women with HGSOC including women with newly diagnosed
disease (Parkinson et al. 2016). This method cannot be used in a diagnostic setting as prior
knowledge of the patients tumour specific mutation is required. This study does however

provide evidence that ctDNA is present in plasma samples collected before treatment for
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HGSOC.

In relapsed HGSOC it has been shown that there is a relationship between tumour
volume measured by 3D CT volumetric analysis and ctDNA levels. Using digital PCR for
TP53 45/47 patients with a tumour volume of >32 cm? had detectable ctDNA. Only 2/10
cases with a tumour volume of <32 cm? had detectable ctDNA and one of these can poten-
tially be explained by the presence of large volume ascites. The TP53 mutant allele fraction
(MAF) was moderately correlated with the tumour volume (correlation coefficient 0.59)
and was higher in cases without ascites (correlation coefficient 0.82). CA 125 was less well
correlated with tumour volume (correlation coefficient 0.52 and 0.51 respectively). Inter-
estingly the median TP53 MAF per tumour volume was much higher in the relapsed HGSOC
cases (0.04% per cm?®) compared to newly diagnosed HGSOC cases (0.0008% per cm?)
(Parkinson et al. 2016).

These studies all focused on the detection of ctDNA in relapsed HGSOC. There is an op-
portunity for earlier detection of HGSOC if appropriate methods with high enough sensitiv-
ity can be developed. Persistent TP53 mutations in fallopian tubal epithelial cells have been
conclusively demonstrated to be the first pathological change in STIC. STIC is the precursor
or preinvasive lesion to HGSOC (Lee et al. 2007). p53 staining of fallopian tube sections to
identify abnormal staining patterns for p53 protein is established in clinical practice to
identify STIC lesions. A recent publication using whole exome sequencing for detection
of somatic mutations and copy number aberrations for matched STIC and fallopian tube
cancers has confirmed the presence of TP53 mutations in STIC lesions. Using evolution-
ary analysis, the authors estimate that the average time between development of STIC and
invasive carcinoma to be 7 years (Labidi-Galy et al. 2017). There is therefore evidence to
suggest that preinvasive lesions to HGSOC do harbour TP53 mutations and that there is a

significant window of opportunity for earlier detection of OC.

2.7 Cervical sampling in ovarian cancer

Routine cervical screening was introduced as a method of detecting pre-malignant changes
in ectocervical cells that could progress to cervical cancer if not treated. In 2008 the con-
ventional Pap smear was replaced by liquid based cytology (LBC) as a means of reducing
the number of inadequate samples obtained. In addition the use of LBC has allowed the

collection of DNA as well as cytological evaluation of cervical samples. This has been util-
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ised for human papillomavirus (HPV) triage and test of cure.

Cells and DNA shed from the distal fallopian tube can pass through the uterus and
cervix to the vagina where they can be sampled. Occasionally OC is diagnosed following an
abnormal cervical cytology sample in asymptomatic women with otherwise normal clin-
ical investigations. It is estimated that <0.1% of all routine cervical smear samples are
thought to show glandular abnormalities (NHS 2016) which suggest possible endocervical,
endometrial or ovarian abnormalities. Approximately 30-40% of these are subsequently
diagnosed with pre-invasive or invasive disease (DeSimone et al. 2006; Boyraz et al. 2017),

the minority of these being ovarian.

Another approach for increasing the sensitivity of detection of early stage disease is
to collect samples proximal to the suspected location of tumour, in which tumour DNA is
likely to be enriched. Maritschnegg et al. 2015 found a 60% sensitivity for the detection of
OC using lavage of the uterine cavity and Wang et al. 2018 found a sensitivity of 45% for the
detection of OC by performing direct sampling of the intrauterine cavity using a Tao brush.
These procedures are not suitable for widespread use in symptomatic women as they are
invasive procedures that can only be performed by trained healthcare professionals. These

procedures are also uncomfortable and expensive.

Studies looking at less invasive methods of sampling at the cervical os have shown
that tumour DNA and somatic mutations can be identified in cervical cytology samples
(Kinde et al. 2013) and vaginal tampons (Erickson et al. 2014) from women with advanced
OC. More recently it has been shown that 33% of OCs (n=245) were detected using a com-
bination of somatic mutation detection in 18 genes and aneuploidy detection in cervical
cytology samples (Wang et al. 2018). This included detection in 34% of early stage cancers.
Combining cervical cytology and plasma increased the sensitivity to 63% in 83 women with
OC. This suggests that cervical sampling could potentially be used as part of a diagnostic

or triage tool for OC.

2.8 Overview

In summary existing approaches for the detection and screening for early stage OC have
a low sensitivity and little impact on mortality. Tests with improved sensitivity for the
detection of early stage disease as well as tests with a higher specificity are required in

primary care to ensure that all women are triaged appropriately and in a timely manor
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following presentation with symptoms. To achieve an improvement in both sensitivity and
specificity it is likely that a combination of tests will be required including both protein

markers and potentially ctDNA.

Earlier detection of HGSOC poses a number of challenges relating to the unique bio-
logy and genomic features of the disease. Methods for the detection of ctDNA in early stage
cancers are now being developed. However, these are currently limited by complex library
preparation methods, complex bioinformatics analysis, the requirement for deep sequen-
cing, and ultimately are not cost-effective for routine use as a diagnostic test. | am going to
investigate alternative opportunities to increase the specificity and sensitivity of detection
of HGSOC using plasma ctDNA and cervical sampling. The long term aim is to investigate

the combination of multiple biomarkers to improve earlier detection of OC.

2.9 Projectaims

1. To determine if ctDNA can be detected in plasma samples collected from women with

newly diagnosed OC.

2. To develop methods with increased sensitivity for the detection of ctDNA in women
with newly diagnosed HGSOC.

3. To establish whether tumour DNA can be detected in cervical samples.
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Methods

3.1 Study populations

3.1.1 CTCR-OV04

CTCR-OV04 (Molecular analysis of response to treatment in ovarian cancer) (REC 08/H0306/61)
is an ongoing single centre observational study at Addenbrookes Hospital recruiting all pa-
tients with known or suspected ovarian, fallopian tube or primary peritoneal cancer. To
date over 900 patients have been recruited and plasma, tissue, and ascites samples have

been banked at multiple treatment time points.

3.1.2 UKOPS

UK Ovarian Cancer Population Study (UKOPS) is a biobanking study that recruited from 10
centres across England, Wales, and Northern Ireland between 2006 and 2008. Inclusion

criteria were:
1. Women with an adnexal mass suspicious of OC about to undergo surgery.
2. Women with a confirmed diagnosis of primary invasive or borderline OC.

3. Women with a probable diagnosis of primary invasive OC not undergoing surgery.

4. Women with a possible benign or borderline adnexal mass about to undergo surgery.
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5. Apparently healthy women recruited from the multimodal arm of UKCTOCS when

they attended for annual screening.

In total this study banked samples from 1,200 epithelial OCs (300 of which were recruited
pre-operatively), 500 benign or borderline neoplasms, and 2,800 healthy controls. Through
a collaboration with Usha Menon at UCL we have had access to formalin fixed paraffin em-
bedded (FFPE) tissue and matched plasma samples obtained prior to the diagnosis of epi-
thelial OC.

3.1.3 CTCR-0OVO05

[ am the principle investigator for CTCR-OV05 (Genetic biomarkers for gynaecological con-
ditions) (REC 14/EE/1248). I designed and developed study documents for CTCR-OV05,
a single centre observational study recruiting all women referred to Addenbrookes Hos-
pital or undergoing surgery at Addenbrookes Hospital for suspected OC. Between June 2015
and September 2017 111 women were recruited to CTCR-OV05. Plasma, tissue, and cervical
samples were collected from participants at multiple treatment time points. In total I col-
lected 94 cervical cytology samples from women recruited to CTCR-OV05. See appendix
12.1 for CTCR-0V05 study documents.

3.1.4 C(CSO1

[ am the principle investigator for CS01 (Molecular analysis of cervical smear samples)
(REC 15/L0O/0635) an observational study designed to collect all routine cervical smear
samples from West Anglia Pathology Service Cervical Cytology Laboratory showing non-
cervical glandular abnormalities. The study has been developed to assess if molecular ana-
lysis of routine cervical smear samples is a sensitive enough method for use in the diagnosis
of OC. See appendix 12.2 for CS01 study documents. In total 76 cervical cytology samples

were received and analysed between December 2015 and March 2018.
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3.2 Sample collections

3.2.1 FFPE samples

FFPE blocks were obtained from the pathology archives at Addenbrookes Hospital for samples
collected through CTCR-0OV04, and from the pathology archives at UCL for samples collec-
ted through UKOPS. FFPE blocks were reviewed by the study pathologist and the block
most suitable for DNA extraction (largest area of highest cellularity tumour) was selected.
Based on the tumour area and cellularity between 3-15 8 um sections on plain glass slides
were cut by Addenbrookes Tissue Bank or CRUK CI histopathology core. Tumour regions

were marked by the study pathologist on an adjacent hematoxylin and eosin (H&E) section.

3.2.2 Blood samples

Banked plasma samples were retrieved from the Cambridge Cancer Centre Blood Pro-
cessing Laboratory (CCCBPL) from patients recruited to CTCR-OV04. Patients recruited
to the referral cohort of CTCR-OVO05 had 9 ml blood collected in an ethylenediaminetet-
raacetic acid (EDTA) tube for plasma and buffy coat isolation, 2.5 ml blood collected in an
EDTA tube for whole blood collection and 7 ml blood collected in a serum tube. Patients
recruited to the surgery cohort of CTCR-OVO05 had the schedule of blood collection outlined
in table 3.1.

EDTA tubes for plasma isolation were kept at room temperature and processed within
one hour of collection or kept at 4 °C and processed within six hours of collection. Samples
collected in EDTA tubes were centrifuged at 820 g for 10 minutes, 1.5 ml aliquots of plasma
were subsequently centrifuged at 14,000 rpm for 10 minutes. The supernatant was trans-
ferred to sterile 1.5 ml screw cap tubes and stored at —80 °C before DNA extraction. Fol-
lowing the initial centrifugation step the buffy coat layer was removed and transferred to
sterile 1.5 ml screw cap tube and stored at —80 °C. Serum tubes are left to stand at room
temperature to allow the blood to clot. Samples are subsequently centrifuged at 3,000 rpm
for 10 minutes. 1.5 ml aliquots are then transferred to sterile 1.5 ml screw cap tubes and
stored at -80°C. Whole blood is stored in 1 ml aliquots in sterile 1.5 ml screw cap tubes at
—80°C.
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Time point Samples Collected

Start of Operation 9.0 ml EDTA for plasma and buffy coat
2.5 ml EDTA for whole blood

7.0 ml serum

End of Operation 9.0 ml EDTA for plasma
2 hours post-operative 9.0 ml EDTA for plasma
Day 1 post-operative 9.0 ml EDTA for plasma

7.0 ml serum

Day 2 post-operative and daily whilst inpatient 9.0 ml EDTA for plasma

Table 3.1: Schedule of blood collection for surgery cohort of CTCR-OV05

3.2.3 Cervical samples

Patients recruited to both the referral and surgery cohort of CTCR-OVO05 had a cervical
mucous aspirate (CMA) and cervical cytology sample collected at the initial sampling time
point. CMAs were collected using a cervical mucous sampling device and transferred to a
cryovial for storage at —80 °C. Cervical cytology samples were collected by routine liquid
based cytology method using a brush and transferred to 20 ml PreservCyt fixative solu-
tion. Samples were stored at room temperature and processed for DNA extraction within

3 weeks of collection.

3.3 Cell culture

Frozen cell pellets for Hela, OVCAR3 and SKOV3 were thawed. 5 ml of the relevant media
was added to each cell pellet and the sample was centrifuged at 1,000 rpm for 3 minutes
at room temperature. The media was aspirated to leave the cell pellet which was resus-
pended in 7 ml media and incubated at 37 °C with 5% CO,. Samples were cultured to 90%
confluence and then split by washing with warm phosphate buffered saline (PBS), trypsin-
ising with 0.05% trypsin, neutralising with an equal volume of media, centrifugation at
1,300 rpm for 3 minutes, aspirating the media and resuspending in the appropriate volume
of media for the number of cells present and size of flask being using for replating. Cells
were cultured by this processing until sufficient cells were present for subsequent experi-

ments. Cells were counted using Vi-Cell according to manufacturers instructions.
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3.4 Extraction of DNA

3.4.1 Extraction of DNA from FFPE

DNA was extracted from FFPE sections using scrape macro dissection followed by the QI-
Aamp DNA Micro Kit (Qiagen). Firstly tumour areas marked by the pathologist were macro
dissected by scraping with a scalpel into a 1.5 ml micro-centrifuge tube containing 1 ml xy-
lene to removed the paraffin. Samples were mixed by vortexing for 30 seconds and cent-
rifuged for 5 minutes at full speed. The supernatant was removed and 1 ml 100% ethanol
added to remove the remaining xylene. The sample was mixed by vortexing for 30 seconds
and centrifuged for 5 minutes at full speed. The supernatant was removed and the pellet
dried for 10 minutes at 30 °C. The pellet was resuspended in 180 pl ATL buffer, mixed by
vortexing and spun down briefly. The sample was incubated at 95 °C for 15 minutes to re-
pair the cross-linking damage caused by the formalin. The sample was briefly centrifuged
and 20 pl Proteinase K added when the sample reached room temperature. The sample
was mixed by vortexing, centrifuged briefly and incubated at 56 °C for 12-24 hours mixing
at 500 rpm. The sample was incubated at 90 °C for 1 hour to reverse the formaldehyde DNA
modification. The sample was centrifuged briefly, 4 ul RNase A (100 mg/ml) added and in-
cubated at room temperature for 2 minutes. 200 pl AL buffer and 200 pl 100% ethanol
were added, mixed by vortexing for 30 seconds and briefly centrifuged. The sample was
transferred to a QlAamp MinElute column and centrifuged for 1 minute at 6,000 g. The flow
through was discarded and the column placed in a clean collection tube. 500 ul AW1 buffer
was added and centrifuged for 1 minute at 6,000 g. The flow through was discarded and
the column placed in a clean collection tube. 500 pl AW2 buffer was added and centrifuged
for 1 minute at 6,000 g. The flow through was discarded and the column placed in a clean
collection tube and centrifuged for 3 minutes at full speed. The QIAmp Min Elute column
was placed in a 1.5 ml micro-centrifuge tube and 20 pl ATE buffer added to the membrane,
incubated at room temperature for 5 minutes and centrifuged for 1 minute at full speed. A
further 20 pl ATE buffer was added to the membrane, incubated at room temperature for

5 minutes and centrifuged for 1 minute at full speed. The sample was stored at —80 °C.
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3.4.2 Extraction of DNA from cervical cytology

DNA was extracted from cervical cytology samples within 3 weeks of collection using the
QIAamp DNA Micro Kit (Qiagen). Samples were transferred to a 50 ml falcon tube and
centrifuged at full speed for 5 minutes. The fixative was aspirated and the cell pellet re-
suspended in 1 ml 100% ethanol. The protocol for DNA extraction from FFPE samples was

then followed (see section 3.4.1, page 37).

3.4.3 Extraction of DNA from cervical mucous

DNA was extracted from CMA samples using the QIAamp DNA Micro Kit (Qiagen). 180 pl
ATL buffer and 20 ul Proteinase K were added to the sample and transferred to a 1.5 ml
micro-centrifuge tube. The sample was incubated at 56 °C for 2 hours. 4 pl of RNase A was
added at room temperature and incubated for 2 minutes. 200 pl AL buffer and 200 pl 100%
ethanol were added to the sample, mixed by vortexing and briefly centrifuged. The sample
was transferred to a QlAamp MinElute column and centrifuged for 1 minute at full speed.
The flow through was discarded and the column placed in a clean collection tube. 500 pl
AW1 buffer was added and centrifuged for 1 minute at full speed. The flow through was
discarded and the column placed in a clean collection tube. 500 pl AW2 buffer was added
and centrifuged for 1 minute at full speed. The flow through was discarded and the column
placed in a clean collection tube and centrifuged for 3 minutes at full speed. The QlAamp
MinElute column was placed in a 1.5 ml micro-centrifuge tube and 20 pl ATE buffer added,
incubated at room temperature for 5 minutes and centrifuged for 1 minute at full speed.
A further 20 ul ATE buffer was added, incubated at room temperature for 5 minutes and

centrifuged for 1 minute at full speed. The sample was stored at —80 °C.

3.4.4 Extraction of DNA from cultured cells

DNA was extracted from cultured cells using the DNeasy Blood & Tissue kit. Cells were
centrifuged for 5 minutes at 300 g. The pellet was resuspended in 200 pl PBS and 20 pl
Proteinase K added. 200 pl AL buffer and 200 pl 100% ethanol were added, mixed by vor-
texing and incubated at 50 °C for 10 minutes. The sample was placed in a DNeasy Mini spin
column placed in a 2 ml collection tube and centrifuged at 6,000 g for 1 minute. The flow

through was discarded and the column placed in a new collection tube. 500 ul AW1 buffer
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was added and centrifuged for 1 minute at 6,000 g. The flow through was discarded and the
column placed in a new collection tube. 500 pl AW2 buffer was added and centrifuged for
3 minute at 20,000 g. The spin column was placed in a clean 1.5 ml micro-centrifuge tube
and 200 pl AE buffer applied to the membrane. The column was incubated at room tem-
perature for 1 minute and the centrifuged for 1 minute at 6,000 g. The sample was stored
at—20°C.

3.4.5 Extraction of DNA from plasma

Circulating nucleic acids were extracted from between 1.2-4 ml of plasma with either the
QIAvac 24 plus vacuum manifold and the QIAamp Circulating Nucleic Acid kit (Qiagen) or
the QIAsymphony (Qiagen).

For the QIAvac extraction samples was adjusted to final volume using PBS. Proteinase K
and ACL buffer containing 5.6 ug of carrier RNA were added to the sample and mixed by
vortexing for 30 seconds (Table 3.2). The sample was briefly centrifuged and ACB buffer
added (Table 3.2). The sample was mixed by pulse vortexing for 30 seconds. The sample
was incubated on ice for 5 minutes. The lysate was applied to the QIAamp Mini column. A
vacuum was applied to draw lysate through the column. 600 pl ACW1 buffer was applied to
the column and the pump used to draw the sample through the column. 750 pl ACW2 buf-
fer was applied to the column and the pump used to draw the sample through the column.
750 pl 100% ethanol was applied to the column and the pump used to draw the sample
through the column. The column was placed in a clean 2 ml collection tube and centri-
fuged at full speed for 3 minutes. The column was placed in a new 2 ml collection tube
and incubated at 56 °C with the lid open for 10 minutes to dry the membrane. The column
was placed in a clean 1.5 ml micro-centrifuge tube, 50 ul AVE buffer applied to the mem-
brane and incubated at room temperature for 3 minutes. The column was centrifuged for
1 minute at 20,000 g. The eluate was reapplied to the membrane, incubated at room tem-
perature for 3 minutes and centrifuged at 20,000 g for 1 minute. The sample was stored at
—80°C.

The QIAsymphony extractions were performed by the Cancer Molecular Diagnostics

Laboratory (CMDL) according to fixed protocols.
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Volume of Proteinase K ACL buffer ACB buffer

sample (ml) (ub) (ml) (ml)
100 0.8 1.8

2 200 1.6 3.6
300 2.4 5.4

Table 3.2: Volume of reagents added depending on initial starting volume of sample.

3.4.6 Quantification of DNA

DNA was quantified using the Qubit dsDNA BR assay kit or HS assay kit. The Qubit working
solution was prepared by diluting the relevant dsDNA reagent 1:200 in the relevant dsDNA
buffer. Appropriate standards were prepared using 190 pl of working solution and 10 pl
standard. Samples were prepared using 199 pl working solution and 1 pl sample. Standards
and samples were mixed by vortexing for 2-3 seconds. The standards and samples were

read using the Qubit Fluorometer.

3.5 Library preparation

3.5.1 TAm-Seq

The TAm-Seq library preparation method has previously been published (Forshew et al.
2012).

For FFPE and buffy coat samples TAm-Seq was performed using 5 pl of DNA at a con-
centration of 10 ng/ul or from 5 pl of DNA for low concentration samples. Owing to the low
concentrations of plasma and serum samples TAm-Seq was performed using 5 pl of DNA.

All samples are run in duplicate.

Firstly a pre-amplification step was performed by combining 5 pl of sample with 5 pl
of pre-amplification master mix (see below). The primer mix is specific to the primer panel

for specific experiments (see appendices 12.3, 12.4, 12.5 for primer panel details).
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Pre-amplification master mix pl

10x FastStart High Fidelity Reaction Buffer with MgCl, (Roche) 1.00
25 mM MgCl, (Roche) 1.08
DMSO (Roche) 0.50
10 mM PCR Grade Nucleotide Mix (Roche) 0.20
5 U/ul FastStart High Fidelity Enzyme Blend (Roche) 0.10
Primer mix (made by combining 1 pl of each primer (100 um stock concentration)) 0.48
H,0 1.64

The following pre-amplification protocol was then run.

95°C 10 min

95°C 15sec 15cycles
60°C 4 min

5 pl of each pre-amplified sample was added to 2 pl of ExoSAP-IT and incubated at
37 °C for 15 minutes followed by 80 °C for 15 minutes.

To dilute the pre-amplification products 18 ul PCR certified water was added to each
sample. 1l of the diluted pre-amplification product was combined with 4 pl of pre-sample

master mix solution (see below).

Pre-Sample Master Mix ul

10x FastStart High Fidelity Reaction Buffer without MgCl, (Roche) 0.50

25 mM MgCl, (Roche) 0.90
DMSO (Roche) 0.25
10 mM Grade Nucleotide Mix (Roche) 0.10
5 U/ul FastStart High Fidelity Enzyme Blend (Roche) 0.05
20X Access Array Loading Reagent (Fluidigm) 0.25
H,0 1.95

A 48x48 Access Array IFC was primed, 4 pl of 20X primer solution added to each of
the primer inlets and 4 ul of sample plus master mix added to each of the sample inlets.

The Access Array was loaded using the IFC Controller AX and then placed in the Fluidigm
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Thermal Cycler and the AA 48x48 Standard vl protocol run. After the thermal cycling
had finished 2 pl 1x Access Array Harvest Reagent was added to each of the sample inlets.
Samples were harvested using the [FC Controller AX with approximately 10 pl of harvested
PCR product retrieved per sample. 1 ul of PCR product was diluted in 149 pl of PCR certified
water. 1 pl of diluted harvested PCR product was added to 7 pl of pre-sample master mix
(see below) and 2 pl of the relevant Access Array Barcode Library for the [llumina Genome

Analyser (2 uM ).

Pre-Sample Master Mix ul

10X FastStart High Fidelity Reaction Buffer without MgCl, (Roche) 1.00

25 mM MgCl, (Roche) 1.80
DMSO (Roche) 0.50
10 mM PCR Grade Nucleotide Mix (Roche) 0.20
5 U/ul FastStart High Fidelity Enzyme Blend (Roche) 0.10
H,0 3.40

The following PCR protocol was run.

95°C 10 min

95°C 15sec

60°C 30sec 15cycles
72°C 1 min

72°C 3 min

1 ul of each PCR product was pooled to create the library (48 ul total). The library
was purified by adding 86.4 pl (ratio of 1:1.8) AMPure XP magnetic beads. The bead mix
solution was mixed by vortexing and placed on a magnet for 5-10 minutes to separate the
beads from the solution. The supernatant was aspirated and discarded. The beads were
washed twice using 200 pl of 70% ethanol. The beads were left to air dry for 20-30 minutes.
20 pl PCR certified water was added to the beads and mixed by vortexing. The bead mix
solution was placed on the magnet for 5-10 minutes. The clear solution was collected and
stored at —20 °C. The library was quantified either using the Bioanalyzer Agilent DNA 1000
kit or Tapestation Agilent D1000 ScreenTape System according to manufacturers protocol.
Libraries were diluted to 10 nM, pooled and submitted to the genomics core for sequencing
using [llumina MiSeq, HiSeq 2500 or HiSeq 4000.
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3.5.2 Whole genome library preparation

Whole genome libraries were prepared using Rubicon ThruPlex DNA-Seq kit. A single rep-

licate for each sample was run using this protocol.

For FFPE samples DNA was first sheared using the Covaris LE220. 75 ng of DNA in
15 pl was placed in a microTUBE-15 AFA bead strip V2 well and spun down. The settings
used are listed below. The same protocol was used for shearing DNA from cervical cytology

samples but the treatment time was extended to 180 seconds.

Target BP, peak (bp) 200-250
Peak Incident Power (W) 180
Duty Factor (%) 30
Cycles per Burst 50
Treatment time (sec) 120
Temperature (°C) 20
Water level

Y Dither (mm) 5
X-Y Dither Speed (mm/ sec) 20

X Dither (mm)
X-Y Dwell (sec)

10 pl of sheared DNA or 10pl of plasma or serum DNA was then combined with 2 pl of
template preparation buffer and 1 pl of template preparation enzyme. The samples were
incubated at 22 °C for 25 minutes followed by 55 °C for 20 minutes. 1 pl of library synthesis
buffer and 1 pl of library synthesis enzyme were added to each sample and incubated at
22 °C for 40 minutes. 25 pl of library amplification buffer, 1 pl of library amplification en-
zyme and 4 pl of nuclease free water was added to each sample with 5 pl of the appropriate
indexing reagent. The library amplification reaction was performed with the number of

PCR cycles varying depending on the DNA input according to manufacturers protocol.
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Library amplification reaction

72°C 3 min
85°C 2 min
98°C 2 min
98°C 20 sec
67°C 20 sec 4 cycles
72°C 40 sec
98°C 20 sec ncycles
72°C 50 sec
4°C hold

Libraries were purified using AMPure XP magnetic beads (1:1 ratio). The bead mix
solution was mixed by vortexing for 2 minutes and incubated at room temperature for
1 minutes. The sample was placed on a magnet for 5 minutes to separate the beads from the
solution. The supernatant was aspirated and discarded. The beads were washed twice us-
ing 200 pl of 80% ethanol. The beads were left to air dry for 20 minutes. 20 pl of library dilu-
tion buffer was added to the beads, mixed by vortexing for 2 minutes and incubated at room
temperature for 2 minutes. The bead mix solution was placed on the magnet for 5 minutes.
The supernatant was collected and stored at —20 °C. The libraries were quantified using
the KAPPA library quantification kit or the Tapestation Agilent D5000 ScreenTape System
according to manufacturers protocol. Libraries were diluted to 10 nM, pooled and sub-
mitted to the genomics core for sequencing using [llumina HiSeq 4000 generating 150 bp

paired-end reads.

3.5.3 Digital PCR

Firstly the assay mix was prepared.

20X assay mix

Fprimer (100 pm)  4.50 pl
R primer (100 um )  4.50 pl
Probe (100 uM ) 1.25pul
H,0 14.75 ul
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Depending on the number of samples to be run either the 37K chip or the 12.765 chip

was used. Two replicates were performed for all samples following this protocol.

For the 37K chip firstly the chip was primed. Next the PCR master mix was prepared.

Master Mix for 37K chip (volume per inlet) ul
20x PCR Master Mix 3.0
20x GE Sampling Loading Reagent 0.6
20X Gene specific assay 1 0.3

20x gene specific assay 2 or nuclease free water if using 1 probe 0.3

The master mix was mixed by vortexing and 4.2 pl aliquoted into PCR strips for the
number of reactions required. 200 pl 1xX GE sample loading reagent was prepared by dilu-
tion 10 pl 20x GE sample loading reagent in 190 pl nuclease free water. 2.3 pl of DNA was
aliquoted for each reaction into PCR strips. The DNA was denatured at 95 °C for 1 minute
and then transferred to ice for 1 minute. The samples were briefly centrifuged. 1.8 pul sample
was transferred to the PCR strips containing the master mix. The samples were mixed by
vortexing and briefly centrifuged. Once primed the chip was removed from the IFC Con-
troller and 10 pl 1xX GE sample loading reagent added to all hydration inlets. 4.6 pl sample
master-mix was added to each sample inlet. Bubbles were removed from all inlets before
loading. The chip was placed in the IFC Controller MX and the load (167 %) script run. Once
complete the chip was removed from the controller and sticky tape used to remove any
dust/debris from the chip surface. The chip was placed in the Biomark and the PCR pro-

tocol run (Figure 3.1).

Master Mix for 12.765 chip (volume perinlet) pl

20x PCR Master Mix 5.0
20X GE Sampling Loading Reagent 0.5
20x Gene specific assay 1 1.0
Nuclease free water 0.5

For the 12.765 chip the master mix was prepared first. The master mix was mixed by
vortexing and 7 pl aliquoted into PCR strips for the number of reactions required. The chip
was primed using the IFC Controller MX. 3.5 pl of DNA was then added to a PCR strip and

heat denatured at 95 °C for 1 minute. The samples were then transferred to ice for at least
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1 minute and then briefly centrifuged. 3 pl of the heat denatured sample was transferred
to the PCR strips containing the master mix. The samples were mixed by vortexing and
briefly centrifuged. Once primed the chip was removed from the IFC Controller and 9.5 pl
water to the H wells. 9.5 pl sample master-mix was added to each sample inlet. Bubbles
were removed from all inlets and the samples loaded using the IFC Controller MX. Once
complete the chip was removed and sticky tape used to remove any dust/debris from the

chip surface. The chip was placed in the Biomark and the PCR protocol run (Figure 3.1).

PCR Thermal Protocol

55CycleHotStartd | Nomal2Csis

Erase and Hot Start PCR Cycle
5
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1]
: \_
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Figure 3.1: Digital PCR protocol.

3.5.4 Whole genome single stranded library preparation

Single stranded libraries were prepared using the DNA SMART ChIP-Seq Kit. A single rep-
licate of each sample was run using this protocol. Up to 10 ng DNA in a volume of 20 pl was
aliquoted into PCR tubes. The sample was incubated in a preheated hot lid thermal cycler
at 94 °C for 2 minutes to convert dsDNA to ssDNA. The samples were removed and imme-
diately placed on ice for at least 2 minutes. The tubes were briefly centrifuged. Next 3.25 pl
DNA SMART buffer and 0.75 pl shrimp alkaline phosphatase were added to each sample.
The samples were mixed by vortexing and briefly centrifuged. The samples were placed
in a preheated thermal cycler at 37 °C for 10 minutes followed by 65 °C for 5 minutes to de-
phosphorylate the 3’ end of the ssDNA in preparation for T-tailing. Next 1 ul of DNA SMART

T-Tailing mix and 1 pl Terminal Deoxyynucleotidyl Transferase was added to each sample.
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The samples were mixed by vortexing and briefly centrifuged. The samples were placed in
a preheated thermal cycler and heated to 37 °C for 20 minutes then 70 °C for 10 minutes to
add poly(T) tail to the ssDNA to provide a site for the DNA SMART Pold(dA) primer. 2 pl
of DNA SMART Poly(dA) Primer was added to each sample, mixed by vortexing and briefly
centrifuged. The samples were incubated in a preheated, hot lid thermal cycler at 94 °C for
1 minute for the DNA SMART Poly(dA) primer to anneal to the ssDNA template. The sample
was immediately placed on ice for at least 2 minutes and then centrifuged briefly. 6 pl
DNA SMART buffer, 6 ul DNA SMART oligonucleotide mix and 4 pul SMARTScribe Reverse
Transcriptase were added to each sample, mixed by vortexing and centrifuged briefly. The
samples were placed in a preheated thermal cycler at 42 °C for 90 minutes then 70 °C for
15 minutes. 50 pl SeqAmp PCR buffer and 2 pl SeqAmp DNA polymerase was added to each
sample with 2 pl of each of the relevant forward and reverse primers. The samples were
mixed by vortexing and briefly centrifuged. The following PCR protocol was run with the
number of cycles varying depending on the DNA input (according to manufacturers pro-

tocol).

94°C 1 min
98°C 15sec
55°C 15sec ncycles
68°C 30 sec
4°C hold

The samples were then purified using AMPure XP magnetic beads at a ratio of 3:1
sample:beads. The library was quantified either using the Bioanalyzer Agilent DNA 1000
kit or Tapestation Agilent D5000 ScreenTape System according to the manufacturers pro-
tocol. Libraries were diluted to 10 nM, pooled and submitted to the genomics core for se-

quencing using Illumina MiSeq or HiSeq 4000.

3.5.5 TAm-Seq V2

DNA was diluted to 40 copies/pl based on digital PCR quantification of both ends of TP53
using CXP039A and Amplicon023 primers and probes (see section 5.2.1, page 80). PCR mas-
ter mix was prepared using the following reagents per well. The total number of replicate
wells varied for each sample depending on the expected MAF and amount of material avail-

able. A minimum of 48 replicate wells were performed for each sample with more replicate
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wells included if sufficient material was available and the MAF was expected to be very low

(eg. <0.5%). Reactions were performed in a 384 well plate. Two primer pools were run in

parallel.

TAm-Seq V2 master mix pl

5% Q5 buffer 1.00
dNTPs (10 mMm ) 0.10
HS-Q5 0.05
Primers (1 uMm ) 2.40
H,0 0.45
DNA 1.00

The following PCR cycling conditions were then run.

98°C 30sec
98°C 10 sec
67°C 15sec 30cycles
72°C 5 sec
72°C 2 min

Primers were tagged with a well-specific barcode to enable pooling of 1 pl from up to
48 wells (pool 1 and 2) per sample (96 pl total). Purification was performed using Pippin
2% Agarose 100-600 bp 20B cassette (HTC2010) selecting for 140-250 bp following manu-

facturers instructions. Master mix for barcoding was then prepared.

TAm-Seq V2 barcoding master mix ul

5% Q5 buffer 2.00
dNTPs (10 mM ) 0.20
HS-Q5 0.10
H,0 4.20
Barcodes 2.50
DNA (direct from Pippin) 1.00

The following PCR protocol was run.
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98°C 30sec

98°C 10sec
67°C 30sec 15cycles
72°C 8 sec
72°C 2 min

9 ul of PCR product was added to 11 pl of water and 28 pl of AMPure XP magnetic beads.
The bead mix solution was mixed by vortexing and placed on a magnet for 5-10 minutes
to separate the beads from the solution. The supernatant was aspirated and discarded.
The beads were washed twice with 200 pl of 70% ethanol and then left to air dry for up
to 5 minutes. 20 pl PCR certified water was added to the beads and mixed by vortexing.
The bead mix solution was placed on the magnet for 5-10 minutes. The supernatant was
collected and stored at —20 °C. The libraries were quantified using the Tapestation Agilent
D1000 ScreenTape System according to the manufacturers protocol. Libraries were diluted
to 10 nM, pooled and submitted to the genomics core for sequencing using [llumina MiSeq
or HiSeq 4000.

3.6 In vitro size selection

In-vitro size selection of DNA was performed using the PippinHT (Sage Bioscience). For
each sample between 10-20 ng DNA in 20 pl H,0 was combined with 5 pl of the relevant
marker solution. The protocol was selected depending on the loading cassette used and
the size selection parameters required. The cassette was prepared as per manufacturers

guidelines. Samples were eluted in 30 pl Tris-TAPS buffer and collected.

3.7 p53 peptide microarray

The p53 peptide microarray was developed in the Wandall laboratory (Pedersen et al.
2013). Briefly, a peptide array covering the whole of p53 with 15-mer peptides and 10 amino
acid overlaps was designed. Serum samples were incubated on the microarray with con-
jugated goat anti-human IgG. Slides were scanned and the mean value of relative fluores-

cence intensity recorded. Values higher than 3 standard deviations over the mean were
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considered positive.

3.8 Bioinformatics analysis

3.8.1 Analysis of TAm-Seq

The TAm-Seq analysis pipeline has previously been published (Forshew et al. 2012). Briefly,
reads are demultiplexed and aligned to the human reference genome (GRCh37). Aligned
reads are separated into the constituent amplicons and an alignment pileup generated.
Frequencies of non-reference alleles are calculated using a base quality and a mapping
quality cut off. The normal and Poisson distribution of non-reference alleles is modelled
and the probability of obtaining the observed non-reference alleles determined. Mutations
that pass a probability cut off of 0.9995 are kept for further analysis, ranked by observed
frequency and corrected for median frequency across all samples for each locus. Known
SNPs are discarded. A mutation is called if it ranks highly in non-reference frequency in
both replicates. The Integrative Genomics Viewer (IGV) (Thorvaldsdottir etal. 2012) is used
for manual curation of all mutation calls and inspection of samples that had no mutations

called by the analysis pipeline.

When performing specific variant calling for a known mutation the frequency of the
non-reference allele can be read out directly from the desired locus. The background noise
at each locus is calculated by determining the frequency of non-reference reads at that
locus in all other samples. A mutation is only called if the frequency is larger than the

maximum background value at that specific locus.

3.8.2 Analysis of shallow whole genome sequencing data

Sequence data was analysed using an in-house pipeline that carried out the following;
paired end sequence reads were aligned to the human reference genome (GRCh37) using
BWA-mem following the removal of contaminating adapter sequences. PCR and optical
duplicates were marked using MarkDuplicates (Picard Tools) feature and these were ex-
cluded from downstream analysis along with reads of low mapping quality and supple-
mentary alignments. When necessary, reads were down-sampled for comparison pur-

poses. Somatic copy number aberration analysis was performed in R using a software suite
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for shallow whole genome sequencing (sWGS) analysis named CNAclinic (Chandrananda
2017) as well as the QDNAseq pipeline. Sequencing reads were randomly sampled to 10 mil-
lionreads per dataset and allocated into equally sized (30 Kbp) non-overlapping bins through-
out the length of the genome. Read counts in each bin were corrected to account for se-
quence GC content and mapability, and bins overlapping ‘blacklisted’ regions prone to
alignment artefacts (derived from the ENCODE project + 1000 Genomes database) were
excluded from downstream analysis. Read counts in test samples were normalized by the
counts from an identically processed healthy individual and log, transformed to obtained
copy number ratio values per genomic bin. Read counts in healthy controls were normal-
ized by their median genome-wide count. Next, bins were segmented using both Circular
Binary Segmentation and Hidden-Markov Model based algorithms, and an averaged log,R
value per bin was calculated. An in-house empirical blacklist of aberrant read count re-
gions was constructed as follows: 46 sWGS datasets from healthy plasma were used to
calculate median read counts per 30 Kbp genomic bin as a function of GC content and map-
pability. A 2D LOESS surface is applied and the difference between the actual count and
the LOESS fitted values were calculated. The median of these residual values across the
46 controls were calculated per genomic bin. Regions with median residuals greater than
4 standard deviations were blacklisted. The averaged segmental log,R values in each test
sample that overlap this cfDNA blacklist were trimmed and the median absolute value was
calculated. This score is defined as t-MAD or the trimmed median absolute deviation from
log,R = 0.

3.8.3 Insilico size selection

Paired-end reads were generated by sequencing DNA from both ends of the fragments
present in the library. The original length of the DNA can was inferred using the map-
ping locations of the read ends in the genome. Once alignment was complete, Samtools
software was used to select paired reads that correspond to fragment lengths in a specific

range.

3.8.4 Quantification of the 10 bp periodic oscillation

The amplitude of the 10 bp periodic oscillation observed in the size distribution of cfDNA

samples was determined from the sWGS data as follows: the local maxima and minima in
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the range 75 bp to 150 bp were calculated. The average of their positions across the samples
was calculated: (minima: 84, 96,106, 116, 126, 137, 148, and maxima: 81, 92,102, 112, 122, 134,
144). To compute the amplitude of the oscillations below 150 bp with 10 bp periodicity we
calculated the sum of the height of the maxima and subtracted the sum of the minima. The
height of the peak is defined as the number of fragments with that specific length divided
by the total number of fragments. To define local maxima, we selected the positions y such
that y was the largest value in the interval [y-2, y+2]. The same approach was used to pick

minima.

3.8.5 Analysis of TAm-Seq V2

For analysis of TAm-Seq V2 firstly well demultiplexing was performed using an in house
pipeline followed by alignment using BWA-MEM. The coverage per amplicon was calcu-
lated using bedtools requiring 80% coverage of the region. Mutation calling was then per-
formed by calculating the background frequency of non-reference alleles in a cohort of con-
trol samples. Changes above the background rate were then determined in the samples us-
ing a beta distribution to determine a probability at each base. Scores were filtered based

on parameters as outlined below.

1. Minimum depth = 20
2. Mutant reads > 2

3. Frequency > 0.01

4, p-value < 0.01

5. Same variant called on F and R reads

All mutations called in over two wells were reviewed manually.
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Detection of plasma circulating tumour
DNA in women with newly diagnosed

ovarian cancer

4.1 Introduction

It has previously been shown that plasma ctDNA can be detected in >80% of women with
HGSOC (Parkinson et al. 2016). Importantly, for the development of ctDNA as a diagnostic
biomarker, this study detected ctDNA in cases with newly diagnosed disease. However, the
majority of women in this study had relapsed HGSOC, and those few women with newly
diagnosed HGSOC had stage III or IV disease. The median TP53 MAF was an order of mag-
nitude lower in the newly diagnosed cases compared to the relapsed cases, even after ad-
justing for volume of disease (Parkinson et al. 2016). Therefore sensitivity of ctDNA detec-

tion in newly diagnosed disease may be challenging.

Developing a method for detection of ctDNA in a diagnostic setting is also challen-
ging. Parkinson et al. 2016 used digital PCR which requires prior knowledge of a patients
tumour specific mutation, and is therefore not applicable in a diagnostic setting. Targeted
sequencing for TP53 using TAm-Seq is a low-cost, high-throughput technique that does not
require prior knowledge of a patients tumour specific mutation so therefore could be used
in a diagnostic setting. However, using this method the sensitivity for detection of ctDNA
in relapsed HGSOC was lower at 53% (Forshew et al. 2012). Since the original publication
the TAm-Seq method has been optimised by increasing the depth of sequencing and in-
cluding primers for shorter overlapping amplicons. Recently the Rosenfeld and Brenton

laboratories have also developed sWGS for the detection of ctDNA in plasma samples (Tsui
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et al. 2018).

In this chapter [ will discuss ctDNA detection in plasma samples collected from women
with newly diagnosed OC from the UKOPS cohort (see section 3.1.2) and the CTCR-OV04 co-
hort (see section 3.1.1) using targeted sequencing and sWGS (Figure 4.1). This will provide
information about the prevalence of ctDNA in women at the time of diagnosis of OC us-
ing high-throughput, low-cost sequencing methods that do not require prior knowledge of
the patients tumour specific mutation. These are therefore methods that could be directly

translated to routine clinical use as a diagnostic test in the future.

To determine the specificity of ctDNA detection the OC cohorts were compared to a
group of 46 healthy controls for which plasma was obtained commercially and 32 benign
controls recruited through CTCR-OV04 at the time of primary surgery for suspected OC

who were subsequently diagnosed with benign disease.

For the UKOPS cohort sWGS data was down-samples to 3 million reads to allow direct
comparison between patients. For the CTCR-OV04 sWGS data was down-sampled to 10

million reads.
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Figure 4.1: Schematic illustrating approach for detection of ctDNA in women with newly

diagnosed OC.

For these cohorts the TAm-Seq analysis pipeline was run by James Morris. The t-MAD

score is a quantitative score calculated from sWGS data that is used to measure the extent
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of copy number aberration across the whole genome. The t-MAD score was developed by
Dineika Chandrananda. See section 3.8.2, page 50 for description of t-MAD score calcula-
tion. For the cohorts discussed in this chapter sWGS analysis and calculation of the t-MAD
score was performed by Dineika Chandrananda. DNA from some plasma samples from
the CTCR-OV04 cohort were extracted by the QIASymphony at CMDL. Radiological assess-
ment and tumour volume measurements were calculated by Ramona Woitek. The cases
for inclusion from the UKOPS cohort were identified by Aleksandra Gentry-Maharaj and
Chloe Karpinskyj from UCL. For the UKOPS cohort the histology described is the definitive
histological diagnosis provided by UCL where available.

4.2 Results

4.2.1 UKOPS cohort

Fifty-four cases from the UKOPS cohort with epithelial OC were identified (see section 3.1.2,
page 33). These cases all had an elevated CA 125, pre-treatment plasma sample available for
ctDNA analysis and access to a FFPE tissue block. Table 4.1 summarises the demographic

data for the selected cohort.

FFPE review and sequencing using TAm-Seq primer panel 1 (Appendix 12.3) was per-
formed for the 54 OC cases (Figure 4.2, step 1). 22 cases were HGSOC and 73% of these had a
TP53 mutation identified in the FFPE tissue sample (Appendix 12.6). This detection rate is
lower than expected (Kobel et al. 2016). The highly fragmented DNA found in these HGSOC

with a non-detected TP53 mutation may account for this (Figure 4.3).

Plasma DNA was extracted using the QIAvac 24 Plus vacuum manifold and the QIAamp
Circulating Nucleic Acid kit (1 ml protocol) and targeted sequencing performed (Figure 4.2,
step 2) using the UKOPS TAm-Seq primer panel (Appendix 12.5).

Using de novo mutation calling ctDNA was detected in 15/50 (30%) of plasma samples
(Appendix 12.7) including 10/22 (45%) of the HGSOC cases. 82% matched the correspond-
ing tumour specific FFPE mutation. Two (18%) plasma mutations did not match the cor-
responding tumour specific FFPE mutation and are therefore either false positive calls or

subclonal mutations not identified in the FFPE sample.

As the sensitivity of ctDNA detection was low using targeted sequencing of plasma
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Total number of women 54
Age at diagnosis, median (IQR) (years) 63 (57-72)

Stage at Diagnosis (number of women)

I 22
I1 5
111 17
\%

unknown 7

Histology (number of women)

High grade serous 22
Endometrioid

Clear cell

Mucinous

Other 10
Unknown 4

Table 4.1: Summary of demographic data for UKOPS selected cohort

DNA I investigated whether whole genome amplification (Rubicon ThruPlex DNA Seq kit
with 8 PCR cycles) followed by targeted sequencing could increase the sensitivity of detec-
tion (Figure 4.2, step 3). Using de novo mutation calling ctDNA was detected in 31/50 (62%)
of samples (Appendix 12.7) with 1-4 mutations called in each sample. Thirty-two of these
mutations did not match the corresponding tumour specific FFPE mutation. Again it is a
possibility that these are low cellularity clones however, the additional PCR cycles from
whole genome amplification would have increased the number of PCR errors increasing

the likelihood that these are false positive calls.

When performing specific variant calling for the known tumour specific mutation the
ctDNA detection rate increased to 76% for the targeted sequencing performed directly
from the samples and to 70% for targeted sequencing performed on the whole genome
library (Appendix 12.8).

Targeted sequencing of plasma DNA with de novo mutation calling had a low sensitiv-
ity for detection of ctDNA in this cohort and targeted sequencing of whole genome ampli-
fied plasma DNA had a high false positive detection rate. I therefore wanted to investigate
whether quantitative analysis of copy number changes from sWGS data using the t-MAD

score could be used to increase the sensitivity of ctDNA detection (Figure 4.2, step 4).
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Using sWGS and the t-MAD score with a cut off of the highest t-MAD score calculated
for 46 healthy controls the rate of ctDNA detection for the whole cohort was 41% and 56%
for the HGSOC cases (Figure 4.4a).

Importantly the copy number changes seen in the plasma samples did appear to rep-
resent ctDNA in a sample as plasma profiles were similar to profiles seen for matched FFPE
samples (Appendix 12.7). Secondly the unselected t-MAD score was highly correlated with
the MAF determined by targeted sequencing in the HGSOC cases but not correlated in the
other histological subtypes (Figure 4.4b). This may reflect the fact that HGSOC is predom-

inately driven by copy number changes but other OC subtypes are not.

To summarise ctDNA was detected in 30% of cases using targeted sequencing and
in 41% of cases using sSWGS. Two cases with a t-MAD score below the maximum healthy
control cut off had a mutation detected by targeted sequencing. The combination of the

two assays therefore increased the detection rate to 46% in this cohort.
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Figure 4.2: Experimental approach to UKOPS cohort, n=54. 1. DNA was extracted from a
representative FFPE block for each cases and sequenced using TAm-Seq primer panel 1.
Mutations were detected in 72% of cases. 2. DNA was extracted from <1 ml plasma for
50 of the cases. Targeted sequencing was performed using the UKOPS TAm-Seq primer
panel (Appendix 12.5). 3. Targeted sequencing of whole genome amplified samples was
performed using the UKOPS TAm-Seq primer panel. Mutations called in steps 2 and 3 were
compared to the patients tumour specific FFPE mutations. 4. sWGS was performed. Reads
were down-sampled to 3 million to allow comparison. Nine samples were excluded due to

low read count.
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not identified showing a pattern of highly fragmented DNA.
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where ctDNA detected by targeted sequencing for HGSOC cases (correlation coefficient
0.97, p<0.005) and cases with other histological subtypes (correlation coefficient —0.39,
p=0.444).
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4.2.2 CTCR-0V04 cohort

The UKOPS cohort consists of samples collected from women with a range of histological
subtypes of OC. HGSOC is the most common subtype of OC and accounts for the majority of
mortality. Itis characterised by ubiquitous TP53 mutations (Kobel et al. 2016) and complex
genomic rearrangements (Ciriello et al. 2013). [ therefore decided to focus on the detection
of ctDNA in women with newly diagnosed HGSOC. Cases from the CTCR-OV04 cohort were

identified (see section 3.1.1). Inclusion criteria were:

1. Women undergoing primary surgery for HGSOC with a pre-treatment plasma sample

available and CT scan within 28 days of the baseline plasma sample.

2. Women being treated with neo-adjuvant chemotherapy for HGSOC with plasma samples
available before cycle 1, 2 and 3 of chemotherapy and a CT scan within 28 days of the

baseline plasma sample.

Table 4.2 summarises the demographic data for the selected cohort.

Total number of women 156
Age at diagnosis, median (IQR) (years) 67 (58-73)

Stage at Diagnosis (number of women)

I 9

11

111 93

IV 50
Treatment (number of women)

Neo-adjuvant chemotherapy 127

Primary surgery 28

Table 4.2: Summary of demographic data for CTCR-OV04 selected cohort

61



[ performed targeted sequencing for TP53 and sWGS for baseline plasma samples col-

lected from the whole cohort (Figure 4.5).

n=156
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Figure 4.5: Experimental overview for CTCR-OV04 newly diagnosed cohort, n=156.

ctDNA was detected in 49% of the cohort using de novo mutation calling of targeted
sequencing with TAm-Seq primer panel 10 (Figure 4.6a) with a MAF ranging from 0.64 to
0.006 (Figure 4.6c, ). See appendix 12.10 for all de novo mutation calls. Importantly ctDNA
could be detected in cases with early stage disease (Figure 4.6a). Sensitivity for ctDNA
detection was slightly higher in this cohort compared to the HGSOC cases in the UKOPS
cohort (detection rate 45%), however remained too low to be useful as a diagnostic bio-
marker for HGSOC. However, specificity of ctDNA detection using this method is high with
no TP53 mutations detected in 32 plasma samples collected from women before under-
going primary surgery for suspected OC who were subsequently diagnosed with benign
disease (Figure 4.6a). See appendix 12.11 for details about histological diagnosis for the

benign controls.

There was no difference in the rate of ctDNA detection by menopausal status (Fig-
ure 4.7a) and no correlation between age at diagnosis and TP53 MAF (Figure 4.7b). There
was no difference in the range of pre treatment CA 125 values between women with and
without a TP53 mutation detected (Figure 4.7c). There was no correlation between CA 125

and TP53 MAF in those women with a detectable mutation in plasma (Figure 4.7d). 12 wo-
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0OV04 Stage CA125(U/ml) TP53 mutation status Mutant allele fraction

95 | 30 Not Detected NA
133 | 18 Not Detected NA
254 [11 5 Not Detected NA
430 I11 26 Not Detected NA
469 1II 33 Not Detected NA
547 I11 28 Not Detected NA
559 [11 9 Detected 0.025
629 IV 25 Detected 0.040
709 1II 11 Not Detected NA
776 1\Y 27 Not Detected NA
805 | 10 Detected 0.023
870 I11 8 Detected 0.015

Table 4.3: CTCR-OV04 cases with with CA 125 <35 U/ml

men in the cohort had a CA 125 <35 U/ml (Table 4.3). Four of these had ctDNA detected by

targeted sequencing.

5/53 (9%) of the mutations detected in plasma did not match the mutations detected
in the corresponding FFPE sample. One of these mutations had a MAF of 0.008 which is
close to the limit of detection using this method and could therefore potentially be a false
positive call. Four of these mutations had a MAF of >0.01 which is above the limit of de-
tection suggesting they could be low cellularity clonal mutations not identified in the FFPE

sample as a result of heterogeneity within the tissue.

The rate of plasma ctDNA detection increased to 81% (64/79) (Figure 4.6b) when vari-
ant calling for the patients tumour specific TP53 mutation was performed. The lowest MAF

detected was 0.001 (Figure 4.6d, f). See appendix 12.12 for all specific variant calls.

In this cohort targeted sequencing had a high specificity and positive predictive value
meaning that it would give very few false positive results if used in a diagnostic setting.
However, due to the low sensitivity >50% of cases would be missed if this method was
used in isolation as a diagnostic biomarker. sWGS was therefore performed for all basleine
plasma samples. The t-MAD score was highly correlated with the TP53 MAF (correlation
coefficient of 0.92) (Figure 4.8a) providing confidence in the t-MAD score as a means of

quantifying the levels of ctDNA in a sample.
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Using the highest t-MAD score in a cohort of 46 healthy controls as a cut off ctDNA was
detected in 61/156 (39%) of the whole cohort (Figure 4.8b). The rate of ctDNA detection
decreased to 26% when using the highest t-MAD score in a cohort of 32 benign controls as
a cut off, excluding one outlier (Figure 4.8b). As with targeted sequencing ctDNA could be
detected in HGSOC cases with early stage disease (Figure 4.8b).

Although the sensitivity of ctDNA detection using sWGS was lower than when using
targeted sequencing it is likely that the combination of the two assays will increase the
sensitivity of detection. 10/79 (13%) of the cases not detected by targeted sequencing (in-
cluding 1 case with stage I disease) had detectable ctDNA by sWGS using the upper limit of
the healthy controls as a cut off (Figure 4.8c). Even if the upper limit of the benign controls
was used as a cut off, excluding one outlier, the addition of sSWGS to targeted sequencing

would have detected an additional three cases (Figure 4.8c).

Inrelapsed OC the TP53 MAF measured by digital PCR is highly correlated with volume
of disease measured by 3-D reconstruction of CT images after exclusion of cases with as-
cites (Parkinson et al. 2016). Using digital PCR the limit of detection was an MAF of 0.003
and a tumour volume of 30 cm3. When developing a diagnostic biomarker it is important
to be able to detect low volume/early stage disease. I therefore investigated the limit of de-
tection using TAm-Seq and sWGS by comparing the TP53 MAF and t-MAD score to tumour

volume.

Tumour volume was measured for 60 of the newly diagnosed CTCR-OV04 cohort. The
median tumour volume was 338.5 cm?® (IQR 152.2-670.6 cm3) (Figure 4.9a). ctDNA was
detected in a cases with a tumour volume of 25.4 cm? using targeted sequencing and in a
case with a tumour volume of 67.9 cm? using sSWGS (Figures 4.9b—c, 4.8d). However, there
was no correlation between TP53 MAF and tumour volume (correlation coefficient 0.12)
or t-MAD score and tumour volume (correlation coefficient 0.12) even accounting for the
presence of ascites or pleural effusions at baseline (Figures 4.9b-c, 4.8d). For example a
case with a tumour volume of2,093.3 cm? did not have a TP53 mutation detected in plasma.
Before ctDNA can be used as a diagnostic biomarker it is therefore important to better

understand the relationship between newly diagnosed disease and ctDNA.
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Figure 4.6: Targeted sequencing for TP53. a) Number of cases with TP53 mutation detected
by de novo mutation calling by stage of disease. b) Number of cases with TP53 mutation
detected by identification of patients tumour specific mutation by stage of disease. ¢) Box-
plot of TP53 MAF by de novo mutation calling in cases with ctDNA detected by stage of
disease. d) Boxplot of TP53 MAF by patient specific mutation calling in cases with ctDNA
detected by stage of disease. e) Plot c with logarithmic scale. f) Plot d with logarithmic

scale.



a 50% Detected b

0.6-
TP53 Mutation Status
Il Detected
] Not Detected
100- c
3 2 -
1S S0.4-
= = :
N Q .
o Q
b} ©
Qo = .
c 0
:Es 50- S . )
zZ =)
S 0.2- . .
47% Detected H . - .
0- 0.0- - SR :
50 yearé or over under 50 years 40 60 80
Age at diagnosis Age at diagnosis
C ! d .
0.6-
7500- .
- [ O
.0
E § 0.4- .
° N
35000- 5 5 o o
To) Q .
& ©
8 : g .
=}
5 0.2-
2500~ L = S
3 .. 5
\:‘ I N I
0_ | 00- o oo . . . .
Detected  Not Detected 0 2500 5000 7500
TP53 mutation status CA 125 (IU/ml)
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Figure 4.8: a) Correlation between unselected t-MAD score from sWGS data and TP53 MAF
from targeted sequencing. b) t-MAD score calculated from sWGS data for 156 HGSOC cases
by stage, 29 benign controls and 46 healthy controls. Dashed line indicates the highest t-
MAD score calculated in the cohort of healthy controls. Dotted line indicates the highest t-
MAD score calculated in the cohort of benign controls excluding one outlier. ¢) t-MAD score
calculated from sWGS data for 79 HGSOC cases with undetected TP53 mutation by targeted
sequencing by stage, 29 benign controls and 46 healthy controls. Dashed line indicates the
highest t-MAD score calculated in the cohort of healthy controls. Dotted line indicates the
highest t-MAD score calculated in the cohort of benign controls excluding one outlier. d)
Comparison of t-MAD score with total tumour volume measured by 3-D CT reconstruction

(n=60). Correlation coefficient=0.12.
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4.3 Discussion

It has previously been shown that ctDNA can be detected in over 80% of women with
HGSOC (Parkinson et al. 2016). The majority of women in this study had relapsed disease
[ therefore wanted to investigate whether ctDNA could be detected in women with newly
diagnosed HGSOC as a first step towards developing a diagnostic biomarker. Parkinson
et al. 2016 also used digital PCR to detect patient specific TP53 mutations which cannot be
applied in a diagnostic setting. I wanted to investigate low-cost, high throughput assays

that can be directly translated to clinical use in a diagnostic setting.

Targeted sequencing for TP53 does not require prior knowledge of the patients tu-
mour specific mutation. It has previously been shown that ctDNA can be detected by tar-
geted sequencing in 53% of women with relapsed HGSOC down to a MAF of 2% (Forshew
et al. 2012). The compromise with this method is reduced sensitivity compared to digital
PCR, Parkinson et al. 2016 were able to detect a minimum MAF of 0.9%.

Since this original publication improvements have been made to the TAm-Seq method
including optimisation of the primers and increasing the depth of sequencing. In this
chapter I have shown that using this optimised TAm-Seq method I can detect ctDNA with
a minimum MAF of 0.6%. Despite this improvement compared to Forshew et al. 2012 I de-
tected ctDNA in only 45% of newly diagnosed HGSOC cases from the UKOPS cohort and
49% of newly diagnosed cases from the CTCR-OV04 cohort. Importantly ctDNA was detec-
ted by targeted sequencing in 4/12 cases with a CA 125 <35 U/ml. The majority of women
in the CTCR-OV04 cohort had an elevated CA 125 before diagnosis reflecting the cohort
selection of women with a confirmed HGSOC diagnosis. In future studies it will be import-
ant to compare the performance of ctDNA to CA 125 and investigate the combination of
the two markers for detection of OC in women who do not already have a diagnosis. It is
also important to note that TP53 mutations are not specific to HGSOC and can be found in
other cancer types. However, it could be argued that detection of a TP53 mutation in an
individual within the general population would be important irrespective of the cancer of
origin and referral would then be tailored depending on symptoms and results of other

triage tests.

In relapsed HGSOC a strong correlation between TP53 MAF and tumour volume was
observed (Parkinson et al. 2016). It is therefore possible that the lower rate of ctDNA de-

tection in newly diagnosed HGSOC is due to lower disease volume. However, | found no

69



correlation between TP53 MAF and tumour volume in the CTCR-OV04 newly diagnosed
HGSOC cohort. Parkinson et al. 2016 found a lower correlation between ctDNA levels and
tumour volume in women with ascites. I did not find the presence of ascites or pleural
effusions to correlate with TP53 MAF.

It is possible that the nature and extent of release of ctDNA from newly diagnosed
tumours is different to relapsed disease. This is supported by Parkinson et al. 2016 who
found that the median TP53 MAF per volume was lower (0.0008%) in women with newly
diagnosed disease compared to women with relapsed disease (0.04%). In newly diagnosed
non small cell lung cancer (NSCLC) only a moderate correlation between tumour volume
and mean clonal VAF was found (Abbosh et al. 2017). However, in lung cancer proliferation
was highly correlated with levels of ctDNA with both a high ki67 proliferation index and
high FDG-PET avidity independent predictors of ctDNA detection. Although proliferation
is generally high in HGSOC it is possible that cases with undetected ctDNA are cases with
low tumour proliferation. There is no reliable measure of tumour proliferation across un-
diagnosed patients. Ongoing work is looking at cellular proliferation at multiple tumour

sites in FFPE tissue collected at the time of primary surgery for HGSOC.

sWGS is another low cost, high-throughput sequencing assay. HGSOC is a cancer char-
acterised by copy number changes which can be detected by sWGS. The t-MAD score is
a new quantitative measure of copy number changes across the whole genome (unpub-
lished). I found a high correlation between TP53 MAF and the t-MAD score suggesting that
the t-MAD score is a reliable measure of ctDNA levels. The addition of the t-MAD score to
the TP53 MAF increased the rate of ctDNA detection to 60% in the UKOPS HGSOC cohort
and 56% in the CTCR-OV04 cohort. sWGS data was down-sampled to 3 million reads in the
UKOPS cohort which may have effected the sensitivity of ctDNA detection.

Other studies looking at women with newly diagnosed OC have identified ctDNA in
71-100% of cases (Bettegowda et al. 2014; Phallen et al. 2017). The improved sensitivity in
these studies is a result of parallel analysis of multiple genes and very deep sequencing.
This results in complex library preparation methods, complex bioinformatics analysis and

high cost rendering these methods incompatible with clinical use in their current iteration.

The lower rates of detection in the UKOPS and CTCR-0V04 cohorts are likely to be for
a number a reasons. Firstly limitations of the cohorts themselves. The UKOPS cohort in-
cluded in this thesis is a small number of samples with a range of histological subtypes.
Only 22 of the cases had HGSOC. The CTCR-OV04 cohort although larger in number and re-

stricted to HGSOC cases remains a small cohort in comparison to other published cohorts.
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In particular the number of cases with early stage disease was low, however, this reflects
the current real world clinical situation with very few women having early stage HGSOC at
the time of diagnosis. Limitations also relate to the samples used. Plasma samples from
the UKOPS cohort were <1ml in volume so sensitivity of ctDNA detection is limited by the
number of available DNA molecules in the sample. Plasma samples from the CTCR-OV04
cohort ranges from 2-4ml in volume which is also lower than that used in recent publica-
tions. Limitations of the methods are also apparent. The panel of primers used for targeted
sequencing was developed with a focus on HGSOC. It is therefore not optimised for detec-
tion of ctDNA is plasma samples collected from women with other histological subtypes of
OC. Similarly the t-MAD score is only relevant for detecting ctDNA in cancers that exhibit

significant copy number rearrangements. This is not the cases for non-HGSOCs.

In an attempt to overcome some of the limitations of ctDNA detection relating to the
methods used I wanted to investigate strategies that could be applied to targeted sequen-
cing and sWGS methods that might improve the sensitivity for detection of ctDNA in women

with newly diagnosed disease that could be easily translated to a diagnostic setting.
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Improving sensitivity and specificity for

circulating tumour DNA detection

5.1 Introduction

Interest in the use of ctDNA for the detection of early stage cancers has recently increased
(Wan et al. 2017). Approaches to increase the sensitivity of ctDNA detection in early stage
disease include: the use of patient specific assays, the interrogation of multiple genes in
one assay, deep sequencing and the combination of protein biomarkers with ctDNA assays
(Bettegowda et al. 2014; Phallen et al. 2017; Abbosh et al. 2017; Cohen et al. 2018). These
methods have allowed the detection of ctDNA in 40-50% of stage [ cancers. These meth-
ods involve complex library preparation techniques and bioinformatics analysis. There is
little data about how these assays perform in a real world situation and they are offered
by commercial providers with no option to improve the technique to focus on a specific

cancer type. They are also costly, so may not be suitable for deployment in the NHS.

One alternative strategy to increase sensitivity for ctDNA detection is to overcome
background sequencing error rates. One way to do this is by limiting the number of input
DNA molecules in areaction to ensure that the minimum AF is sufficiently above the level of
background noise which currently defines the limit of detection. Multiple reactions can be
performed in parallel in order to screen sufficient molecules to observe low AF mutations
(Figure 5.1a). This optimised targeting sequencing method had previously been conceptu-
alised by the lab and the technology filed and granted as a patent by CRT (Rosenfeld et al.
2016). In this chapter I will discuss the optimisation of this method (referred to as TAm-
Seq V2). Optimisation of this method was performed in conjunction with Wendy Cooper

and the bioinformatics analysis performed by James Morris.
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A second strategy for increasing the sensitivity of ctDNA detection is to enrich for cell
free tumour DNA in a sample using selective sequencing. cfDNA fragments are commonly
around 167 bp in length suggesting release from cells undergoing apoptosis (Jahr etal. 2001;
Lo et al. 2010; Chandrananda et al. 2015; Jiang et al. 2016). However, circulating fetal DNA
has been shown to be shorter than maternal plasma cfDNA and this difference has been
utilised to improve the sensitivity of non-invasive prenatal testing (Lo et al. 2010; Yu et al.
2014; Lun et al. 2008; Minarik et al. 2015). In cancer it has also been shown that circulating
tumour DNA fragments can be a different size to non-tumour cfDNA fragments but the res-
ults are conflicting (Mouliere et al. 2011; Umetani et al. 2006; Giacona et al. 1998; Underhill
et al. 2016; Jiang et al. 2015; Mouliere et al. 2014).

In this chapter [ will discuss the investigation of the features of ctDNA fragments com-
pared to non-tumour cfDNA fragments in plasma (Figure 5.1b). I will discuss the use of
selective sequencing based on these observations as a means of improving sensitivity of
detection of ctDNA in women with newly diagnosed HGSOC. This work was part of a larger
investigation of the fragmentation features of cfDNA seen in a range of cancer types led by
Florent Mouliere, Dineika Chandrananda and Anna Piskorz. Dineika Chandrananda per-
formed the in-silico size selection, calculation of t-MAD and determined the fragmentation
features presented in this chapter. This manuscript has been accepted for publication in

Science Translation Medicine (Appendix 12.13).
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Figure 5.1: Approaches for increasing the sensitivity of ctDNA detection. a) TAm-Seq V2. If
original sample with MAF of 20% contains 10 copies of DNA, two are mutant and 8 wildtype.
If the sample is split into 5 replicates each containing two DNA molecules this would give
two positive wells each with a MAF of 50% and three negative wells with an MAF of 0%.
In practice this means that a sample with an MAF of 0.05% which is currently below the
limit of detection could be partitioned into 250 wells each with 40 molecules (if sufficient
molecules were available) and we would expect to detect 5 positive wells each with an MAF
of 2.5% which is above the limit of detection. b) Selective sequencing of ctDNA fragments

using size selection.

5.2 Results

5.21 TAm-Seq V2

Optimisation of method

Extensive optimisations were performed to determine the experimental conditions that
provided the most even coverage across all amplicons for the TAm-Seq V2 method. The
broad approach is summarised in Figure 5.2. Details of the experimental conditions are

discussed in appendix 12.15. Optimisations were performed using healthy control serum
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samples obtained commercially.

/ EAm -Seq V2 Optimisations

Enzyme Annealing Extensmn Primer conc urlflcatlo Barcodm Final Prlmer
emperatur time 1st PCR enzyme ur1f1cat1 poolmg

( Figure 5.3 I Flgure X Figure 5.5 I Flgure )

Figure 5.2: Experimental conditions investigated to optimise TAm-Seq V2 method. Further

detail in appendix 12.15.

Investigation of different enzymes, annealing temperatures, extension times and primer
concentrations found the Q5 HS enzyme with an annealing temperature of 67 °C and exten-
sion time of 10 seconds and the Q5 HS enzyme with an annealing temperature of 63 °C and
extension time of 5 seconds to have the most even coverage across amplicons (Figure 5.3).

Coverage decreased with increasing amplicon length for all experimental conditions.

Initial optimisations selected for a range of 140-190 bp using the PippinHT for puri-
fication of the first round PCR product as the PCR product was expected to range from
145-185 bp (based on amplicon size and barcode (6 bp each end) and CS1/CS2 tag (22 bp
each end)). As coverage was poorer for the longer amplicons I hypothesised that these
were being lost during during purification of the first round PCR product. I therefore in-
vestigated whether selecting for different size ranges would improve the coverage of the
longer amplicons. Coverage for the longer amplicons was higher when selecting for frag-
ments between 140-250 bp (Figure 5.4). There is no disadvantage in selecting for longer
fragments as the main aim of this purification step is to remove the short primer dimer
fragments. Interestingly two amplicons have significantly lower coverage compared to the

other amplicons for all purification ranges.

Investigation of different barcoding enzymes and different methods for purification of
the final PCR product revealed that the AMPure bead purification provided the most even
coverage across amplicons (Figure 5.5). Although the Roche enzyme performed slightly
better than the Q5 HS in terms of evenness of coverage the HS Q5 was selected as it is

predicted to have a lower rate of PCR errors.
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(HS =Q5HS, UIl = Ultra II), annealing temperatures, extension times and primer concentra-

tions. See appendix 12.15, sections 12.15.1, 12.15.2, 12.15.3, page cviii for description of meth-

odology.
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Figure 5.4: Sequencing coverage by first round PCR product length for different size
ranges used for purification of first round PCR product. See appendix 12.15, section 12.15.4,

page cxiii for description of methodology.
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Figure 5.5: Sequencing coverage by first round PCR product length for different barcoding
enzymes and different final purification methods. See appendix 12.15, sections 12.15.5 and

12.15.6, page cxiii for description of methodology.

Investigation of different primer pooling strategies found strategy 4 (Appendix 12.15)
to provide the most even coverage across all amplicons (Figure 5.6a). An annealing temper-
ature of 67 °C and an extension time of 5 seconds provided the most even coverage within

this pooling strategy (Figure 5.6b).

Table 5.1 shows the final parameters chosen to take forward for the TAM-Seq V2 method

following all optimisations.

Enzyme Q5 HS
Annealing temperature 67 °C
Extension time 5 seconds
Primer concentration 100nm

Purification 1st round PCR product PippinHT 140-250 bp

Barcoding enzyme Q5 HS
Final purification AMPure bead
Primer pooling Strategy 4

Table 5.1: Final parameters for TAm-Seq V2 method.
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Amplicon Forward Primer Reverse Primer Probe

Amplicon001 GTGGGGAACAAGAAGTGGAGA CTCCCTGCTTCTGTCTCCTAC ATGTCAGTCTGAGTCAGGCC
Amplicon001.2 TCAGTCTGAGTCAGGCCCTTCT AAGTCCAAAAAGGGTCAGTCTACCT TTGAACATGAGTTTTTTATGGC
CXP039A CAGCTCTCGGAACATCTCGAA  CAACAGAGGAGGGGGAGAAGT CTCACGCCCACGGAT
Amplicon023 CTAGGATCTGACTGCGGCTC TGGAAGTGTCTCATGCTGGATC GCTGCTGCAAGAGGAAAAGT

Table 5.2: Digital PCR primers and probes for quantification of both ends of TP53.

Quantification of DNA for input into PCR

Due to the principle of TAm-Seq V2 accurate quantification of the number of copies of DNA
input into the reaction is required. RPP30 is a stable region in most genomes and primers
and probes against RPP30 are routinely used in the laboratory for quantification of total
copies of DNA. In HGSOC RPP30 is not a stable region. I therefore designed digital PCR
primers and probes for both ends of TP53 in order to quantify the number of copies of
TP53 input into the reaction (Table 5.2). Primers and probes were tested in singleplex
and multiplex using cell line DNA and DNA from healthy control serum samples obtained
commercially (Table 5.3). Amplicon001 and Amplicon023 performed well in singleplex but
were not as efficient in multiplex. The same pattern was seen with Amplicon001.2 and
Amplicon023. CXP039A and Amplicon023 however, multiplexed well and was therefore

the assay used for quantification of DNA for subsequent experiments.

Investigation of sensitivity

To investigate the sensitivity of ctDNA detection using TAm-Seq V2 DNA from three patient
samples was pooled (Table 5.4) and diluted using healthy control DNA. Targeted sequen-
cing of the pooled dilutions was performed using the standard TAm-Seq method to provide
a comparison for MAF and sensitivity (Table 5.5). The lowest MAF detected was 0.87%.
Mutations were not detected in the 1:25 dilution where the MAF was expected to be 0.4%
or lower. This is consistent with previous limits of detection observed using this method
(Section 4.2).

The expected MAF for the mutations at different dilutions was extrapolated from the
TAm-Seq results for the neat sample (Table 5.6). From this the number of expected positive

wells was determined for each of the three mutations (Table 5.7).
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Amplicon001 Amplicon001 Amplicon023 Amplicon023
Sample RPP30 AC/ul
singleplex AC/ul multiplex AC/ul multiplex AC/ul singleplex AC/ul
HeLa(10 ng/pl) 8239 5023 8818 8874
SKOV3(10 ng/pl) 5918 3423 6167 6144
Female control 221 180 195 200
Male control 69 74 92 64
Amplicon001.2 Amplicon001.2  Amplicon023 Amplicon023
Sample RPP30 AC/pl
singleplex AC/ul multiplex AC/ul multiplex AC/ul singleplex AC/ul
CIOV1 (10 ng/pl) 4195 1223 3759 4244
CIOV1 (1 ng/ul) 221 154 167 218
CIOV1 (0.1 ng/ul) 31 18 23 26
COV362 (10 ng/ul) 10 1210 3541 3
COV362 (1 ng/ul) 392 259 269 44
COV362 (0.1 ng/pl) 26 15 21 18
H,0 0 0 0 0
CXP039A CXP039A Amplicon023 Amplicon023
Sample RPP30 AC/ul ) ) ]
singleplex AC/pl  multiplex AC/pl  multiplex AC/pul  singleplex AC/ul
CIOV1 (10 ng/ul) 976 1024 788 962
CIOV1 (10 ng/pl) 1028 1024 755 1036
CIOV1 (1 ng/pl) 72 100 46 63
CIOV1 (1 ng/ul) 68 76 52 50
CIOV1 (0.1 ng/pl) 6 5 10
CIOV1 (0.1 ng/ul) 1
H,0 NA 0 NA
H,0 NA 0 NA
Table 5.3: Digital PCR primer and probe optimisations. AC = amplifiable copies.
i RPP30 Amplicon001 Amplicon023 Expected MAF
Sample Mutation
AC/ul AC/ul AC/ul in pool (%)
0V04 68  7578534C>G, c.G396C, p.K132N 1182 513 831 5.00
0V04 114 7578406C>T, c.G524A, p.R175H 1126 218 564 7.76
0V04 70  7577538C>T, c.G743A, p.R248Q 2846 1682 2149 11.58

Table 5.4: Three patient serum samples quantified by digital PCR and pooled to use in

dilution experiment to asses sensitivity of TAm-Seq V2.
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Mutation Neat 1:5 1:25 1:100 1:400

7578534C>G 532 087 ND ND NA
7578406C>T 11.07 2.55 ND ND NA
7577538C>T 10.31 241 ND ND NA

Table 5.5: MAF (%) detected in neat pool and diluted pool samples using standard TAm-
Seq. ND=not detected. NA=not run as this was expected to be well below the limit of de-

tection using standard TAm-Seq.

Mutation Neat 1:5 1:25 1:100 1:400

7578534C>G 532 1.06 0.21 0.05 0.01
7578406C>T 11.07 2.21 044 0.11 0.03
7577538C>T 10.31 2.06 041 0.10 0.03

Table 5.6: Expected MAF (%) for the three mutations in the pool at different dilutions based
on the standard TAm-Seq neat sample MAF and the dilution factor.

Mutation Neat 1:5 1:25 1:100 1:400
7578534C>G 42 17 4 4 2
7578406C>T 47 28

7577538C>T 47 27 7 8 4

Total wells analysed 48 48 48 192 384

Table 5.7: Number of positive wells expected for each mutation at different dilutions based

on the total number of wells and the expected MAF.
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Mutation Neat 1:5 1:25 1:100 1:400

7578534C>G 34 6 0 0 0
7578406C>T 44 23
7577538C>T 48 20

Total wells analysed 48 48 48 192 384

Table 5.8: Number of positive wells for each mutations at different dilutions.

Mutation calling was performed using the TAm-Seq V2 method for the pooled dilu-
tions. All mutations called in at least two wells were reviewed. The MAF was calculated by
dividing the total number of non-reference alleles across all wells by the total number of
wells multiplied by the number of copies of DNA in each well (Table 5.9). The observed AF
correlated well with the expected AF (Figure 5.7). With approximately 30,000 input mo-
lecules (384 replicates of 2 pools of 40 molecules) the limit of detection was a MAF of ap-
proximately 0.01-0.02%. No unexpected mutations were observed in the 1:5, 1:25, 1:100 and
1:400 dilutions in >2 wells. However, in the undiluted (neat) sample 3 unexpected muta-
tions were observed each in 2 wells out of the 48 analysed (7578190T>C (c.A659G, p.Y220(C),
7577114C>T (c.G824A, p.C275Y) and 7577548C>T (c.G733A, p.G245S)). These could repres-
ent false positive calls or could be true positive mutations that were not identified in the
FFPE sample due to tumour heterogeneity. If a threshold of >2 wells is used to call a true
positive mutation these potential false positive calls are eliminated along with three true
positive calls (Table 5.8). The coverage at position 7578534 was low in the control samples
which may explain why this mutation was not observed in the patient pool at the lower

dilutions.
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Mutation Neat 1:5 1:25 1:100 1:400

7578534C>G 5.26 0.69 ND ND ND
7578406C>T 8.84 184 035 0.16 0.02
7577538C>T 7.32 2.06 026 0.14 0.01

Table 5.9: Calculated AF (%) for each mutation at different dilutions based on the number
of positive wells, total number of wells screened, number of mutant reads and total number

of reads.

To investigate if these unexpected mutations were true or false positive calls a further
48 replicates of the undiluted pool were performed. (This experiment was done with the
optimised primer pooling strategy that had not been used for the first experiments of the

pooled samples). The following mutations were detected:

Position = Mutation Number of positive wells
7578534 C>G (c.G396C, p.K132N) 43
7578406 C>T (c.G524A, p.R175H) 48
7577538 C>T(c.G743A, p.R248Q) 48
7577548 C>T (c.G733A, p.G245S)

7579325 G>T (c.C362A, p.S121Y) 2

7578406C>T and 7577538C>T were expected mutations detected in approximately
the same numbers of wells as with the initial pooling strategy and experimental conditions.
7578534C>G was previously detected in 34 wells in the undiluted sample and not at all in
the 1:25,1:100 and 1:400 dilutions due to low coverage at this locus in the controls. Using the
new pooling strategy 7578534C>G was detected in 43 wells which suggests that mutation
calling across TP53 may now be more even. 7577548C>T was previously detected in 2 wells
in the undiluted sample which suggests this may be a true positive mutation. 7579325G>T
was not previously called which suggests that this is a false positive call and suggests that

the threshold for defining a positive test should be 3 or more positive wells.
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Figure 5.7: a) Expected AF extrapolated from standard TAm-Seq mutation calling and ob-
served AF for all calls. b) Expected AF extrapolated from standard TAm-Seq mutation call-
ing and observed AF for calls with an AF of <1%. Those marked in red were not detected
by TAm-Seq V2.

Application to clinical samples

The TAm-Seq V2 method was then applied to plasma samples collected from three women
with HGSOC where a TP53 mutation had been detected at close to the limit of detection
using standard TAm-Seq. A mutation was identified in >3 of the replicate wells for each
sample and in each case an identical mutation was identified at a similar AF using standard
TAm-Seq (Table 5.10). When using a threshold of 2 wells to define a true positive muta-
tion three other alterations were observed in JBLAB-16679 (7573927C>A, 7578517G>A and
7578393A>(C). It was encouraging that the same TP53 mutations were called at a similar
MAF using both the standard TAm-Seq and TAm-Seq V2 methods. However, the TP53 MAF
in these samples was within the limit of detection of standard TAm-Seq so not testing the

increased sensitivity of TAm-Seq V2.

[ therefore wanted to apply the TAm-Seq V2 method to plasma samples in which a
TP53 mutation had not been detected using TAm-Seq V1.
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Positive wells/ AF (%) by

Sample Mutation Observed AF (%)

wells analysed standard Tam-Seq
JBLAB-16676 7577539G>A 10/48 0.83 0.78
JBLAB-16679 7577124C>T 7/95 0.31 0.54
JBLAB-16710 7578413C>A 13/43 0.73 0.64

Table 5.10: TAm-Seq V2 mutation calling results for three patient plasma samples.

In order to detect mutations at an AF of 0.01-0.02% 384 replicate wells needed to be
analysed. Each well contains 40 copies of DNA and is run in duplicate for the two different
primer pools. 30,720 DNA molecules therefore need to be screened to reach this level of
sensitivity. Digital PCR for both end of TP53 was performed to quantify DNA from plasma
samples from 23 women with HGSOC (Table 5.11). Samples had been extracted from 0.7-
3 ml of plasma and contained between 1154-41385 total DNA molecules. Only one sample

contained sufficient molecules to perform 384 replicate TAm-Seq V2 reactions.

The median number of DNA copies per ml of plasma was 3590 (range 1648-13795)
(Table 5.11). A median of 9 ml of plasma is therefore required for extraction in order to

obtain sufficient DNA molecules to screen for the detection of low AF mutations.
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Sample Volume of plasma (ml) Total TP53 copies Copies/ml plasma

JBLAB-16679 3.0 41385 13795
JBLAB-14752 3.0 29538 9846
JBLAB-16676 3.0 27308 9103
JBLAB-16710 3.0 22846 7615
JBLAB-15562 3.0 17769 5923
JBLAB-15108 3.0 15000 5000
JBLAB-16616 1.5 14769 9846
JBLAB-15067 3.0 10462 3487
JBLAB-15441 3.0 10077 3359
JBLAB-16628 0.9 9385 10427
JBLAB-15711 3.0 9000 3000
JBLAB-16687 3.1 9000 2903
JBLAB-16632 2.1 6154 2930
JBLAB-16642 1.7 6000 3529
JBLAB-16627 1.5 5385 3590
JBLAB-16614 1.5 5231 3487
JBLAB-16635 0.7 4308 6154
JBLAB-15179 3.0 3769 1256
JBLAB-16648 0.8 3538 4423
JBLAB-16640 1.2 3231 2809
JBLAB-16622 0.9 2923 3248
JBLAB-16629 0.7 2769 3956
JBLAB-16625 0.7 1154 1648

Table 5.11: Plasma samples from 23 women with HGSOC. Total number of TP53 mutations
based on digital PCR for both ends of TP53. Copies of TP53 per ml plasma.
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5.2.2 Selective sequencing using DNA fragment sizes

[ used xenograft models to test the hypothesis that selective sequencing of ctDNA could
be performed by leveraging differences in DNA fragmentation patterns between tumour
derived and non-tumour derived cfDNA fragments (Figure 5.8). In this model tumour de-
rived cfDNA fragments align to the human genome and non-tumour derived cfDNA frag-
ments align to the host genome (in this case mouse). Whole genome libraries were pre-
pared from plasma DNA using the Rubicon ThruPlex DNA-kit (Table 5.12 ) and submitted

for paired-end 150 sequencing on the Illumina MiSeg.

o — Sequencing and

alignment

/N

human genome = tumour DNA mouse genome = wiDNA

xenograft

Figure 5.8: Mouse model with xenografted tumour cells enabled the discrimination of tu-

mour derived cfDNA fragments from non-tumour cfDNA fragments.

Figure 5.9 shows the proportion of reads aligning to the human genome (tumour)
and the proportion of reads aligning to the mouse genome (non-tumour) against fragment
length. The median difference between the proportion of tumour derived and non-tumour
derived cfDNA fragments between 90-150 bp was 30.6%. In this model system, tumour de-

rived DNA fragments were shorter than non-tumour cfDNA fragments.
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Figure 5.9: Xenograft fragmentation profiles a) Plasma DNA from mouse implanted with
OVCARS3 cultured cells b) Plasma DNA from mouse implanted with ascites collected from
a women before treatment for HGSOC c) Plasma DNA from mouse implanted with tissue

collected at the time of primary surgery for HGSOC.



DNA DNA input

Sample ] Number of

Mouse Xenograft model Sample concentration  whole genome
volume (ul) ) PCR cycles

(ng/ul) library prep (ng)

a OVCAR3 plasma 55 0.015 0.3 16
a OVCAR3 serum 62 <0.005“ unknown 16
b ascites plasma 270 0.338 1.0 11
b ascites serum 160 0.618 1.0 11
C solid tumour plasma 180 0.490 1.0 11
c solid tumour serum 90 0.678 1.0 11

Table 5.12: Xenograft samples and whole genome library preparation. OVCAR3 is a HGSOC
cell line implanted into a mouse. Ascites was collected from a women before treatment
for HGSOC and implanted into a mouse. Solid tumour was obtained at the time of primary

surgery for HGSOC and implanted into a mouse.

%too low to quantify

The next step was to investigate if there is difference in fragment length between
tumour-derived and non-tumour derived cfDNA in plasma samples from patients with can-
cer. [tis not easy to distinguish tumour derived cfDNA fragments from non-tumour derived
cfDNA fragments within a single sample without the identification of multiple mutations
and ultra-deep sequencing. I therefore performed sWGS to compare the fragment sizes of
DNA identified in plasma samples from 45 women with relapsed HGSOC to 46 healthy con-
trols (Figure 5.10a). The proportion of DNA fragments <150 bp was higher for the HGSOC
cases compared to the healthy controls (Figure 5.10b). Although this approach cannot
confirm that these shorter fragments are tumour derived cfDNA fragments the fact that
the same pattern is not seen in cfDNA from healthy controls supports the hypothesis that

ctDNA fragments may be shorter than non-tumour derived cfDNA fragments.

Parallel experiments performed by other members of the lab in other cancer types
support the generalisability of these findings and led to the hypothesis that selecting for
DNA fragments between 90-150 bp could enrich for tumour derived cfDNA.
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Figure 5.10: a) Fragmentation profiles for 45 HGSOC cases and 46 healthy controls. b)
Proportion of cfDNA fragments below 150 bp for healthy controls and HGSOC cases.

To investigate this hypothesis I performed targeted sequencing for TP53 using TAm-
Seq primer panel 10 (Appendix 12.4) for plasma samples before in-vitro size selection and
after in-vitro size selection (PippinHT 3% agarose gel selecting for bases 90-150 bp) collec-
ted from 13 women with relapsed HGSOC. An increase in MAF was observed for the majority
of samples (at baseline and after one cycle of chemotherapy) following in-vitro size selec-
tion (Figure 5.11). Samples with a MAF <5% can generally not be used for more in depth
analysis for example whole exome or whole genome sequencing. The dotted area in fig-
ure 5.11a illustrates samples with a MAF <5% before size selection which increased to >5%

following in vitro size selection making them accessible for further wide-scale analysis.

sWGS was also performed for the samples before and after in-vitro size selection. Im-
portantly we see that following in-vitro size selection the majority of cfDNA fragments lie

within the range selected for (Figure 5.12).
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Figure 5.11: a) MAF before and after in-vitro size selection for plasma samples collected
before (red circles) and after (blue triangles) starting chemotherapy for relapsed disease
in 13 women with HGSOC. The dotted area indicates samples with a MAF <5% pre size
selection and >5% post size selection. b) Comparison of MAF before and after treatment

initiation with (yellow triangles) and without (green circles) in-vitro size selection.

Figure 5.13 shows an example of the copy number profiles generated from sWGS data
for one patient. Figure 5.13a shows the baseline plasma sample with no size selection
where the ctDNA levels are high with blue illustrating amplifications, orange deletions and
black copy number neutral regions. In the post treatment plasma sample (Figure 5.13b)
the level of ctDNA is reduced with fewer amplifications and deletions observed. Follow-
ing in-vitro size selection of the post-treatment sample (Figure 5.13c) amplifications and
deletions that match those observed in the pre-treatment plasma sample become visible
suggesting an enrichment in ctDNA post size selection. Copy number plots for the remain-

ing samples are shown in appendix 12.13.
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Figure 5.12: Distribution of DNA fragments determined by sWGS for plasma samples col-
lected before and after treatment from 13 women with relapsed HGSOC. The distribution
of cfDNA without size selection is shown in green and the distribution of the same sample
after in-vitro size selection is shown in orange. The vertical lines represent the range of

fragments selected with the PippinHT cassettes, between 90 and 150 bp.
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Figure 5.13: a) SCNA analysis of sWGS data from a plasma sample collected from a women
with relapsed HGSOC before initiation of chemotherapy. Inferred amplifications are shown
in blue and deletions in orange. b) SCNA analysis of a plasma sample from the same women
after initiation of chemotherapy. ¢) SCNA analysis of the sample plasma sample as shown

in b, after in-vitro size selection for DNA fragments between 90-150 bp.

sWGS was performed on a further 22 plasma samples collected from women with re-
lapsed HGSOC before and after in-vitro size selection for fragments between 90-150 bp.
The t-MAD score was calculated for all plasma samples to quantitatively asses the enrich-
mentin ctDNA after size selection on a genome-wide scale. Following in-vitro size selection
a significant increase in the t-MAD score was observed for the cohort (Figure 5.14b). The
t-MAD score increased in 47/48 (98%) of the plasma samples (Figure 5.14a) with a median
increase of 2.1 fold (Figure 5.14c). The degree of enrichment varied per sample but was
higher for samples with a lower initial t-MAD score and therefore a lower level of original
ctDNA (Figure 5.14c). This provides further evidence that selective sequencing of shorter

fragments enriches for ctDNA in a sample.
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Figure 5.14: a) t-MAD score pre and post in-vitro size selection for 48 plasma samples col-
lected from women with relapsed HGSOC. b) Comparison of t-MAD score with and without
in-vitro size selection for the whole cohort. c) t-MAD score without size selection and t-

MAD fold enrichment with in-vitro size selection.

To investigate if SWGS and size selection to enrich for ctDNA in a sample allowed for
increased detection of cancer cases receiver operating characteristic (ROC) analysis com-
paring 48 women with relapsed HGSOC to 46 healthy controls was performed (Figure 5.15).
A significant increase in area under the curve (AUC) was seen following in-silico size se-
lection and in-vitro size selection compared to the unselected t-MAD score. A maximum
sensitivity and specificity of 90% and 98% respectively was seen using the t-MAD score
calculated for all samples following in vitro size selection. Again this illustrates the en-
richment of tumour derived cfDNA in a sample following size selection (both in-vitro and
in-silico) and suggests that size selection may improve ctDNA detection rates in women

with newly diagnosed HGSOC.

95



1.00+
0.90-
0.75-
c
il
©
O
‘© _,—"'_'_'
Z 0.50-
[}
o
o
(0]
>
=
0.25-
--no size selection
0.10- - with in silico size selection
with in vitro size selection
0.00-
0.00 0.10 0.25 0.50 0.75 0.90 1.00

False positive fraction

Figure 5.15: ROC analysis comparing 48 HGSOC cases and 46 healthy controls using t-MAD
(AUC 0.64), t-MAD following in-silico size selection (AUC 0.78) and t-MAD following in-
vitro size selection (AUC 0.97).

To assess if SCNAs with potential clinical value could be detected by sWGS following
in vitro size selection the relative copy number values of 15 genes frequently altered in
HGSOC were compared before and after size selection. A large number of SCNAs were re-
vealed following size selection that were not detected in the same sample without size se-
lection. This included amplifications in key genes including NF1, TERT and MYC. This could
be useful clinically for patient stratification to clinical trials and treatment with targeted

therapy.

In addition to the size of cfDNA fragments different fragmentation features (Figure 5.17a)
were defined in the 48 plasma samples collected from women with relapsed HGSOC and
the 46 healthy controls. The proportion (P) of DNA fragments observed by sWGS in mul-
tiple size ranges, the ratios of proportions of fragments in these size ranges and the amp-
litude of oscillations in fragment size density with 10 bp periodicity observed below 150 bp
were calculated. The proportion (P) of fragments between 20-150 bp and the ratio of the
proportion (P) of fragments between 20-150 bp and 160-180 bp (P(20-150)/P(160-180))
were best able to discriminate the HGSOC cases from the healthy controls (Figure 5.17b).

Selective sequencing of DNA fragments based on size and fragmentation features is
therefore an option that may be useful in increasing the rate of detection of ctDNA in newly
diagnosed HGSOC.
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Figure 5.16: Detection of SCNA in 35 women with relapsed HGSOC across 15 genes fre-
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copy number in that region was greater than 0.05. Empty squares represent copy num-
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Figure 5.17: a) Schematic illustrating the selection of different size ranges and features in
the distribution of fragment sizes. For each sample features include the proportion (P) of
DNA fragments observed by sWGS in multiple size ranges (P(20-150), P(100-150), P(160-
180), P(180-220), P(250-320)), the ratios of proportions of fragments in these size ranges
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of oscillations in fragment size density with 10 bp periodicity observed below 150 bp. b)

ROC analysis of fragmentation features comparing HGSOC cases to healthy controls.
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5.3 Discussion

Due to the low rates of detection of ctDNA in women with newly diagnosed HGSOC using
targeted sequencing and sWGS I wanted to investigate methods to improve the sensitivity

of detection that could be easily translated for routine clinical use.

In this chapter I have discussed the optimisation of the TAm-Seq V2 method and shown
that this method has the potential to detect mutations with a minimum MAF of 0.01-0.02%.
This method is potentially more sensitive than other recently published methods that have
been applied to newly diagnosed cancers using patient specific assays and multi-region
deep sequencing enabling detection of a minimum MAF of 0.05-0.1% (Phallen et al. 2017;
Abbosh et al. 2017). However, in this chapter [ have only provided proof of principle of the
method [ have not been able to demonstrate clinical utility due to the limitations outlined

below.

The major limitation of the TAm-Seq V2 method is that a large number of DNA mo-
lecules need to be input into multiple replicate reactions in order to screen sufficient DNA
molecules for the detection of low AF mutations. Using TAm-Seq V2 over 30,000 DNA mo-
lecules need to be screened in order to detect a minimum MAF of 0.01%. [ have found that
plasma samples contain a median of 3590 DNA copies per ml (range 1648-13795). A me-
dian of 9 ml of plasma is therefore required for extraction in order to obtain sufficient DNA
molecules to screen for the detection of low AF mutations using this method. Currently
our standard practice locally is to extract DNA from 4 ml of plasma. In the future it may
be important to increase the volume of blood collected from patients and optimise extrac-
tions from larger volumes of plasma. Other recently published methods have used 5 ml of
plasma and detected a minimum MAF of 0.1% (Bettegowda et al. 2014; Abbosh et al. 2017).

Estimates suggest that being able to detect ctDNA at a MAF of 0.1% would allow de-
tection of tumours with a volume of 10 cm® (Abbosh et al. 2017). Improving this detection
to a MAF of 0.01% using TAm-Seq V2 could allow detection of tumours with a volume of
<3.5 cm3. However, to detect a tumour with a volume of 1 cm® would require detection
of a minimum MAF of 0.008% (Abbosh et al. 2017). This would require screening of over
30,000 DNA molecules and extraction from even larger volumes of plasma which may not
be feasible particularly in future studies looking at a combination of assays and markers

all of which will require increased volumes of blood to be collected.

An alternative approach to massively parallel TAm-Seq is selective sequencing of DNA
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fragments based on cfDNA size and fragmentation features.

cfDNA fragments are commonly found to be around 167 bp in length corresponding
to DNA wrapped around a nucleosome (147 bp) and linker DNA associated with histone
H1. DNA fragments of this length are thought to be released into the circulating from cells
undergoing apoptosis (Jahr et al. 2001; Lo et al. 2010; Chandrananda et al. 2015; Jiang et al.
2016). However, it has been shown that tumour derived cfDNA fragments can be a different
size to non-tumour derived cfDNA fragments (Mouliere et al. 2011; Underhill et al. 2016;
Jiang et al. 2015).

In this chapter [ have found that tumour-derived cfDNA fragments can be shorter than
non-tumour derived cfDNA fragments. The origin of these shorter fragments is still un-
known but is likely to be a result of the mechanism of compaction and release into the cir-
culation. One possibility is that shorter fragments could be released as a result of tumour
proliferation (Abbosh et al. 2017).

[ have shown that selective sequencing for shorter fragments can enrich for ctDNA in
a sample measured by targeted sequencing and sWGS. This approach is similar to that ap-
plied to non-invasive prenatal testing to improve the sensitivity of detection of fetal cfDNA
(Lo et al. 2010; Yu et al. 2014; Lun et al. 2008; Minarik et al. 2015).

A limitation of this analysis is that only samples from relapsed HGSOC were included.
It is possible that the size of cfDNA fragments present at the time of newly diagnosed dis-
ease will differ due to difference in the biological features of newly diagnosed compared
to relapsed disease. It is also possible that the volume of disease or stage of disease may
effect the pattern of cfDNA fragments observed meaning that there may not be one size
range that can be applied to enrich for tumour-derived cfDNA in all cases. This will be a

particular issue if using in-vitro size selection due to the inevitable loss of material.

[ have compared in-vitro size selection with in-silico size selection. In-vitro size selec-
tion adds marginally to the cost and time required for whole genome library preparation
but does not effect the bioinformatics analysis. Although this approach led to a significant
enrichment in tumour-derived cfDNA, material is inevitably lost during the size selection
process. This could result in the loss of tumour derived cfDNA fragments important for
downstream analysis. In comparison in-silico size selection does not add and additional
step and does not add to the cost of library preparation but does add an additional step to
the bioinformatics analysis. The enrichment observed following in-silico size selection was

disappointingly not a large as following in-vitro size selection but there is no irreversible
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loss of material meaning that all cfDNA fragments can be interrogated for analysis.

The use of selective sequencing may result in more samples being available for whole
exome or whole genome analysis which is currently limited to those with a MAF above 5-
10% (Murtaza et al. 2013; Belic et al. 2015). Selective sequencing may be useful to identify
clinically actionable mutations thereby allowing entry into clinical trials and the applic-
ation of targeted therapies. It is also possible that a selective sequencing approach may
improve the rate of ctDNA detection in women with newly diagnosed HGSOC. However, it
is also possible that size selection may result in some actionable mutations being missed as

aresult of being present on cfDNA fragments outside of the fragment size range of interest.

Other limitations of this approach are that only double stranded DNA has been se-
quenced which may result in biased information about DNA fragmentation sizes. The DNA
extraction and sequencing methods may also provide additional biases to DNA fragments
observed. Finally this investigation was limited to plasma. Different fragmentation pat-

terns may be seen in other sample types including urine and serum.

101



102



Improved sensitivity for detection of
circulating tumour DNA in newly

diagnosed ovarian cancer

6.1 Introduction

Due to the significant enrichment in ctDNA seen in the relapsed HGSOC cases with selective
sequencing using DNA fragment size information | wanted to apply this to the cohorts of

women with newly diagnosed OC.

In this chapter I will describe the effect of in-silico size selection for DNA fragments
on the t-MAD score in the UKOPS and CTCR-OV04 cohorts. I will discuss the effect of in-
silico size selection for two different size ranges: 20-150 bp and 90-150 bp. For the UKOPS
cohort all reads were downsampled to 3 million to allow direct comparisons between all
samples. For the CTCR-OV04 cohort all reads were downsampled to 10 million reads again
to allow direct comparisons between samples. Samples with read counts lower than this
were excluded. I will also describe the effect of in-vitro size selection in the CTCR-OV04

cohort.

I will also discuss the effect of in-silico size selection on IchorCNA, a tool that has re-
cently been developed by the Broad Institute for quantifying ctDNA from sWGS data (Adal-
steinsson et al. 2017) and is therefore a similar metric to the t-MAD score. IchorCNA outputs
a tumour fraction. I will discuss the tumour fraction output for two different sets of para-
meters. The first is recommended for samples with higher ctDNA fractions and [ will refer

to this as 'IchorCNA default. The second assumes a lower ctDNA fraction and I will refer
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to this as 'IchorCNA customised’.

In this chapter in-silico size selection and calculation of the t-MAD and IchorCNA val-

ues has been performed by Dineika Chandrananda.

6.2 Results

6.2.1 UKOPS cohort

In the UKOPS cohort the size selected t-MAD score was highly correlated with the TP53
MAF determined by targeted sequencing in the HGSOC cases but not the non-HGSOC cases

(Figure 6.1).
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Figure 6.1: a) Comparison of t-MAD score following in-silico size selection for DNA frag-
ments between 20-150 bp and TP53 MAF for HGSOC cases (correlation coefficient 0.94,
p<0.005) and non-HGSOC cases (correlation coefficient —0.40, p=0.427), . b) Comparison
of t-MAD score following in-silico size selection for DNA fragments between 20-150 bp and
TP53 MAF for HGSOC cases (correlation coefficient 0.92, p=0.010) and non-HGSOC cases
(correlation coefficient —0.31, p=0.538).

Following in-silico size selection copy number amplifications and losses are revealed

in the plasma samples that match those seen in the tumour samples (Appendix 12.7). This
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suggests that size selection is enriching for ctDNA and that the changes in t-MAD score

following size selection are not an artefact of in-silico size selection .

The change in t-MAD score following size selection was variable across all cases in the
UKOPS cohort (Figure 6.2). One example where we see a large increase in t-MAD score is
TUKOO01904 (Appendix 12.7). There are very few copy number changes in the unselected
plasma sample however following size selection we see gains in chromosomes 7,10 and 16
that are also present in the matched tumour sample. This is reflected by a 338% increase

in t-MAD score following size selection.
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Figure 6.2: Unselected t-MAD score and size selected t-MAD score (logarithmic scale) for
UKOPS plasma samples. Panel on the left shows HGSOC cases and panel on the right shows
all other histological subtypes.

The median change in t-MAD was 31% (IQR 12-75%) and 30% (IQR 12-64%) for the
whole cohort when selecting for DNA fragments between 20-150 bp and 90-150 bp respect-
ively. For the HGSOC cases the median change in t-MAD was higher at 46% (IQR 6-77%)
and 48% (IQR 12-80%) when selecting for DNA fragments between 20-150 bp and 90-
150 bp respectively (Figure 6.3a).

Inrelapsed HGSOC we saw a greater increase in t-MAD score for those cases with alow
unselected t-MAD score (see section 5.2.2, page 94) . This is not the case in the UKOPS co-
hort where we see no correlation between the unselected t-MAD score and the percentage

change in t-MAD score following size selection (Figure 6.3b, c).
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Before size selection 41% of the whole cohort and 56% of the HGSOC cases had a t-
MAD score above the highest t-MAD score calculated for 46 healthy controls (Section 4.2.1,
page 56). Following size selection the ctDNA detection rate increased to 53% for the whole
cohort but did not change for the HGSOC cases (Figure 6.4).

After seeing an improvement in ctDNA detection in women with newly diagnosed OC
using the size selected t-MAD score [ wanted to investigate whether IchorCNA could im-

prove detection rates further.

The tumour fraction calculated by IchorCNA was moderately correlated with MAF cal-

culated by targeted sequencing in the UKOPS cohort (Figure 6.5).

Depending on the IchorCNA tumour fraction cut off used ctDNA detection ranged from
44-88% for the whole cohort and 44-83% for the HGSOC cases (Table 6.1, Figure 6.6).
IchorCNA using the customised settings and the upper limit of the healthy controls as a
cut off had the highest rate of detection. This was higher than the rate of detection using

targeted sequencing, t-MAD score, or size selected t-MAD score.

IchorCNA settings Cohort Cut off Detection (%)
default all 10% 44
default hgsoc 10% 44
default all 5% 70
default hgsoc 5% 67
default all 3% 83
default hgsoc 3% 83
default all healthy control 61
default hgsoc  healthy control 61
customised all healthy control 88
customised hgsoc  healthy control 83

Table 6.1: ctDNA detection rate for the whole UKOPS cohort and HGSOC cases alone us-
ing different cut off values for detection. 10%, 5% and 3% correlate to the tumour frac-
tion. Healthy control is the highest IchorCNA tumour fraction value calculated using the

matched parameters from 46 healthy controls.

In-silico size selection was then performed before calculating the IchorCNA tumour
fraction to investigate if this would further improve detection rates. As with the unselec-

ted IchorCNA the rate of detection was better using the customised settings and was higher
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in the HGSOC cases than the cohort as a whole (Table 6.2). However, there was no improve-
ment in the rate of detection using the size selected IchorCNA compared to the unselected
IchorCNA.

Size Selection (bp) IchorCNA Settings Cohort Detection (%)

20-150 default all 45
20-150 default hgsoc 44
20-150 customised all 73
20-150 customised hgsoc 83
90-150 default all 46
90-150 default hgsoc 44
90-150 customised all 69
90-150 customised hgsoc 72

Table 6.2: Detection using highest IchorCNA tumour fraction calculated using matched

parameters in cohort of 46 healthy controls as a cut off.

ROC analysis confirmed that the customised unselected IchorCNA tumour fraction
was best at discriminating the OC cases from healthy controls for the whole cohort (Fig-
ure 6.7a) with a sensitivity of 88% for a specificity of 100% (AUC 0.996) and HGSOC cases
(sensitivity 83%, specificity 100%, AUC 0.996) (Figure 6.7b).
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Figure 6.3: a) Percentage change in t-MAD score following in-silico size selection for DNA
fragments between 20-150 bp and 90-150 bp by histological subtype. b) Comparison of
unselected t-MAD score with percentage change in t-MAD score following in-silico size
selection for DNA fragments between 20-150 bp for HGSOC cases (correlation coefficient
0.14, p=0.582) and non-HGSOC cases (correlation coefficient 0.08, p=0.732). ¢) Comparison
of unselected t-MAD score with percentage change in t-MAD score following in-silico size
selection for DNA fragments between 90-150 bp for HGSOC cases (correlation coefficient

0.13, p=0.599) and non-HGSOC cases (correlation coefficient 0.05, p=0.817).
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to 3 million reads by histological subtype. Dashed line indicates the highest size selected
t-MAD score calculated in a cohort of 46 healthy controls. Top panel shows in-silico size

selection for fragments between 20-150 bp and bottom panel size selection for fragments

between 90-150 bp.
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Figure 6.5: a) Comparison between MAF measured by targeted sequencing and unselected
IchorCNA tumour fraction using default settings (correlation coefficient 0.52). b) Compar-
ison between MAF measured by targeted sequencing and unselected IchorCNA tumour

fraction using customised settings (correlation coefficient 0.59).
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Figure 6.7: a) ROC analysis comparing whole cohort to 46 healthy controls. b) ROC analysis
comparing HGSOC cases to 46 healthy controls. ¢) AUC for all methods for whole cohort
(plot a) and HGSOC cases (plot b).
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6.2.2 CTCR-0VO04 cohort

To investigate whether the size selected t-MAD score or the customised IchorCNA tumour
fraction performed as well in a larger cohort of HGSOC cases I applied these methods to
the newly diagnosed CTCR-OV04 cohort.

Firstly I wanted to investigate the effect of in-vitro size selection on the t-MAD score.
In-vitro size selection (PippinHT 3% cassette selecting for fragments 90-150 bp) was per-
formed for 34 cases with a starting MAF between 0.8-1%. AF’s in this range are within
the limits of detection of both targeted sequencing and sWGS but are low enough that an
enrichment in ctDNA with size selection could potentially be observed. Whole genome
library preparation was performed for the unselected and size selected sample using the
Rubicon ThruPlex DNA-Seq kit. In 31/32 (97%) of the samples an increase in t-MAD score
was seen following in-vitro size selection of the samples (Figure 6.8). The median change
in t-MAD between the unselected sample and size selected sample was 211% (IQR 86% to

283%) suggesting a significant enrichment in ctDNA in these samples.

As in-vitro size selection requires use of further material from the sample [ performed
size selection of the whole genome library for 22 of the cases (PippinHT 2% cassette select-
ing for fragments 220-300 bp). The median change in t-MAD score calculated from sWGS
of the the unselected sample and sWGS of the size selected library was 4% (IQR —12% to
18%). Whereas size selection of the input DNA led to a significant enrichment this was not

so far achieved with size selection of the sequencing library (Figure 6.8a).

Another way of preserving material is to perform in-silico size selection of sSWGS data
from an unselected sample. [ have previously shown that in-silico size selection can in-
crease ctDNA detection both by targeted sequences and sWGS (see section 5.2.2). In the
CTCR-0V04 newly diagnosed cohort the median increase in t-MAD following in-silico size
selection was 97% (IQR 21-140%). Although this suggests an increase in ctDNA in these
samples the enrichment is not as significant as that seen following in-vitro size selection
(Figure 6.8b). There is therefore a trade off between a greater increase in the amount of
ctDNA accessible in a sample using in-vitro size selection and retaining material for other
applications whilst still observing a moderate increase in the amount of ctDNA in a sample
using in-silico size selection. In-silico size selection of libraries produced from in-vitro size
selected samples did not further increase the t-MAD score (median change —3%, IQR —13%
to 18%).
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Figure 6.8: a) t-MAD score for 32 unselected samples, 32 in-vitro size selected samples (ss
sample) and 22 in-vitro size selected libraries (ss library). b) t-MAD score for 32 samples
calculated following sWGS of unselected sample, in-vitro size selection for DNA fragments

between 90-150 bp and in-silico size selection of DNA fragments between 90-150 bp.

In the whole newly diagnosed CTCR-OV04 cohort an increase in t-MAD score was seen
in 116 /135 (85%) and in 113/130 (87%) of cases following in-silico size selection for DNA
fragments 20-150 bp and 90-150 bp respectively. This increase was seen in all stages of
disease (Figure 6.9). Interestingly the highest median increase in t-MAD score was seen
in the cases with early stage disease following in-silico size selection for DNA fragments
between 20-150 bp (Table 6.3). Importantly size selection did not lead to an increase in
t-MAD score for the cohort of 46 healthy controls and size selection for DNA fragments
between 20-150 bp did not lead to an increase in t-MAD score for the cohort of 32 benign
controls. It is therefore possible that size selection for DNA fragments between 20-150 bp
might be optimal both in terms of increased rates of detection in early stage disease but

also in better discrimination between HGSOC cases and benign controls.
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Stage Size range Median Q1 Q3

healthy 20-150 11 -7 26
healthy 90-150 11 -7 26
benign 20-150 24 -9 54
benign 90-150 36 4 78
| 20-150 124 78 150
I 90-150 96 57 133
11 20-150 176 119 193
11 90-150 130 72 169
I11 20-150 85 27 137
111 90-150 95 29 153
IV 2-150 77 14 116
IV 90-150 63 14 128

Table 6.3: Median and IQR percentage change in t-MAD following in-silico size selection
for DNA fragments between 20-150 bp and 90-150 bp.

The rate of detection of ctDNA using the unselected t-MAD score in the CTCR-OV04
cohort was 39% using the upper limit of the healthy controls as a cut off and 26% using
the upper limit of the benign controls as a cut off (see section 4.2.2, page 63). Using the
size selected t-MAD score this increased to 67% when using the upper limit of the healthy
controls as a cut off and 51% when using the upper limit of the benign controls as a cut
off (Figure 6.10a,b). Using in-silico size selection for DNA fragments between 20-150 bp
included detection of ctDNA in 88% of the early stage cases using the healthy control cut
off and 75% of the early stage cases using the benign control cut off (Figure 6.10a).

Depending on the stage of disease and cut off used between 25-100% of cases that
were negative for ctDNA by targeted sequencing for TP53 were positive for ctDNA using
the size selected t-MAD score (Figure 6.10c). In particular 83% of the stage 1 TP53 negative
cases and 100% of the stage II TP53 negative cases were detected using the size selected
t-MAD score (20-150).

The smallest tumour volume detected using the unselected t-MAD score using both
the upper limit of the healthy and the upper limit of the benign controls as a cut off was 67.9
cm? (see section 4.2.2, page 64). The size selected t-MAD score performed better detecting

ctDNA in a case with a tumour volume of 42.3 cm? (Figure 6.11).
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Figure 6.9: t-MAD score calculated from unselected sWGS data and following in-silico size

selection for DNA fragments between 20-150 bp and 90-150 bp by stage of disease.

ROC analysis confirmed that the size selected t-MAD score performed better than the
unselected t-MAD score in discriminating HGSOC cases from both healthy and benign con-
trols (Figure 6.12). A maximum sensitivity of 65% for a specificity of 100% was observed
when comparing the cases to the healthy controls and a maximum sensitivity of 50% for a
specificity of 100% when comparing the cases to the benign controls. Importantly a good
sensitivity of 88% for a specificity of 100% was observed when comparing the stage /Il
HGSOC cases (with the caveat that this is a low number of samples) to the healthy controls
and a sensitivity of 77% for a specificity of 100% when comparing to the benign controls
(Figure 6.12c, d). The ability to discriminate early stage disease from benign controls with
a good sensitivity and specificity needs confirming in larger studies but is promising for

the development of a diagnostic biomarker.
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In relapsed HGSOC we found that the addition of fragmentation features increased
our ability to discriminate between HGSOC cases from healthy controls (in press, Science
Translational Medicine). I therefore wanted to investigate whether the same was true
in newly diagnosed disease. The proportion (P) of DNA fragments observed by sWGS in
multiple size ranges, the ratios of proportions of fragments in these size ranges, the pro-
portion of fragments greater than a certain size and the amplitude of oscillations in frag-
ment size density with 10 bp periodicity observed below 150 bp were calculated for the
healthy controls, benign controls and HGSOC cases (Figure 5.17a). There were no differ-
ences between the fragmentation features across different stages of disease and there was
no feature that was able to clearly discriminate between newly diagnosed HGSOC cases

and healthy and/or benign controls (Figure 6.13).

ROC analysis confirmed that the fragmentation features alone were not a good dis-
criminator of newly diagnosed HGSOC cases from controls (Figure 6.14). The proportion
of fragments between 250-320 bp (P250-320) was best able to discriminate the HGSOC
cases from the healthy controls however the sensitivity was low at 44% for a specificity
0of 100%. The ratio of the proportion of fragments between 20-150 bp to the proportion
of fragments between 180-220 bp (P20-150:P180-220) was best able to discriminate the
HGSOC cases from the benign controls however, again the sensitivity was low at 38% for a

specificity of 95%.

As the IchorCNA tumour fraction had performed well in the UKOPS cohort I applied it
to the newly diagnosed CTCR-OV04 cohort. High correlation was seen between the TP53
MAF and the IchorCNA tumour fraction (Figure 6.15a, b). There was no correlation between
the IchorCNA tumour fraction and tumour volume (Figure 6.15c, d). Depending on the
parameters and cut off used ctDNA detection using IchorCNA tumour fraction ranged from
12-57% for the whole cohort (Table 6.4, Figures 6.15¢, f). Using the unselected IchorCNA
tumour fraction did not improve the rates of ctDNA detection over the size selected t-MAD

score.

Unlike in the UKOPS cohort (see section 6.2.1, page 106) the number of cases with a
ctDNA fraction above 10%, 5% and 3% increased following in-silico size selection for DNA
fragments between 20-150 bp and 90-150 bp using both the default and customised Ichor-
CNA settings (Figure 6.16). ROC analysis showed that the size selected IchorCNA tumour
fraction (20-150 bp and 90-150 bp) performed marginally better at distinguishing HGSOC
cases from healthy controls (Figure 6.17a) than size selected t-MAD but did not help the

discrimination between HGSOC cases and benign controls (Figure 6.17b).
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IchorCNA Settings

Cut off Detection (%)

default
customised
default
customised
default
customised
default
customised
default

customised

10%

10%

5%

5%

3%

3%

healthy control
healthy control
benign control

benign control

24
22
54
34
57
45
37
57
16
12

Table 6.4: ctDNA detection rate for the newly diagnosed CTCR-OV04 cohort using Ichor-
CNA tumour fraction with different cut off values for detection. 10%, 5% and 3% correl-
ate to the tumour fraction. Healthy control is the highest IchorCNA tumour fraction value
calculated using the matched parameters from 46 healthy controls. Benign control is the

highest IchorCNA tumour fraction value calculated using the matched parameters from 32

benign controls.
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Figure 6.10: a) t-MAD score calculated following in-silico size selection for DNA fragments
between 20-150 bp from sWGS data for 135 HGSOC cases by stage, 22 benign controls and
44 healthy controls. Dashed line indicates the highest t-MAD score calculated in the cohort
of healthy controls. Dotted line indicates the highest t-MAD score calculated in the cohort
of benign controls excluding one outlier. b) t-MAD score calculated following in-silico size
selection for DNA fragments between 90-150 bp from sWGS data for 130 HGSOC cases by
stage, 21 benign controls and 44 healthy controls. Dashed line indicates the highest t-MAD
score calculated in the cohort of healthy controls. Dotted line indicates the highest t-MAD
score calculated in the cohort of benign controls. t-MAD score was not calculated for outlier
due to low coverage. c) Percentage of ctDNA negative cases by targeted sequencing for
TP53 that are detected using size selected t-MAD score using either highest value in the
healthy controls or highest value in the benign controls as a cut off. (Stage I n=6, stage Il
n=], stage Il n=52, stage IV n=20)
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Figure 6.11: Comparison of size selected t-MAD score for detected cases with total tumour

volume measured by 3-D CT reconstruction. a) 20-150 bp, cut off upper limit healthy con-
trols. b) 20-150 bp, cut off upper limit benign controls. ¢) 90-150 bp, cut off upper limit
healthy controls. d) 90-150 bp, cut off upper limit benign controls.
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selection for DNA fragments between 20-150 bp and t-MAD score following in-silico size
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Figure 6.13: The proportion (P) of DNA fragments observed by sWGS in multiple size ranges
(P20-150, P90-150, P100-150, P160-180, P180-220, P250-320, P320-360), the ratios of pro-
portions of fragments in these size ranges (P20-150:P160-180, P20-150:P180-220), the pro-
portion of fragments greater than a certain size (P>500, P>600) and the amplitude of oscil-

lations in fragment size density with 10 bp periodicity observed below 150 bp for healthy
controls, benign controls and HGSOC cases by stage.
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Figure 6.14: ROC analysis of the proportion (P) of DNA fragments observed by sWGS in
multiple size ranges (P20-150, P90-150, P100-150, P160-180, P180-220, P250-320, P320-
360), the ratios of proportions of fragments in these size ranges(P20-150:P160-180, P20-
150:P180-220), the proportion of fragments greater than a certain size (P>500, P>600) and
the amplitude of oscillations in fragment size density with 10 bp periodicity observed be-

low 150 bp a) Comparing HGSOC cases to healthy controls. b) Comparing HGSOC cases to

benign controls.
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Figure 6.17: a) ROC analysis comparing HGSOC cases and healthy controls with t-MAD, size
selected t-MAD and IchorCNA values. b) ROC analysis comparing HGSOC cases and benign
controls with t-MAD, size selected t-MAD and IchorCNA values.
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6.3 Discussion

[ have previously shown that ctDNA can be detected in 56-60% of women with newly dia-
gnosed HGSOC using targeted sequencing for TP53 and sWGS (Section 4.2).

Other studies have identified ctDNA in 71-100% of cases of newly diagnosed OC (Bettegowda
et al. 2014; Phallen et al. 2017). These studies used complex library preparation methods,
complex bioinformatics analysis and are therefore costly and not applicable to clinical use
currently. These studies also compared results in cases to healthy controls and have not

looked at discriminating OC cases from benign controls.

In this chapter I have discussed the effect of in-vitro and in-silico size selection on
the t-MAD score. I have also discussed IchorCNA, a tool that has recently been developed
by the Broad Institute for quantifying the tumour content of cfDNA from sWGS data (Adal-
steinsson et al. 2017). I have also discussed the effect of in-silico size selection on the Ichor-
CNA tumour fraction. These methods only add marginally to the cost and turn around time
of analysis which means they are methods that can potentially be translated to routine clin-

ical practice is found to increase rates of ctDNA detection.

However, it is not currently clear if any of these methods will be clinically useful for
increases rates of ctDNA detection in women with newly diagnosed disease and therefore
whether they will be useful in a diagnostic setting. The main reason for this is the incon-

sistent findings across the two cohorts.

In the UKOPS cohort the effect of in-silico size selection was variable even within the
HGSOC cases. In the non-HGSOC cases which are not driven by copy number changes sWGS,
even with size selection, is not the optimal method for detection of ctDNA. The size selected
t-MAD score is therefore on its own not a useful metric for triage of symptomatic women
with suspected ovarian cancer. Even in some of the HGSOC cases size selection resulted
in a reduction in t-MAD score. If size selection were applied to all samples, either in-vitro
or in-silico, for the detection of ctDNA this may result in some cases that would have been
detected becoming non-detected leading to a false negative test. One solution to this is
to calculate the t-MAD score and then apply in-silico size selection to those non-detected

cases in an attempt to increase the rates of detection.

The IchorCNA method also performed better in the HGSOC cases compared to the non-
HGSOC cases in the UKOPS cohort. This is not unexpected as IchorCNA, as with t-MAD,

127



relies on detecting copy number changes in plasma. IchorCNA predicts segments of SCNA
and estimates of tumour fraction, taking into account subclonality and tumour ploidy. The
lower limit of detection using this method is a tumour fraction of 0.03 (Adalsteinsson et
al. 2017). The t-MAD score is a quantitative measure of global copy number change. The
UKOPS cohort the IchorCNA tumour fraction using the customised settings was best able
to discriminate HGSOC cases from healthy controls (sensitivity 83%). However, using the
customised IchorCNA reduced the highest tumour fraction in the healthy controls from
7% to 1%. There is therefore a possibility that the higher detection of cases is a result of

over-fitting to this set of healthy samples.

In a subset of the CTCR-OV04 cohort I compared in-vitro size selection to in-silico size
selection. As with relapsed disease in-vitro size selection resulted in a greater increase in
t-MAD score compared to in-silico size selection. The liitations of in-vitro size selection
were discussed in Section 5.3 (page 99). In the whole CTCR-OV04 cohort the size selec-
ted t-MAD score was best able to discriminate HGSOC cases from healthy controls with a
sensitivity of 67%. This sensitivity although approaching that found in previous studies
of newly diagnosed OC (Bettegowda et al. 2014; Phallen et al. 2017) remains too low to be

clinical useful.

Previous studies although having good rates of detection of ctDNA in women with
newly diagnosed disease have only been able to detect 40-50% of stage I cancers (Bettegowda
etal.2014; Phallen et al. 2017). Using the size selected t-MAD score [ detected 88% of HGSOC
cases with stage I/II disease. Selecting for fragments between 20-150 bp detected more
early stage cases than when selecting for fragments between 90-150 bp. This suggests
that early stage disease could have a higher proportion of very short fragments which may
be related to the tumour proliferation (Abbosh et al. 2017). The limitations of this analysis
are the very small number of early stage OC cases included in this analysis and these find-
ings will require validation in much larger cohorts. If it is the case that early stage cancers
have a greater proportion of shorter cfDNA fragments implementation of size selection for
detection of ctDNA as a diagnostic tool will be challenging. Practically at the time of per-
forming this analysis the stage of disease will be unknown therefore knowing what size

range to select for in the absence of this information may be challenging.

In this chapter I have also discussed the cfDNA fragmentation features found in newly
diagnosed disease. The sensitivity for all features individually to discriminate HGSOC cases
from healthy controls was <50%. In relapsed HGSOC the combination of size selected t-

MAD, proportion of fragments between 160-180 bp, proportion of fragments between 180-
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220 bp, proportion of fragments between 250-320 bp and the 10 bp amplitude enabled the
best discrimination between HGSOC cases and controls (in press, Science Translational
Medicine). It is therefore possible that the sensitivity for detection of newly diagnosed
disease could be improved using a combination of features. Itis likely thata combination of
assays, potentially including fragmentation features of cfDNA will be required to optimised

detection of OC in symptomatic women in primary care.

In contrast to other studies I have also compared HGSOC cases to benign controls (wo-
men who underwent primary surgery for suspected ovarian cancer and were subsequently
diagnosed with benign disease). Using the size selected t-MAD score [ was able to detect
77% of stage 1 /1l disease from a cohort of 32 benign controls. This sensitivity is higher than
that seen in other studies of early stage disease compared to healthy controls (Bettegowda
et al. 2014; Phallen et al. 2017). An important limitation is the small number of women with

early stage disease included in the the newly diagnosed CTCR-OV04 cohort.

These results provide promising insights into methods that may allow a clinically-
meaningful sensitivity of ctDNA detection in women been investigated for suspected OC,
including early stage disease. These methods now need to be validated in larger cohorts

of symptomatic women to investigate the clinical utility for diagnosis of OC compared to
CA 125.
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Investigating cervical sampling to increase

detection of ovarian cancer

7.1 Introduction

Haematological metastatic spread in OC is uncommon. Detection of ctDNA in plasma samples
may therefore not be the most sensitive approach for disease detection, particularly in
early stage/low volume disease. Direct metastatic spread within the peritoneal cavity is
very common in OC due to the direct communication between the distal end of the fallopian
tube (site of origin of HGSOC) and the peritoneal cavity. It is therefore possible that cells
and DNA shed from the distal fallopian tube can also pass down the fallopian tube, through

the uterus to the external cervical os, and be sampled in the upper vagina.

Studies have shown that tumour DNA and somatic mutations can be identified in cer-
vical cytology samples (Kinde et al. 2013) and vaginal tampons (Erickson et al. 2014) from
women with advanced OC. More recently it has been shown that 33% of OCs (n=245) were
detected using cervical cytology samples (Wang et al. 2018) including detection of 34% of
early stage cancers. Combining cervical cytology and plasma increased the sensitivity of
detection to 63%. This suggests that cervical sampling could potentially be used as part of

a diagnostic or triage tool for OC.

In this chapter I will discuss the optimisation of DNA extraction, library preparation,
and sequencing of cervical cytology samples. I will discuss targeted sequencing of DNA
obtained from cervical cytology samples collected through the NHS cervical screening pro-
gramme through a collaboration with the West Anglia Pathology Service Cervical Cytology

Laboratory. I will also discuss targeted sequencing and sWGS of DNA obtained from cer-
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vical cytology samples collected at Addenbrookes Hospital from women with newly dia-
gnosed HGSOC (Figure 7.1).

In this chapter the TAm-Seq analysis pipeline was performed by James Morris and the

t-MAD scores calculated by Dineika Chandrananda.

* Optimisation of DNA extraction, library
preparation and sequencing

* Targeted sequencing of routine cervical
cytology samples with non-cervical glandu-
lar abnormalities

* Targeted sequencing and sWGS of cervical

cytology samples from women with newly
diagnosed HGSOC

ThinPrep

Figure 7.1: Overview of approach for investigating cervical sampling for use in the detection
of OC.

7.2 Results

7.2.1 Investigation of quality of cervical cytology DNA for sequencing

Routine cervical samples are collected with a brush and stored in 20 ml of PreservCyt
(methanol based) fixative before cytological evaluation. The cellularity of cervical cyto-
logy samples is variable with a median of 0.4 million cells per ml (IQR 0.2 - 0.8 million
cells/ml) (Figure 7.2c) based on measurements of volume of fixative remaining after cyto-
logical evaluation and cell count (Figure 7.2a, b, d) in 100 samples from the NHS cervical
screening programme. DNA yield following extraction was also variable and was not cor-
related with the total number of cells in the sample (Figure 7.2e). The targeted sequencing

coverage appeared comparable to that observed for FFPE samples (Figure 7.3).
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As cervical cytology samples are stored in fixative it is possible that this may have an
impact of the quantity and quality of DNA obtained from samples. By introducing cultured
cells into PreservCyt and extracting DNA at different time points I found a large variation in
total DNA yield that was not affected by fixation time (Figure 7.4a). The DNA fragmentation
pattern (Figure 7.6) and the sequencing coverage also did not appear to vary with fixation
time (Figure 7.5). Hela cells (no TP53 mutation) and OVCAR3 cells (substitution mutation
in TP53 c.G743A, p.R248Q) were mixed in an equal ratio. As such the expected MAF was
50%. The calculated AF by de novo mutation calling remained approximately 50% for all
replicates across all time points (Figure 7.4b). This was reassuring that time in fixation did

not appear to impact the quantity and quality of DNA.

[ then wanted to investigate the sensitivity of mutation detection in cervical cytology
samples. Cultured cells (OVCAR3 and SKOV3 (deletion in TP53 c.C267del, p.P89fs)) were
mixed in different proportions with Hela cells in PreservCyt. DNA was extracted after 3
weeks and TAm-Seq using primer panel 10 performed (Appendix 12.4). The observed MAF
was similar to the expected MAF with alower limit of detection of 0.8% for the deletion and
0.4% for the substitution mutation (Figure 7.4c). This is consistent with the lower limit of

detection using this method when applied to plasma samples (see section 4.2).

135



asoooor F b 1.00-
° 0.75-
c
. Ke)
= ©
220000 @
= 5 L * .
o * [0} * * 3
.0_; ©050- -
< — <
P o <
a g
2
10000- * . . 0.25-
. 0.00-
0 100 200 300 400 500 0 100 200 300 400 500
Time (hours) Time (hours)
C
12.5-
2100
c
9
©
o
o 7.5-
% Cell line
- OVCAR3
S s - SKOV3
5 5.0-
€
e}
(0]
2 !
3 25- :
Ke)
(e}
0.0-
0.0 25 5.0 75 10.0 12.5

Expected mutant allele fraction (%)

Figure 7.4: a) DNA concentration following extraction of cell lines in fixative at 24 hours,
72 hours, 1 week and 3 weeks. b) MAF of cervical smear samples by TAm-Seq. Expected
MAF was 50% as cells mixed in a ratio of 1:1 OVCAR3:Hela. c) Expected MAF based on

proportions of cell lines combined and observed MAF measured by standard TAm-Seq.

136



4000
2000

noy g

4000

2000
0 l.,,ll----------Il,,IIllii::lllln-----lllllllIIIIlll--llllllllll----ll--

noy g

4000
2000

noy g

4000
2000

noy g,

4000
2000

noy g,

4000
2000

noy g,

Coverage

4000
2000

Nosm |

4000
2000

Nosm |

4000
2000

Noam |

4000
2000

Soom ¢

4000
2000

Soom ¢

4000
2000

Soom ¢

Amplicon

Figure 7.5: Sequencing coverage per amplicon using primer panel 1 (ordered by panel order
from left to right see Appendix 12.3) for three replicate smear samples and DNA extraction

at 24 hours, 72 hours, 1 week and 3 weeks. The red line indicates a coverage of 1000 X.



24hr 1

[FU] [Fu)
200
100
100
o “- R 0
T T T T T mrr
50 300 500 1000 5000 [bp]
72hr1
(Fu] [Fu)
100 200
1 F A
50 / 100
0 o Ry Vi, 0
T T T LI L UL
50 300 S00 1000 5000 [bp]
1 week 1
[FU] [Fu]
a 200
200
100 \ 100
0 - 0
TT T T T mrr
50 300 500 1000 5000 [bp)
3week1
[FU] [FuU]
A 1000
200 ; 500
100 | Ve .
o4t 0
T T T L I L ||
50 300 500 1000 5000 [bp]

24hr 2 24hr3
[FU]
y 100 7
- = 0 y b e A——p————— e,
L T T T T orr_m TT T T T T mrr_
50 300 500 1000 5000 [bp] 50 300 500 1000 5000 [bp]
72hr2 72hr3
[FU]
.-"\"
200 £\
./ .'\
100
- . p— ~— — 0 —r SR,
L T Ll I LIBLLELBLLLL LI I I I LILLBLBLILLL
50 300 500 1000 5000 [bp] 50 300 S00 1000 5000 [bp)
1 week 2 1 week 3
[FU]
300
200
100 ¥ hY
- D » - - - B
LI T T T rorr TT T T T rmrr_
50 300 500 1000 5000 [bp) 50 300 500 1000 5000 [bp)
3 week 2 3 week 3
[FU]
Y
200 b
100
0 _ NS
LILJ I ) T T ITT T LI I I I LILLBLBUILLL
50 300 500 1000 5000 [bp] 50 300 500 1000 5000 [bp]

Figure 7.6: Bioanalyzer traces showing fragmentation patterns of cell lines in fixative with

DNA extracted at different time points in triplicate.
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7.2.2 Application of targeted sequencing to routinely collected cer-

vical cytology samples

Targeted sequencing using TAm-Seq primer panel 1 (Appendix 12.3) was applied to DNA
extracted from 71 cervical cytology samples collected through the NHS cervical screen-
ing programme (Appendix 12.16). Code 6 samples are samples classified as "?glandular
neoplasia of endocervical type” which would have resulted in further investigation for a
possible cervical cancer. Code 0 samples are samples classified as “glandular neoplasia
(non-cervical)” which would have been investigated for possible endometrial cancer and

potentially for OC.

Mutations were detected in 12/28 (43%) of the code 6 samples subsequently diagnosed
with a cancer and 4/5 (80%) of the code 0 samples subsequently diagnosed with a cancer
(Appendix 12.16). Mutations were also detected in 3 of the code 6 samples subsequently

diagnosed with a pre-invasive cervical lesion.

Using these samples [ have shown that somatic mutations can be detected in cervical
cytology samples collected from women with cervical and endometrial cancers. A limita-
tion of this study is the sparse clinical data. However, this was necessary in order to have
ethical approval for access to these samples. Mutations were detected in some samples
with no clinical information, these could have a cancer diagnosis, and in some samples that
were annotated as having normal large loop excision of the transformation zone (LLETZ)
or pipelle samples, this does not preclude a subsequent cancer diagnosis. Unfortunately
none of the cervical cytology samples available through the NHS cervical screening pro-

gramme had been collected from women diagnosed with OC.

7.2.3 Cervical samples in high-grade serous ovarian cancer

I therefore looked at cervical cytology samples collected from 12 women with newly dia-
gnosed HGSOC. De novo calling of targeted sequencing using TAm-Seq primer panel 10
(Appendix 12.4) did not identify a TP53 mutation in any of the 12 samples. When perform-
ing specific variant calling for the known TP53 mutation identified in the matched FFPE
sample the rate of detection increased to 6/12 (50%) (Appendix 12.17).

As sWGS and the t-MAD score had been useful in detecting ctDNA in plasma samples
[ therefore performed sWGS using the Rubicon ThruPlex DNA-Seq kit (50 ng DNA input, 7

139



cycles of PCR) for the 12 cervical cytology samples. For comparison [ performed the same
library preparation and sequencing for cervical cytology samples obtained from three wo-
men subsequently diagnosed with benign disease. There was no difference in t-MAD score

between the HGSOC cases and the benign controls (Figures 7.73, c).

Cervical cytology samples were developed to detect pre-malignant changes in ecto-
cervical cells that could progress to cervical cancer if not treated. This sampling technique
is not optimised to collect cells shed from the distal fallopian tube. This could explain the
low sensitivity for detection of tumour DNA using de novo calling of targeted sequencing
and sWGS in the 12 cervical cytology samples from HGSOC cases. It is likely that collecting
samples from a more focused location at the cervical os or from within the cervical canal
may increase the collection of relevant cells that have been shed from the distal fallopian
tube. This would also reduce the number of cells collected from the ectocervix or vagina

which will contribute to the background DNA.

[ therefore performed targeted sequencing of DNA from cervical mucous aspirate (CMA)
samples obtained from 8 of the women with newly diagnosed HGSOC. A TP53 mutation was
detected in 2/8 (25%) of the CMA samples, however only 1 of these matched the mutation
identified in the matched FFPE sample. The rate of detection increased to 3/8 (38%) when
performing specific variant calling for the know TP53 mutation identified in the matched
FFPE sample (Appendix 12.17).

The t-MAD score was higher in the two cases with a detected TP53 mutation by de
novo calling. There was however no difference in t-MAD score for CMA samples from the
HGSOC cases without a TP53 mutation detected and the benign controls (Figures 7.7a, d).
The t-MAD score was lower in the CMA sample compared to the match cervical cytology
samples other than in the two cases with a detected TP53 mutation in the CMA sample
(Figures 7.7b).

It is possible that the limited sensitivity of standard TAm-Seq and the t-MAD score
without size selection may explain the undetected tumour DNA in these samples. As the
total DNA yield from cervical samples is 100-1,000 times greater than plasma samples |
investigated the TAm-Seq V2 method (384 wells per sample) for the detection of mutations
in cervical cytology and CMA samples. The tumour specific TP53 mutation was identified
in only two of the HGSOC cervical cytology samples (Appendix 12.17). In one sample the
tumour specific TP53 mutation was detected in 2 wells (there were 7 other mutations also
called in 2 wells) and in the other sample the tumour specific TP53 mutation was detected

in 4 wells (there was 1 other mutation called in 4 wells, 2 called in 3 wells and 8 called in 2
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wells). The tumour specific TP53 mutation was not called in any of the 6 CMA samples.

Unexpected TP53 mutations were called in between 2-10 wells in a number of the cer-
vical cytology and CMA samples collected from the HGSOC cases as well as in samples col-
lected from women with benign disease (Appendix 12.17). Figure 7.8 shows the unexpected

mutations with the trinucleotide context.

[t therefore appears that cervical cytology samples and CMA samples are not optimal
for the detection of tumour cells from the ovary/fallopian tube and currently are not suf-

ficient for use as a diagnostic tool in OC.
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Cervical smear samples by descending t-MAD score. d) CMA samples by descending t-MAD

score.
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7.3 Discussion

In this chapter I have shown that DNA can be extracted from cervical cytology samples and
sequenced using targeted sequencing and sWGS methods. [ have shown that mutations can
be detected using targeted sequencing in cervical cytology samples collected through the
NHS cervical screening programme from women diagnosed with cervical and endometrial
cancer. However, further conclusions cannot be drawn from this study due to the small
number of included samples and the lack of clinical data. The targeted sequencing panel
and the use of sWGS had been optimised to detect HGSOC which may account for the low

rates of detection in the available samples.

Previous studies have shown that somatic mutations can be detected in cervical cyto-
logy samples collected from women with OC (Kinde et al. 2013; Wang et al. 2018). Unfortu-
nately none of the cervical cytology samples available through the NHS cervical screening
programme had been collected from women diagnosed with OC. In the future a large scale
study including all routinely collected cervical cytology samples classified as showing non-
cervical glandular abnormalities from across the country could enable more meaningful
conclusions to be drawn about whether cervical cytology samples are useful for the detec-
tion of OC.

Through CTCR-OVO05 I collected cervical cytology samples from women with suspec-
ted or confirmed OC. Although 94 cervical cytology samples were collected in total only 12
of these were collected before treatment for HGSOC (others were collected before inter-
val debulking surgery (IDS) or before primary surgery from women not diagnosed with
HGSOC). De novo calling of targeted sequencing and sWGS did not detect tumour DNA in
any of the 12 samples collected before treatment from women with HGSOC. The minimum
MAF detected using targeted sequencing in plasma samples was 0.6% resulting in a low
rate of ctDNA detection (Section 4.2). A similarly low rate of detection for ctDNA was seen
in plasma samples using SWGS. It is therefore possible that targeted sequencing and sWGS
are not sensitive enough for the detection of tumour DNA in cervical cytology samples. In
comparison the methods used by Kinde et al. 2013 and Wang et al. 2018 were able to detect
a minimum MAF of 0.01% and 0.03% respectively. The sensitivity of the methods used is a
limitation of this study particularly since tumour DNA was detected in 50% of the cervical
cytology samples when performing specific variant calling for the TP53 mutation identified

in FFPE, therefore suggesting it is present but not detected using de novo calling.
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A factor effecting sensitivity is the amount of non-tumour DNA in a sample. Cervical
cytology samples were designed to detect pre-malignant changes in ectocervical cells. The
majority of cells in cervical cytology samples are therefore from the ectocervix, endocervix
and vagina. Samples are also likely to contain inflammatory cell, red blood cells and micro-
organisms. These will all therefore contribute DNA to the sample causing a reduction in
the signal to noise ratio leading to non-detection of tumour DNA in a sample. As such this

method is not optimal for collecting cells/DNA shed from the distal fallopian tube.

Wang et al. 2018 increased the sensitivity of detection from 33% using cervical cyto-
logy to 45% by performing direct sampling of the intrauterine cavity using a Tao brush.
A procedure such as the Tao brush will not be useful as a triage tool in primary care as it
is an invasive procedure that can only be performed by a trained healthcare professional.
I therefore wanted to investigate other collection methods that may increase the rate of

tumour DNA detection but can potentially in the future be performed in primary care.

Aprevious study investigated the presence of TP53 mutations in cervical mucous samples
obtained from hysterectomy samples (Lamzabi et al. 2013). Mutations were identified in
2/19 malignant cases. Mutations were also identified in two cases with STIC lesions. CMA
samples can be collected at the time of speculum examination and as such could be collec-
ted in primary care. I therefore investigated CMA samples collected at the time of primary
surgery for HGSOC. TP53 mutations were detected in two CMA samples collected before
treatment from women with HGSOC. This suggests that detection rates can potentially be
increased by more focused sampling from the cervical os. The limitation of this collection
method is that not all women, particularly post-menopausal women, produce a sufficient
quantity of cervical mucous to enable a sample to be collected. although 98 cervical cyto-

logy samples were collected through CTCR-OV05 only 62 CMA samples could be collected.

Another way of improving the sensitivity of detection is to apply alternative methods
for the detection of ctDNA. Size selection is not applicable in this setting as it is cellular not
cell-free DNA that is being investigated. TAm-Seq V2 was therefore applied to the cervical
cytology and CMA samples.

Using TAm-Seq V2 the tumour specific TP53 mutation was identified in two of the
HGSOC cervical cytology samples. A large number of unexpected mutations were detected
in up to 10 wells in samples from HGSOC cases and benign controls. The majority of the un-
expected mutations called in both the cervical smear samples and CMA samples were C>T
mutations with a CpG context. CpG sites have a higher mutation rate than other sites, as

the C in this context is usually methylated and therefore hypermutable resulting in spon-
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taneous deamination of methyl-C to T. This finding is therefore not unexpected and it is
possible that in the future the analysis of TAm-Seq V2 calling could incorporate a weight
dependent on the type of mutation to aid in the determination of true positive and false
positive calls. However, currently the TAm-Seq V2 method results are too 'noisy’ with too

many false positive mutations called to be a useful analysis method.

Itis difficultto comment on the number of unexpected mutations in the smear samples
compared to the CMA samples as there were more smear samples included in the analysis.
Cervical smear samples are collected and stored in a methanol based fixative. Although
methanol based fixatives have been shown to have lower deleterious effects on DNA quant-
ity and quality compared to formalin based fixation for tissue (Piskorz et al. 2016) this has
not been studied in cervical samples. It is therefore possible that some of the unexpected
mutations seen in the cervical smear samples are a result of methanol fixation inducing
chemical modifications and degrading the DNA. Ideally a future cervical sampling device
for use in the diagnosis of OC would be collected and stored fresh as is with the current

trend for tissue collection for molecular analysis.

In the future if cervical sampling is to be further explored to aid in the triage of symp-
tomatic women from primary care either a more sensitive method for detection of tumour
DNA will be required or an alternative sampling method more focused on collecting cells
and DNA shed from the distal fallopian tube.
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Circulating tumour DNA as a prognostic
and predictive biomarker in ovarian can-

cer

8.1 Introduction

Standard first line therapy for HGSOC is a combination of surgery and chemotherapy (usu-
ally carboplatin and paclitaxel). 30% of women do not respond to first line therapy and
have a poor outcome. The development of blood based biomarkers to measure and pre-
dict response to treatment would be particularly beneficially for identifying those women
who are not responding to standard of care treatment enabling early entry into clinical

trials that may improve long term outcome.

It has previously been shown that a decrease of > 60% in levels of ctDNA measured
by digital PCR for TP53 after one cycle of chemotherapy for treatment of relapsed HGSOC is
a significant predictor of 6-month time to progression (TTP). CA 125 decrease in the same
cohort was not a significant predictor (Parkinson et al. 2016). It is not yet known whether

the same is true in newly diagnosed HGSOC treated with neo-adjuvant chemotherapy.

In this chapter [ will compare ctDNA levels at baseline, measured by targeted sequen-
cing and sWGS with end of treatment response. [ will also compare the change in ctDNA

levels after one and two cycles of chemotherapy.
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In this chapter radiological assessment and RECIST 1.1 measurements were performed
by Helen Addley, the TAm-Seq analysis pipeline was run by James Morris and the t-MAD

scores and fragmentation features calculated by Dineika Chandrananda.

8.2 Results

8.2.1 CTCR-0OV04 cohort

End of treatment response measured by RECIST 1.1 was determined for 138 of the newly
diagnosed CTCR-OV04 cohort (Table 8.1) and compared to ctDNA levels at baseline. 22% of
the cohort did not respond to standard first line therapy. More than 50% of the responders
had a detectable TP53 mutation at baseline however, only 39% of the cases with stable
disease (SD) and 33% of the cases with progressive disease (PD) had a detectable TP53
mutation at baseline (Figure 8.1a). There was no difference in TP53 MAF, unselected t-
MAD, or size selected t-MAD score at baseline in clinical responders compared to non-
responders (Figure 8.1b-e). There was also no difference in ctDNA fragmentation features

at baseline in clinical responders compared to non-responders (Figure 8.2).

Clinical Response Percentage of Cohort
Complete Response 47
Partial Response 31
Stable Disease 13
Progressive Disease 9

Table 8.1: End of treatment response measured by RECIST 1.1 for CTCR-OV04 cohort
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Figure 8.1: a) Number of women with a detectable TP53 mutation at baseline by end of
treatment response determined by RECIST 1.1. b) TP53 MAF for detected cases at baseline
by end of treatment response determined by RECIST 1.1. ¢) Unselected t-MAD score at
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% with >60% reduction % with >60% reduction

Clinical group
in MAF C1-C2 in MAF C1-C3

Responders 88 93
Non-responders 64 80

Table 8.2: Percentage of responders and non-responders with >60% reduction in MAF
after 1 (C1-C2) and 2 (C1-C3) cycles of chemotherapy.

The TP53 MAF dropped after 1 cycle of chemotherapy for the majority of cases (Fig-
ure 8.3a). There was an inverse relationship between the median decrease in TP53 MAF
after one cycle of chemotherapy and stage of disease however after two cycles of chemo-
therapy the median decrease in TP53 MAF was similar for all stages of disease (Figure 8.3b).
The median decrease in TP53 MAF was higher for clinical responders compared to non-
responders after both one and two cycles of chemotherapy (Figure 8.3c) however, there
was one case with a partial response (PR) that had an increase in TP53 MAF after one
cycle of chemotherapy. The only cases with an increase in TP53 MAF after two cycles of
chemotherapy had SD. None of the cases with PD had an increase in TP53 MAF after two or
three cycles of chemotherapy. A 60% reduction in TP53 MAF was not predictive of end of
treatment response in a neo-adjuvant setting particularly after two cycles of chemotherapy
(Table 8.2).

The change in t-MAD score (unselected and size selected) after one and two cycles
of chemotherapy did not correlate with stage of disease (Figure 8.43, c, e). Neither was
it predictive as an increase in t-MAD score after one and two cycles of chemotherapy was

seen in both responders and non-responders (Figure 8.4b, d, f).

cfDNA fragmentation features provide information about the mechanism of release
of cfDNA. I was therefore interested in whether the DNA fragmentation features changed
after one and two cycle of chemotherapy. The proportion of the different fragmentation

features did not vary between baseline, pre cycle 2 and pre cycle 3 (Figure 8.3).
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Figure 8.2: The proportion (P) of DNA fragments observed by sWGS in multiple size ranges
(P20-150, P90-150, P100-150, P160-180, P180-220, P250-320, P320-360), the ratios of pro-
portions of fragments in these size ranges (P20-150:P160-180, P20-150:P180-220), the pro-
portion of fragments greater than a certain size (P>500, P>600) and the amplitude of os-
cillations in fragment size density with 10 bp periodicity observed below 150 bp at baseline

by end of treatment response determined by RECIST 1.1.
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Figure 8.3: a) TP53 MAF at baseline, pre cycle 2 and pre cycle 3 of neo-adjuvant chemother-
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8.3 Discussion

It has previously been shown that ctDNA can outperform CA 153 in metastatic breast cancer
(Dawson et al. 2013) and CA 125 in recurrent OC (Parkinson et al. 2016) as a prognostic and
predictive biomarker. In recurrent HGSOC baseline TP53 MAF was a significant predictor
of TTP with women with a higher baseline TP53 MAF having a shorter time to progression.
[ wanted to investigate whether ctDNA was a prognostic or predictive marker in newly
diagnosed HGSOC. There have been no previous studies investigating the change in ctDNA
with first line treatment for HGSOC and as the natural progression of the disease is not
fully understood it cannot be assumed that newly diagnosed disease responds in the same
way as recurrent disease. In fact anecdotal evidence suggests that recurrent HGSOC has a

different appearance at surgery to newly diagnosed disease.

In women with newly diagnosed HGSOC I found no relationship between the baseline
TP53 MAF or t-MAD score and end of treatment response suggesting that baseline ctDNA
is not prognostic in newly diagnosed disease. This conclusion may be effect by the low rate
of ctDNA detection at baseline within the CTCR-OV04 cohort. Interestingly I did find that
a higher proportion of responders (53%) had a detectable TP53 mutation at baseline com-
pared to non-responders (37%). It is possible that if ctDNA release is related to tumour
proliferation then highly proliferative tumours that have a better response to chemother-
apy have ctDNA detectable at baseline. However, this hypothesis is yet to be investigated
as currently there are no reliable measure of tumour proliferation across undiagnosed pa-

tients.

In relapsed HGSOC a reduction of >60% in TP53 MAF was predictive of TTP. This was
not the case in newly diagnosed disease. One limitation of this analysis is that 50% of the
cohortdid not have detectable ctDNA at baseline so this analysis was limited to 55 cases and
only 10 of these were non-responders. This analysis was undertaken using specific variant
calling for the tumour specific TP53 mutation identified in the baseline plasma sample and
therefore not limited to the lower limit of detection of a MAF of 0.6% that was the case with

de novo mutation calling.

After 1 cycle of chemotherapy 88% of the responders and 64% of the non-responders
had >60% reduction in TP53 MAF. After two cycles of chemotherapy this had increased to
93% of the responders and 80% of the non-responders. It is possible in newly diagnosed

disease an initial response is seen even in the non-responders as the chemotherapy Kkills
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the sensitive cells. It may be that stable or progressive disease is a result of overgrowth of
resistant clones and that this will not be detected after just two cycles of chemotherapy. If
this is the case it would have been useful to look at the TP53 MAF in an end of treatment
plasma sample as it is possible it would have increased by this stage mirroring the non-
response. It would have also be interesting to compare the baseline ctDNA levels and the
change in ctDNA levels to time to progression in the clinical responders as it is possible that

this may be predictive. Unfortunately this clinical data was not available for this cohort.

The fragmentation features of cfDNA reflect the mechanism of compaction and release
into the circulation. The change in fragmentation features after the start of treatment could
therefore be used to distinguish ctDNA from cells killed by treatment compared to those
resistant to treatment thereby elucidating the mechanistic effect of treatment on tumour
cells. However, I did not identify any change in fragmentation features after one or two
cycles of neo-adjuvant chemotherapy. It is however possible that again this is too short a
time frame to identify sensitive and resistant cells and it would again be interesting to see
if any changes were seen at the end of first line treatment (following the completion of 6
cycles of chemotherapy). This may also be a result of the generally low levels of tumour-
derived cfDNA in the samples meaning that the fragmentation features reflect the non-

tumour derived cfDNA fragments which are not expected to change with chemotherapy.

Although this analysis was performed on a relatively small cohort it appears that, in
contrast to recurrent HGSOC, ctDNA is neither predictive or prognostic in newly diagnosed
HGSOC.
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Further understanding of circulating tu-
mour DNA and application for future clin-

ical trials

9.1 Introduction

In the future clinical trials investigating therapies for the treatment of HGSOC are likely
to involve the collection of blood for the analysis of ctDNA. Further understanding of how
ctDNA behaves during standard treatment is therefore necessary to investigate the effects
of new treatments. In this chapter I will therefore discuss the change in ctDNA around
the time of ascites drainage and surgery to provide further insights into the dynamics of
ctDNA.

Trials are likely to be large multi-centre trials. Blood processing at a central location
will reduce biases seen in equipment and processing technique. Cell stabilisation tubes
(such as STRECK BCT) provide stable ctDNA for up to 72 hours. In this chapter I will dis-
cuss the effect of postage of these tubes on sWGS analysis. This work is part of a larger
body of work investigating blood processing and cell stabilisation tubes with a manuscript

accepted for publication in the Journal of Molecular Diagnostics (Appendix 12.21).

Finally investigation of ctDNA changes longitudinally is currently limited as it is only
recently that studies have started to collect plasma and not serum. For example UKCTOCS
collected serum for investigation of protein based biomarkers. Serum is not as useful as
plasma for ctDNA analysis due to the high amount of background DNA resulting from white
blood cell (WBC) lysis. [ was therefore interested in whether ctDNA levels could be en-
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riched in serum samples using a similar size selection method to that discussed in plasma.
In this chapter [ will discuss the investigation of the size of cfDNA fragments in serum com-

pared to plasma.

In this chapter the TAm-Seq analysis pipeline was run by James Morris. The t-MAD

score and fragmentation features were calculated by Dineika Chandrananda.

9.2 Results

9.2.1 Dynamics of circulating tumour DNA

It has previously been shown that drainage of ascites can result in a decrease in ctDNA
measured by TP53 MAF (Parkinson et al. 2016). However, in this example ctDNA levels
were quantified at baseline (day 0) (MAF=7.5%), 8 litres of ascites was drained on day 4
and then ctDNA levels were quantified on day 29 (during which time the patient did not
receive any treatment) at which point the TP53 MAF had dropped to 3.3%.

To investigate how quickly ctDNA levels change after ascites drainage I collected plasma
samples before ascites drainage and immediately after the drain was removed for 7 pa-
tients (Table 9.1). The volume of ascites drained ranged from 2 to 5.5 litres. I quantified
ctDNA levels using MAF calculated from targeted sequencing (TAm-Seq with primer panel
10 - appendix 12.4) and t-MAD score calculated from sWGS data. The change in TP53 MAF
and t-MAD score varied considerably between patients and the change in the two meas-

urements was not consistent within patients (Table 9.1).

Patient Volume ascites MAF MAF Percentage change t-MAD t-MAD Percentage change
drained (L) pre drainage post drainage in MAF pre drainage post drainage in t-MAD
788 3 0.020 0.015 —25.00 0.013 0.019 44.53
626 2 0.069 0.069 0.00 0.034 0.032 —6.67
800 2.8 0.059 0.063 6.78 0.029 0.041 42.50
277 5.5 0.008 0.026 225.00 0.012 0.013 1.77
619 2 ND ND NA 0.007 0.007 1.89
864 4.1 ND ND NA 0.007 0.005 —27.20
156 3.5 0.121 0.118 —2.49 0.006 0.006 —0.42

Table 9.1: 7 patients with plasma collection pre and post ascites drainage. ND=not detected.
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Figure 9.1: The proportion (P) of DNA fragments observed by sWGS in multiple size ranges
(P20-150, P90-150, P100-150, P160-180, P180-220, P250-320, P320-360), the ratios of pro-
portions of fragments in these size ranges (P20-150:P160-180, P20-150:P180-220) and the
proportion of fragments greater than a certain size (P>500, P>600) before and after ascites

drainage.

159



There was also no consistent change in fragmentation features comparing sWGS data

before and after ascites collection (figure 9.1).

[ also analysed plasma samples collected around the time of surgery for 6 women with
HGSOC. Three of these underwent primary surgery and 3 IDS. Pre surgery, end of surgery,
2 hour post surgery, and daily plasma samples collected up to day 3 post surgery were
analysed (Appendix 12.20) using TAm-Seq with primer panel 10 (Appendix 12.4). Analysis
was performed using detection calling for the tumour specific TP53 mutation identified in
the patients FFPE sample. Unfortunately TP53 mutations were not identified in any of the

plasma samples.

[ therefore identified those cases included in the CTCR-OV04 newly diagnosed co-
hort that had undergone primary surgery, had detectable ctDNA pre operatively and had
a plasma sample available pre cycle 1 of adjuvant chemotherapy (n=5) (Table 9.2). 3/5 of
the cases had a complete resection and 2/5 were debulked to <0.5 cm residual disease. |
performed TAm-Seq using panel 10 (Appendix 12.4) for the pre-cycle 1 plasma sample. 4/5
of the cases did not have a detectable TP53 mutation in the pre adjuvant chemotherapy
plasma sample. One case did had a TP53 mutation detected. The MAF had dropped from
0.224 pre surgery to 0.058 pre chemotherapy with debulking to <0.5 cm residual disease.

Patient Residual disease post surgery Mutation MAF pre surgery MAF pre cycle 1

716 <0.5cm 7574012 0.224 0.058
559 complete resection 7578384 0.025 ND
650 complete resection 7578382 0.265 ND
658 <0.5cm 7578534 0.092 ND
870 complete resection 7578455 0.015 ND

Table 9.2: MAF pre primary surgery and pre cycle 1 adjuvant chemotherapy for five CTCR-
0V04 HGSOC cases.
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sWGS was performed for samples collected around the time of surgery (up to day
3 post surgery) from 7 patients undergoing primary surgery for HGSOC (Table 9.3). The
change in t-MAD score was not consistent across different patients (Figure 9.2a). OV04-
788 had an increase in t-MAD score at the end and 2 hours after surgery that may be a
result of surgical manipulation and release of ctDNA. This increase was seen to a lesser ex-
tent for OV04-791 and OV04-829. 0V04-811 and OV04-890 had the opposite pattern with
a drop in t-MAD score at the end of surgery which may be the result of reduced tumour

burden.

Patient Residual disease (cm)

622 0
788 >1.0
791 0
811 0
829 0
875 <0.5
890 0

Table 9.3: Residual disease for seven women undergoing primary suregry for HGSOC.

The size selected t-MAD scores when selecting for fragments between 20-150 bp (Fig-
ure 9.2b) and 90-150 bp (Figure 9.2c) were fairly similar. There was less variability in size
selected t-MAD score over time other than in OV04-811 which maintained a large decrease

in t-MAD score at the end of surgery.

A decrease in shorter fragments (P20-150, P90-150, P100-150) was seen at the end
of surgery that then gradually increased over the next hours and days (Figure 9.3). The
proportion of very long fragments (P>500 and P>600) remained relatively stable across
time points, however the proportion of fragments between 160-180 (P160-180) increased
whilst the proportion of fragments between 320-360 (P320-360) decreased. 0OV(04-788
showed a different pattern of change in fragmentation features to the other cases around

the time of surgery.
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Figure 9.2: t-MAD score at multiple time points around the time of primary surgery for
HGSOC for 7 women. a) Unselected t-MAD score. b) Size selected t-MAD score (20-150
bp). c) Size selected t-MAD score (90-150 bp)
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Figure 9.3: The proportion (P) of DNA fragments observed by sWGS in multiple size ranges
(P20-150, P90-150, P100-150, P160-180, P180-220, P250-320, P320-360), the ratios of pro-
portions of fragments in these size ranges (P20-150:P160-180, P20-150:P180-220) and the
proportion of fragments greater than a certain size (P>500, P>600) around the time of

primary surgery.
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9.2.2 Collection tubes

Three tubes of blood were drawn from 14 patients with relapsed HGSOC. One EDTA tube
and one Cell-free DNA BCT tubes were processed immediately (E.RT.0h), and another Cell-
free DNA BCT was shipped via standard UK Royal Mail service back to the same collection
centre. All shipped samples were received within 48h from the time of collection . There
were no statistical significance in total cfDNA levels between the three collection methods
(Figure 9.4a, b). TP53 mutations were identified by TAm-Seq in 4 patients and the MAF
was not statistically significantly across the different collection methods (Figure 9.4c, d).
sWGS libraries were prepared using the Rubicon ThruPlex DNA-Seq kit for 8 of the patients
(24 samples total) and sequenced on the HiSeq 2500 to further investigate the effects of
collection method on global copy number changes. There were no significant difference

between the copy number profiles among the three collection methods.
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9.2.3 Serum

To investigate whether size selection could be used to enrich for tumour DNA in serum
samples I performed TAm-Seq using primer panel 10 (Appendix 12.4) for 22 serum samples
from women with HGSOC before and after in-vitro size selection (PippinHT, 3% gel, frag-
ments 90-150 bp). There were some limitations with this experiment including the low
sequencing coverage for some samples and inconsistent results for replicates of the same
sample (Appendix 12.22). In some cases eg. 0V04-180 chemotherapy cycle 1, 0V04-292
chemotherapy cycle 1 and 0V04-297 chemotherapy cycle 1 no TP53 mutation could be de-
tected in the unselected sample but could be detected in the post size selection sample,
suggesting that size selection for fragments between 90-150 bp may enrich for ctDNA in
these samples. However, in other cases including OV04-83 chemotherapy cycle 2, 0V04-
122 chemotherapy cycle 1, 0V04-296 chemotherapy cycle 1 and OV04-300 chemotherapy
cycle 1size selecting for DNA fragments between 90-150 bp significantly reduced the TP53
MAF (Appendix 12.22). For this reason [ hypothesised that cfDNA, particularly tumour de-
rived cfDNA, in serum samples is of a different size to fragments seen in plasma samples. I

therefore proceeded to investigate serum samples collected from xenograft models.

Whole genome libraries were prepared using the Rubicon ThruPlex DNA-Seq for 3
serum samples obtained from the same xenograft models as discussed in section 5.2.2
(Table 5.12). The proportion of reads aligning to the human genome (tumour) and the pro-
portion of reads aligning to the mouse genome (non-tumour) were plotted against frag-
ment length (Figure 9.5). The fragmentation profiles for serum for mouse b (Figure 9.5b)
and mouse c (Figure 9.5c) were similar to those seen for the matched plasma samples (Fig-
ure 5.9b,c) with the tumour derived DNA fragments shifted towards a shorter size com-
pared to the non-tumour cfDNA fragments. However, in the serum sample for mouse a

(Figure 9.5a) a peak was seen at 50 bp that was not present in the plasma sample.

[ therefore wanted to investigate if this 50 bp peak was seen in patient serum samples.
I compared the fragmentation profiles for DNA from plasma and serum samples from HGSOC
cases and controls. Different DNA extraction and library preparation methods lead to the
preferential sequencing of different DNA fragments. I therefore also compared different

extraction and library preparation methods (Figure 9.6).
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Figure 9.6: Schematic illustrating experimental design for comparing cfDNA fragments in
plasma and serum samples. 1ml aliquots of both plasma and serum were extracted us-
ing the QIASymphony and the QIAvac 24 Plus vacuum manifold with QIAamp Circulating
Nucleic Acid kit (manual extraction). Whole genome libraries were prepared using the Ru-
bicon ThruPlex DNA Seq kit (dsDNA library preparation) and the DNA SMART ChIP-Seq Kit
(ssDNA library preparation).



The profiles for the plasma and serum samples with the same extraction and library
preparation methods were broadly similar (Figure 9.7). More shorter fragments were seen
with the single-stranded library preparation method compared to the standard double
stranded library preparation method particularly with the QIAsymphony extraction. HGSOC
case 2 plasma samples had a fragmentation profile shifted to smaller sizes using the double
stranded library preparation which is consistent with previous findings (unpublished).
This same pattern was observed in the serum samples. A higher peak at 167 bp was seen in
the healthy control serum sample compared to the other samples that is not seen to such
an extent with the matched plasma sample. Using manual extraction and single stranded
library preparation showed a slight shift to smaller sizes for the two cases compared to the
controls for both the plasma and the serum samples. However using the QIASymphony ex-
traction and single stranded library preparation there is a large 50 bp peak for the healthy

and benign control plasma samples that is not so significant for the serum samples.
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Figure 9.7: Density of reads against fragment size for healthy control, two benign controls

and two HGSOC cases (plasma and serum) for different extraction and library preparation

methods. Samples with <1 million reads were excluded and the lower limit of fragment size

setat 30 bp as below this fragment alignment is not reliable. M=manual extraction (QIAvac

24 Plus vacuum manifold and the QIAamp Circulating Nucleic Acid kit), Q=QIAsymphony
extraction, double=double stranded DNA library prep (Rubicon ThruPlex DNA Seq kit),
single=single stranded DNA library prep (DNA SMART ChIP-Seq Kit).
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9.3 Discussion

It has previously been shown that drainage of ascites can result in a decrease in ctDNA
measured by TP53 MAF (Parkinson et al. 2016). In this study ctDNA levels were measured
3 days before and 25 days after ascites drainage. As the half life of ctDNA is in the region
of hours and not days (Diehl et al. 2008) to investigate the dynamics of ctDNA around the
time of ascites drainage I collected plasma samples immediately before and immediately
after drainage. Investigation of ctDNA around the time of ascites drainage using targeted
sequencing and sWGS was inconclusive. It is possible that collecting blood immediately
after completion of drainage was too soon to see the effect on ctDNA levels. Ideally blood
would have been collect two hours after drainage and/or the following day to properly
investigate the dynamics of ctDNA resulting from drainage of ascites. This will be included
in future schedules of blood collection for studies of women with HGSOC. Alternatively
ascites could have no effect on the level of ctDNA in the circulation and the observation in

(Parkinson et al. 2016) could have been unrelated to the ascites drainage.

[tis known that women with OC that have complete cytoreduction have improved sur-
vival rates compared to women who are sub-optimally debulked (Bristow et al. 2002) . The
classification of the degree of cytoreduction is currently a subjective process performed by
the operating surgeon and does not take into account micro metastases that may remain.
It would therefore be useful to have an objective measure of residual tumour burden par-
ticularly if future clinical trials of additional therapy become available for those not sub

optimally debulked.

Studies have shown that an increase in ctDNA post-operatively in lung cancer and
colorectal cancer is predictive of early recurrence and death (Ng et al. 2017; Sun et al. 2018).
The hypothesis being that the presence of ctDNA post-operatively reflects residual tumour
volume. Hu et al. 2017 monitored ctDNA more frequently following surgery for lung cancer
and found a peak in levels 3 days post operatively. After 3 days ctDNA levels dropped and

only remained elevated at 30 days in patients with an early recurrence (within 4 months).

[ was therefore interested in monitoring ctDNA levels around the time of surgery for
HGSOC to identify 1) if ctDNA could provide a quantitative measure of residual disease and
2) if post operative ctDNA levels were predictive of clinical response. My working hypo-
thesis was that ctDNA levels were likely to increase immediately following surgery due to

manipulation of tumour tissue causing release of tumour-derived cfDNA into the circula-
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tion. I then expected ctDNA levels to reflect residual tumour volume with women that had
been completely debulked with no detectable ctDNA and women with residual disease po-
tentially having detectable ctDNA although the levels may be below the limit of detection
with the method applied.

Using targeted sequencing for TP53 | was unable to identify ctDNA in plasma samples
collected pre or post operatively from three women undergoing primary surgery and three
women undergoing IDS. This is likely to be a result of the limited sensitivity of the TAm-
Seq method for ctDNA detection. In five women undergoing primary surgery with detect-
able ctDNA pre-operatively only one had ctDNA detectable before commencing adjuvant
chemotherapy. The women had post operative residual disease of < 0.5cm, as did one
other women with non-detectable ctDNA pre adjuvant chemotherapy. Investigation of
ctDNA around the time of surgery was therefore inconclusive. It is likely this is a result
of the limitations in sensitivity of the TAm-Seq method. Using this method TP53 mutations
could only be detected in 49% of pre treatment plasma samples. With hindsight detect-
ing TP53 mutations in plasma pre IDS was optimistic accounting for the significant drop
seen in TP53 MAF following 1 and 2 cycles of chemotherapy (see section 8, page 150). This

analysis was also only undertaken in a small number of cases.

sWGS also showed inconsistent results. In some cases the t-MAD score increased at
the end of surgery and two hours post-operatively, in others a reduction was seen between
pre and post-operative samples and other cases showed no change across time points.
0V04-788 had >1 cm residual disease post-operatively and had a large increase in t-MAD
score at the end of surgery. Unlike Hu et al. 2017 ctDNA levels starting dropping from day
1 after surgery. Further investigation of larger numbers of samples using more sensitive
methods may be informative to better understand the dynamics of ctDNA around the time

of surgery.

[ wanted to look at the change in fragmentation features over the time of surgery to
see if this provided any information about the size of tumour-derived cfDNA fragments or
information relating to the mechanism of release of cfDNA fragments. The proportion of
shorter cfDNA fragments tended to immediately decrease at the end of surgery and then
increase over the following few days. If the shorter cfDNA fragments do reflect those re-
leased during proliferation this could indicate a reduction in proliferation during surgery
followed by an initial rebound cellular proliferation after surgery. The proportion of very
long fragments (>500 bp) remained stable across all time points however, there was a re-

duction in long fragments (between 180-360 bp) after surgery. The origin of longer cfDNA
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fragments remains unknown however, it is interesting that the proportion of these frag-
ments changes with surgery potentially as a result of tissue manipulation or reduction in
tumour volume. Itis also possible that having an operation can effect the amount, and type,
of cfDNA in the circulation. It is possible that pre-medications, starving before a proced-
ure, dehydration and lack of physical exercise can all effect the release of cfDNA although

these factors are yet to be studied in detail.

In this chapter [ have also shown that postage of cell stabilisation tubes does not have
an impact on sWGS ctDNA analysis. This work was part of a larger study of storage and
processing of plasma samples as well as the use of cell stabilisation tubes. This work has
been accepted for publication in The Journal of Molecular Diagnostics. The result of this
work is that in future multi-site studies cell stabilisation tubes will be used for plasma
collection to standardise collection and enable central processing of samples to minimise

biases.

Plasma samples are preferred for ctDNA analysis due to the large amount of back-
ground DNA found in serum samples resulting from WBC lysis. We have found a lower
MAF in serum samples compared to matched plasma samples (unpublished). Many large
scale studies historically banked serum samples as initial processing is easier and serum
is used for protein biomarker analysis. Currently these are precluded from ctDNA studies
due to the presumed large amount of wildtype DNA causing a reduction in the signal to
noise ration potentially leading to ctDNA levels becoming undetectable. I was therefore
interested to investigate if ctDNA could be enriched in serum samples, as it can in plasma

samples, to allow use of the rich resource of banked serum samples for ctDNA analysis.

Although only a very small number of samples were investigated in-vitro size selec-
tion for DNA fragments between 90-150 bp followed by targeted sequencing did not show
an enrichment in ctDNA as it did with plasma samples. It was hypothesised that this was
due to a difference in the length of tumour-derived cfDNA fragments in serum, potentially
resulting from the processing of the sample and the presence of clotting factors. However,
fragmentation profiles of matched plasma and serum samples from two HGSOC cases, two
benign controls and one healthy control did not support this hypothesis. It is interesting
that different extraction methods and different library preparation methods allow the re-
covery of different DNA fragments and in future studies it will be important to account for

the relevant biases.
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Summary

In this thesis I have shown that ctDNA can be detected in women with newly diagnosed OC

including in women with early stage disease.

Improvements to the published TAm-Seq method for targeted sequencing (Forshew
et al. 2012) including optimised primers and a higher depth of sequencing have led to an
improvement in the limit of ctDNA detection down to a MAF of 0.006. Using this method I
was able to detect ctDNA in 30-49% of women with newly diagnosed OC.

[ have shown that a genome wide score of copy number aberration (t-MAD score) can

be used to quantify ctDNA in plasma samples and detect 39-41% of OC cases.

These methods although not as sensitive as other recently published methods (Bettegowda
et al. 2014; Phallen et al. 2017; Cohen et al. 2018) have an advantage in that they are low-
cost high-throughput methods that do not require prior knowledge of the patients tumour

specific mutation and as such are methods that can be directly translated to the clinic.

However, a greater sensitivity will be required for a diagnostic biomarker. [ have
therefore discussed the development of TAm-Seq V2. This targeted sequencing method
performs multiple reactions in parallel, each with a limited number of starting DNA mo-
lecules to ensure that the minimum AF is sufficiently above the level of background noise.
In optimisation experiments I have shown that this method can detect down to a MAF of
0.001%. The limitation of this method is the availability of sufficient material to ensure that
enough molecules are screened to detect low AF mutations. For this to be a viable method
to test in populations with OC larger volumes of blood will need to be routinely collected

which may not be the most efficient way of increasing sensitivity of detection.

[ have also shown that the sensitivity of ctDNA detection can be increased by lever-
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aging differences in tumour derived compared to non-tumour derived cfDNA fragments.
In particular I have shown that in-vitro and in-silico size selection for shorter DNA frag-
ments (90-150 bp or 20-150 bp) can increase the rates of ctDNA detection using targeted
sequencing and sWGS.

Applying the size selected t-MAD score to the cohorts of women with newly diagnosed
OC increased the ctDNA detection rate to 53-67%. Importantly the rate of ctDNA detection
was high in the cases with early stage disease: 88% when using the upper limit of the
healthy controls as a cut off and 77% when using the upper limit of the benign controls as
a cut off. A limitation of this analysis is the small number of early stage cases investigated.

Validation in larger cohorts is therefore required.

Table 10.1 outlines the percentage of OC cases in the UKOPS and CTCR-OV04 cohorts
detected using the various different methods library preparation and analysis methods
discussed in this thesis. Detection is variable across the different cohorts and it is not clear
currently which parameters will provide the highest rate of detection of OC cases from
healthy controls. It is likely that a combination of assays including protein biomarkers as
well as ctDNA may provide the optimal detection for further validation in larger cohorts of

women who do not already have an OC diagnosis.
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LLT

Size selected

Size selected

Size selected

Size selected

Size selected Size selected

IchorCNA IchorCNA IchorCNA IchorCNA IchorCNA
Cohort TAm-Seq t-MAD t-MAD t-MAD IchorCNA default
default customised default customised  customised
(90-150 bp) (20-150 bp) (90-150 bp)
(20-150 bp) (90-150bp) (20-150 bp)
UKOPS
Whole cohort 30 41 53 53 61 88 46 45 69 73
HGSOC cases 45 56 56 56 61 83 44 44 72 83
CTCR-0V04
Whole cohort 49 39 67 67 37 53 34 37 70 69
Stage 1 33 33 50 80 22 44 50 40 25 20
Stage 2 67 67 100 100 50 75 50 50 25 25
Stage 3 44 35 64 64 35 45 27 30 66 65
Stage 4 60 45 72 70 47 67 43 45 76 74

Table 10.1: Percentage of women with newly diagnosed OC in different cohorts with detectable ctDNA using different library preparation

and analysis methods. Cut off used for the t-MAD score and IchorCNA is the upper limit of the healthy control cohort.



In contrast to relapsed disease (Parkinson et al. 2016) I found no correlation between
ctDNA levels and volume of disease in women with newly diagnosed HGSOC. In NSCLC a
stronger correlation was identified between tumour proliferation and ctDNA than between
tumour volume and ctDNA (Abbosh et al. 2017). The relationship between tumour prolif-
eration and ctDNA therefore needs to be investigated in newly diagnosed HGSOC to further

understand the limitations of detection.

In this thesis [ have also investigated the use of cervical sampling for use in the dia-
gnosis of OC. I have developed methods for extraction and sequencing of DNA from cervical
cytology and CMA samples. Although I have been able to detect tumour DNA in samples
collected from women with cervical and endometrial cancers, this has not been the case
for OCs. It is however possible that in the future an optimised cervical sampling device

may enable the detection of tumour DNA in women with OC.

10.1 Future directions

In the future I plan to continue to develop a panel of assays that could be used in primary
care to enable rapid triage of symptomatic women with the aim of diagnosing ovarian can-
cer at an earlier stage. The combination of protein biomarkers, including CA 125 and HE4,
as well as the detection of ctDNA using targeted sequencing and the identification of tu-

mour specific cfDNA fragmentation features may contribute to this clinical advancement.

During my PhD I have investigated ctDNA assays in incident cancer cases. Ongoing
work will focus on further bioinformatics analysis of incident cancer cases with a strong
focus on combining assays to improve both sensitivity and specificity of OC identification.
The combination of assays identified in cohorts of women with a diagnosis of OC will then

be validated in larger cohorts of women who do not already have an OC diagnosis.

[ am a co-applicant on a CRUK Biomarker Project award led by Sudha Sundar from the
University of Birmingham for the Refining Ovarian Cancer Test accuracy Scores — Genomic
(ROCkeTS-GEN) study. This is a prospective single arm diagnostic accuracy study study
of postmenopausal women with symptoms and either a raised CA 125 or abnormal ultra-
sound scan or both. 2000 postmenopausal women will be recruited at the time of referral
to secondary care. The prevalence of OC in symptomatic postmenopasual women is 8%.
ctDNA analysis will therefore be performed on 160 OC cases (of which 100 are likely to be
HGSOC) and 200 controls without OC. The sensitivity and specificity of ctDNA will be com-
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pared to RMI and CA 125. The combination of ctDNA and CA 125 and other protein based
biomarkers identified in ROCkeTS will also be investigated.

[ am also a co-applicant on a CRUK Early Detection Programme Award led by Doug
Easton and Nitzan Rosenfeld. The purpose of the programme is to study cohorts of women
at high genetic risk of ovarian (and breast) cancer in order to investigate the potential of
using DNA in blood or cervical samples for the earlier detection of ovarian (and/or breast)
cancers. We plan to collect annual plasma samples from over 6,000 women at high risk
of ovarian (and breast) cancer. 100 of these women are expected to develop OC over the
5-years this programme will run for. ctDNA analysis using both targeted sequencing and
sWGS will be performed on sequential samples from the 100 women with an OC diagnosis
and 100 women not diagnosed with a cancer during the 5-years. This will again provide
information about the sensitivity and specificity of ctDNA assays in a pre-diagnosis setting.
We will also be able to look at serial samples to identify the earliest timepoint that ctDNA

could be detected prior to a cancer diagnosis.

We also plan to collect annual cervical samples from women at high risk of OC. This
will provide alarger sample set to further investigate whether tumour DNA can be detected
in cervical cytology samples from women with OC. Through this study I also plan to locally
test other methods for cervical sampling that may be better optimised to collect cells and
DNA shed from the distal fallopian tube.

Finally we plan to investigate ctDNA assays in combination with p53 autoantibodies
and protein biomarkers in women being followed up after completion of first line treat-
ment for HGSOC. The premise of this study is that the development of assays to detect
relapse early are potentially applicable to a diagnostic setting. Findings from this cohort
with a known cancer diagnosis can then feed into the studies with sample collections from
women without a cancer diagnosis, with the aim of further improving sensitivity of disease

detection.

Validation of the combination of the best biomarkers will then be performed in a large

study of symptomatic women in primary care.
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1. SYNOPSIS

Study Title Genetic Biomarkers for Gynaecological Conditions

Internal ref. no. CTCR-OV05

Study Design Pilot/feasibility study

Study Participants All women referred to Addenbrooke’s Hospital with suspected ovarian

cancer.
All women undergoing surgery for ovarian or endometrial cancer.

Planned Sample Size | 230

Follow-up duration Five years (routine follow up for ovarian cancer) or until the patient is
discharged from clinic in cases of relapsed ovarian cancer.

Planned Study 3 years

Period

Primary Objective To determine if somatic mutations can be detected in blood samples
obtained from women with ovarian cancer at the time of diagnosis?

Secondary To determine if mutations detected in plasma samples at diagnosis can

Objectives be detected in physician taken and self-taken cervical samples?

To determine if changes in the levels of somatic mutations in blood
samples during and after surgery can be used as a marker of post-
operative residual disease?

Primary Endpoint Detection and frequency of somatic mutations in blood samples.
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2,

BACKGROUND AND RATIONALE

OC is the most common cause of death from gynaecologically related cancers'. The
majority of women (60%) are diagnosed with late (stage IlI-IV) disease which has a
significant impact on survival with 5-year relative survival rates of 6%, 22% and 92% for
stage 1V, stage Il and stage | disease respectively. Difficulties in the diagnosis of OC are
related to the non-specific symptoms of the disease resulting in delayed investigations, a
significant proportion (>50%) of early stage disease without an elevated CA125 resulting in
missed diagnoses® and a significant number of benign gynaecological and non-
gynaecological conditions, particularly in premenopausal women, with an elevated CA125
leading to inappropriate investigation and referral.

Current guidelines recommend measuring serum CA125 in all women with suspected OC
followed by a transvaginal ultrasound scan (TVUS) in those with elevated levels®. In
combination these are used to calculate a Risk of Malignancy Index (RMI), which guides
referral and subsequent management®.

Despite decades of effort, CA125 remains the single-best biomarker for OC with models
derived from the most promising markers failing to show improvement over serum CA125
alone®®. There is therefore a pressing need to explore complementary strategies, prominent
among which is the simultaneous detection of circulating tumour DNA (ctDNA). It is known
that blood contains free circulating DNA and in cancer patients a small fraction of this
includes fragments of tumour DNA. Somatic mutations are highly specific biomarkers of
cancer and detection of these via ctDNA in plasma samples this could provide a powerful
non-invasive method for OC diagnosis. The gene TP53 encodes the tumour suppressor
protein p53, a transcription factor that regulates the expression of proteins involved in
apoptosis and genomic integrity. The Brenton laboratory have identified TP53 mutations in at
least 96% of HGSOC tissue samples’. The Rosenfeld and Brenton laboratories have
identified mutations in TP53 in ctDNA from plasma samples from 20/38 (53%) of patients
with advanced HGSOCS.

As mutations in TP53 are pathognomonic of HGSOC, assays for mutant ctDNA could be
used, in combination with other variables in the RMI score, as a non-invasive method to
improve specificity of OC diagnosis especially early stage or low volume disease. We
therefore propose to collect blood samples from all women referred to Addenbrooke’s
Hospital with suspected ovarian cancer and sequence DNA for somatic mutations which will
be correlated with clinical diagnosis.

It is currently hypothesized that OC originates in the fallopian tube epithelium. Molecular
alterations specific to OC have been identified in tubal tissue. It is therefore possible that
detection of cells and DNA shed from this site could be utilised in the diagnosis of OC.
Recent papers have shown that tumour DNA and common somatic mutations can be
detected in liquid based cytology (LBC) samples® and cervical mucous samples'® from
patients with both endometrial and ovarian cancers. We propose to collect cervical samples
from all women referred to Addenbrooke’s Hospital with suspected ovarian cancer and
sequence DNA for somatic mutations which will be correlated with clinical diagnosis.
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ctDNA has a potential role as a biomarker for monitoring tumour dynamics and response to
treatment. Recently it has been demonstrated that that there is a significant correlation
between ctDNA levels and tumour burden in 30 women with metastatic breast cancer'" and
that whole exome sequencing of ctDNA can be used to track genomic evolution of cancers in
response to systemic chemotherapy'2. Post-operative levels of circulating tumour DNA in
plasma samples from patients with colorectal cancer appear to be related to the degree of
resection with patients undergoing more extensive resection having lower post-operative
levels™. Currently there is no objective measure of post-operative residual disease in OC
however, the degree of surgical resection is a strong prognostic factor. We propose to collect
normal and abnormal tissue, plasma and cervical samples from women undergoing surgery
for ovarian and endometrial cancer to compare mutation status in pre and post-operative
samples to investigate the kinetics of ctDNA in response to surgery.

3. OBJECTIVES
31 Primary Objective

Can somatic mutations be detected in blood samples obtained from women with ovarian
cancer at the time of diagnosis?
3.2 Secondary Objectives

Can mutations detected in plasma samples at diagnosis be detected in physician taken and
self taken cervical samples?

Can changes in the levels of somatic mutations in blood samples during and after surgery be
used as a marker of marker of post-operative residual disease?

4, STUDY DESIGN

4.1 Summary of Study Design
Feasibility/pilot study

1. Patients referred to Addenbrooke's Hospital with suspected gynaecological cancers will be
identified at the time of receipt of the referral letter. They will be sent a cover letter briefly
outlining this clinical study with their routine out-patient clinic appointment letter by the
clinical care team.

2. At the time of routine outpatient clinic appointment with the gynaecological oncology team
patients will be asked by the clinician if they would like to discuss the study further with a
member of the research team. This will be documented in the medical notes.
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3.The principal investigator or suitably qualified, delegated member of the
trial/research/clinical care team will be available at the time of outpatient clinic appointment
to discuss the study with the patient and talk through the patient information sheet and
answer any questions.

4. Written consent will be taken by the principal investigator or suitably qualified, delegated
member of the trial/research/clinical care team from those patients who wish to participate.
The principal investigator is an obstetrics and gynaecology trainee but is not a member of the
clinical team that will be investigating and treating the patient. The principle investigator has
attended good clinical practice and valid informed consent training courses. If appropriate
written consent will be taken on the same day as the outpatient clinic. The principal
investigator or suitably qualified, delegated member of the trial/research/clinical care team
will ensure that the patient has had sufficient time to consider participation, fully understands
the study and has had an opportunity to discuss participation with family and friends if
required. Some patients will require further time to consider participation in the study
therefore for those patients returning for further investigations and/or surgery patients will be
given the option of further discussion about the study and/or consenting and collection of
samples at future attendance at Addenbrooke’s Hospital. Those patients discharged from
Addenbrooke’s Hospital that require further time to consider participation in the study will be
offered the option of returning at a time appropriate for them with reimbursement of travel
expenses.

5. Following the consent process the principal investigator or suitably qualified, delegated
member of the trial/research/clinical care team will take a blood sample (up to 30ml,
approximately 6 teaspoons) and cervical samples from women that have consented to
participate. If patients require routine blood tests these will be taken at the same time to
minimise risks of discomfort and bruising. A chaperone will be present at the time of
collection of the cervical samples.

6. Patients that are required to undergoing surgery for suspected/confirmed ovarian or
endometrial cancer will be identified via the MDT.

7. Patients will be seen by the principal investigator or suitably qualified, delegated member
of the trial/research/clinical care team at the time of pre-operative assessment clinic. The
second part of the study will be discussed with the patient with the second patient
information sheet and any questions will be answered.

8. Written consent will be taken by the principal investigator or suitably qualified, delegated
member of the trial/research/clinical care team from those patients who wish to participate.

9.Patients will be asked to collect and bring a urine sample with them on the day of surgery.

10. At the time of surgery all patients will routinely have a cannula inserted for intravenous
access prior to the start of surgery. A blood sample (up to 30ml, approximately 6 teaspoons)
will be taken from this during the anaesthetic before surgery commences, at the end of
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surgery and 2 hours after surgery has been completed by the principal investigator or
suitably qualified, delegated member of the trial/research/clinical care team.

11. Cervical samples will be taken from the patient following induction of anaesthesia prior to
the commencement of surgery by the principal investigator or suitably qualified, delegated
member of the trial/research/clinical care team.

12. Patients would normally have as much cancer as possible removed at the time of
surgery. Samples of both normal and abnormal tissue surplus to diagnosis will be collected
by the operating surgeon.

13. Further blood samples (up to 30ml, approximately 6 teaspoons) will be taken daily whilst
the patient is an inpatient in hospital by the principal investigator or suitably qualified,
delegated member of the trial/research/clinical care team. These will be taken at the time of
routine blood tests where possible.

14. If patients have had previous gynaecological surgery, or proceed to further
gynaecological surgery in the future, any stored surplus tissue samples in the Addenbrooke’s
tissue bank will be requested for comparison to collected blood and cervical, and tissue
where applicable, samples collected during the study.

~
" t
AT « Patient sent cover letter with clinic appointment letter
Addenbrookes
Hospital with J
suspected
« Discuss study. h
| - Consent.
';;‘;ﬁ,‘f',ft,ﬂ‘e‘,‘;f « Collection of blood and cervical samples. )
~
« Patients undergoing surgery identified.
7
D
« Discuss study.
L « Consent.
assessment
clinic v
. . Y
« Collection of urine sample
« Collection of blood samples-beginining of surgery, end of surgery, 2 hours after surgery.
o Collection of cervical samples )
~
« Collection of blood samples daily whilst inpatient.
v

4.2 Primary and Secondary Endpoints/Outcome Measures
Primary Endpoints
-Detection and frequency of somatic mutations in blood samples.
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Secondary Endpoints
-Detection and frequency of somatic mutations in cervical samples.

-Correlation of change in frequency of somatic mutations with surgical outcome and clinical
response.

4.3 Study Participants

4.3.1 Overall Description of Study Participants

e Women referred to Addenbrooke’s Hospital with suspected ovarian cancer.
¢ Women undergoing surgery for suspected/confirmed ovarian or endometrial cancer.

4.3.2 Inclusion Criteria

e Participant is willing and able to give informed consent for participation in the study.

e Female, aged 18 years or above.

e Referred with suspected ovarian cancer or undergoing surgery for suspected/confirmed
ovarian or endometrial cancer.

4.3.3 Exclusion Criteria
The participant may not enter the study if ANY of the following apply:

e Age under 18 years.

4.4 Study Procedures

All participants will have a blood sample up to 30ml (approximately 6 teaspoons) taken at the
time of referral for suspected ovarian cancer. At the same time cervical samples will be
collected during a speculum examination.

Patients will be asked to collect and bring a urine sample on the day of surgery. At the time
of surgery further cervical samples will be collected. Blood samples up to 30ml
(approximately 6 teaspoons) will be collected at the start of surgery, at the end of surgery, 2
hours post operatively and daily whilst the patient remains in hospital.

441 Informed Consent

Patients will be sent a cover letter with the routine clinic appointment letter detailing that a
clinical study is ongoing, that they may be approached for participation in the study, the
purpose of the study and that the study will involve the collection of blood and cervical
samples. The contact details of the research nurse are provided in case the patients requires
any further information about the study prior to attending clinic.

At the time of routine outpatient clinic appointment with the gynaecological oncology team
patients will be asked by the clinician if they would like to discuss the study further with a
member of the research team who will be available at the time of the clinic appointment.
Verbal and written information will be available from the principal investigator or suitably
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qualified, delegated member of the clinical care team at the time of the outpatient
appointment. All patients will be informed of the aims of the study. They will be informed as
to the strict confidentiality of their patient data, but that their medical records may be
reviewed for research purposes by authorized individuals other than their treating physician.
It will be emphasized that the participation is voluntary and that the patient is allowed to
refuse further participation in the protocol whenever he/she wants. This will not prejudice the
patient’s subsequent care. Participants will be given the opportunity to ask any questions and
only once all of their queries have been answered will consent be taken by the principal
investigator or suitably qualified, delegated member of the clinical care team from those
patients willing to participate.

Patients will be given as much time as is required to consider participation in the study. In
some cases it will be appropriate to take consent and collect samples on the same day as
the initial clinic appointment. This approach as been discussed with patient advocates
through Target Ovarian Cancer and has been deemed appropriate if patients feel they have
had sufficient time to consider participation. However, in some case this will not be
appropriate and will therefore be deferred until further attendance at Addenbrookes Hospital
for those patients undergoing further investigation and/or surgery. For those patients that are
not required to return for clinical reasons we will provide reimbursement for travel expenses
for those patients wishing to return at a later date for consenting to the research study and
collection of samples. Documented informed consent will be obtained for all patients included
in the study before they are registered in the study. This will be done in accordance with the
national and local regulatory requirements.

4.4.2 Study Assessments

Clinical data will be collected and stored on NHS computers. DNA will be extracted and
sequenced from all clinical samples. Sequencing data will be correlated with linked
anonymised clinical data, including CA125, imaging findings, diagnosis, histology, response
to treatment and relapse, at CRUK Cambridge Institute.

4.5 Definition of End of Study

The end of study is the date of the last visit of the last participant.

5. INTERVENTIONS

See study procedures.

6. SAFETY REPORTING

Any serious adverse events (an adverse event that results in death, is life-threatening,
requires hospitalisation or prolongation of existing hospitalisation, results in persistent or
significant disability or incapacity) that occur during the study will be reported to the
Sponsors.

7. STATISITICS
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71 The Number of Participants

To establish if sensitivity differs significantly from 66.7% but to be 80% certain with a
probability of 0.05 that a sensitivity as low as 56.1% would be excluded requires 161
subjects with ovarian cancer.

To establish if specificity differs significantly from 90.9% but to be 80% certain with a
probability of 0.05 that a specificity as low as 80.0% would be excluded requires 69 subjects
without ovarian cancer.

7.2 Analysis of Endpoints

Comparison of the presence and frequency of somatic mutations across clinical samples for
each participant. Correlation with clinical diagnosis.

Comparison of mutation status in pre and post operative clinical samples. Correlation with
extent of surgical resection and survival.

8. ETHICS

8.1 Participant Confidentiality

All clinical information regarding participants collected during the course of the study will be
kept strictly confidential. Each participant will be allocated a unique study number at study
entry and will be identified by this number on all study related documentation throughout the
course of the trial and data analysis process. This will be kept on an individual computer,
access restricted to named individuals and password protection. All the data will be held on
an NHS computer and will conform to the Department of Data Security Policy and Department
Compliance with the Data Protection Act (1998). Anonymised data may be sent to the
laboratory personnel University of Cambridge Computers at CRUK Cambridge Institute, but
this will not contain any personal data. Any data transferred will be done according to the NHS
Code of Practice on Confidentiality.

8.2 Other Ethical Considerations

This study involves the collection of clinical samples from patients at the time of referral and
primary surgery for suspected ovarian cancer.

Patients with suspected ovarian cancer are referred to the hospital as a two week wait
referral meaning they are seen in out-patient clinic within two weeks of the referral being
received. Not all patients will be aware that they have been referred for suspected ovarian
cancer. For this reason ovarian cancer has specifically not been mentioned on any of the
documentation (ie. cover letter, patient information sheet, consent form) that potential
participants will receive. All patients will be seen, as per routine clinical care, by an
experienced oncologist prior to being asked if they would be interested in participating in the
research study.

It is unlikely that this study will produce findings of clinical significance for the participants or
their relatives. In the unlikely event that clinically significant information does become
available this will be referred to the patients treating clinician. In the unlikely event that the
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10.

1.

study reveals information that might affect family members this will also be referred to the
patients treating clinician. Genetic testing is not currently undertaken routinely in clinical
practice. If clinically relevant and the patient consents to undergo genetic testing this is done
following appropriate genetic counselling. We therefore feel it is important to know, although
this is unlikely, whether the participant would want to be informed if the research reveals any
genetic information that might affect family members. We have therefore included this as an
optional point in the consent form. If participants would like to be informed of any information
that might affect family members this information will be provided to participants after
appropriate genetic counselling arranged by the treating clinician. This optional question in
the consent form is included in an ethically approved study being undertaken at
Addenbrooke’s Hospital. Importantly approximately 10% of participants have not ticked this
box indicating that they would not wish to be informed of this information should it become
available.

DATA HANDLING AND RECORD KEEPING

Patient initials, date of birth and hospital number, NHS number, relevant medical history,
disease pathology, treatments and treatment outcomes will be stored in a database on NHS
computers. Patients will consent for this data to be stored on their consent forms. This data
will be kept on an individual computer, access restricted to named individuals and password
protection. Each participant will be allocated a unique study number at study entry and all
biological samples and study documentation will be identified by this number throughout the
course of the trial and data analysis process.

FINANCING AND INSURANCE

The study is being funded by the Medical Research Council and Target Ovarian Cancer. The
study will be sponsored jointly by the Cambridge University Hospitals NHS Foundation Trust
and The University of Cambridge.

ABREVIATIONS

CRUK - cancer research UK

ctDNA — circulating tumour DNA

HGSOC - high grade serous ovarian cancer
LBC - liquid based cytology

MDT — multidisciplinary team

OC - ovarian cancer

RMI — risk of malignany index

TVUS - transvaginal ultrasound scan
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Genetic Biomarkers for Gynaecological
Conditions

We would like to invite you to take part in a research study. Before you decide
it is important for you to understand why the research is being done and what
it would involve for you. Please take time to read the following information
carefully and discuss it with friends and relatives if you wish.

e Part 1 tells you the purpose of this study and what will happen if you take
part
e Part 2 gives you more detailed information about the conduct of the study

Please ask us if there is anything that is not clear or if you would like more
information. Take time to decide whether or not you wish to take part. Thank
you for taking the time to read this information.

Part 1

What is the purpose of the study?

The purpose of this study is to identify new ways of diagnosing ovarian
conditions. You may have already had a blood test and an ultrasound scan
arranged by your GP and although they give us a lot of information about
possible ovarian conditions sometimes it would be useful to have more
information to help decide what is the best course of management and
treatment for women. We are hoping that by collecting information from blood
tests and cervical samples (not currently used in the diagnosis of ovarian
conditions) we will be able improve the investigation of women referred by
their GP with possible ovarian conditions. We are hoping to be able to identify
ovarian conditions at the earliest time point possible to ensure that women
receive the best treatment possible.

Why have | been invited?

You have been invited as you have been referred to see a gynaecologist as
your GP suspects that you may have an ovarian condition. We would like to
collect blood and cervical samples from all women referred to Addenbrooke’s
Hospital with suspected ovarian conditions. These samples will all be taken at
the same time as your routine outpatient clinic appointment.

Do | have to take part?
No. Taking part in this research study is entirely voluntary and it is up to you
to decide whether or not to take part. We will describe the study to you and



go through this information sheet, which we will then give to you. We will then
ask you to sign a consent form to show you have agreed to take part. You
are free to withdraw at any time, without having to give a reason. A decision
not to take part or a decision to withdraw at any time will not affect the
standard of care that you receive.

What will happen to me if | take part? What will | have to do?

If you agree to take part in this study we would like to ask if we can take one
additional blood sample of up to 30ml of blood (approximately 6 teaspoons).
This will be taken at the same time as your routine blood tests if possible. We
would also like to ask if we can collect some additional cervical samples
including samples of cells and mucous from your cervix. The cervical samples
will be collected in the same way as a routine cervical smear test.

With your permission we would like to inform your GP that you are
participating in this study.

We would like to ask if we can obtain further information about your medical
history and progress from your medical records and would like to ask
permission to obtain this information from your GP (located via NHS
databases) if required. If relevant we would also like to ask permission to
update our records using the Eastern Cancer Registration and Information
Centre (ECRIC). In order to do this, we will need to use your full name and/or
NHS number.

If you have already had surgery for a gynaecological condition, or will be
having surgery in the future, there may be stored surplus tissue samples of
yours in Addenbrooke’s tissue bank (or your local hospital histopathology
department). We would like to be able to study these as well for our research.

If you agree to participate in this study you will be asked to sign a consent
form. This information would remain strictly confidential ie. all information that
could identify you would be removed, before being given to the researchers.
Under no circumstances will you be identified in any way in any publication or
report arising from this study. Further information is given in Part 2 of this
information sheet.

What are the possible disadvantages and risks of taking part?

Risks of blood tests include possible minor discomfort, and occasional
bruising or bleeding. Additional blood tests could increase these risks slightly
but all blood tests will be taken at the same time as routine blood tests where
possible to minimise these risks. The procedure is done under sterile
conditions by experienced doctors or nurses.

The cervical samples will be collected in the same way as a routine cervical
smear test so may be associated with some minor discomfort but should be
painless. Some women can experience a small amount of bleeding (spotting)
following collection of cervical samples. The samples will be collected by an



experienced doctor and a chaperone will be present whilst these samples are
taken.

What are the possible benefits of taking part?

There