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Abstract

Circulating tumour DNA (ctDNA) analysis shows great potential both as an approach to
understand the evolution advanced breast cancer (ABC) and as a clinical tool to assist in ABC
management. CtDNA analysis has not yet entered routine clinical practice, and important
questions remain around the validity and applications of the approach.

The objectives of this work were to:

- validate the approach of ctDNA analysis
- establish the landscape of ABC according to ctDNA analysis

- utilise ctDNA analysis to identify biomarkers of response and resistance to therapy

CtDNA isolated from plasma samples from the plasmaMATCH trial underwent digital PCR
and targeted sequencing. DNA extracted from paired tissues underwent targeted sequencing.

A putative resistance mechanism was further investigated using transient transfection.

Two orthogonal ctDNA analysis techniques demonstrated a high level of agreement for
targetable mutation status (kappa values 0.89 to 0.93). Sensitivity of ctDNA-assessed gene
mutation status was high compared to the gold-standard tissue-based sequencing (88.2% to
96.8%), with specificity lower (40.0% to 98.5%), likely secondary to biological factors such

as tumour heterogeneity and temporal mutation acquisition.

The landscape and clonal architecture of ABC was defined through analysis of a large cohort
of patients (n=800). Significant and novel findings were identified in genes mutation patterns
including dual PIK3CA mutagenesis, MAPK pathway and ESR1 co-mutation, and APOBEC
mutagenesis, which both enhances our understanding of the evolution of ABC and has

prognostic and predictive relevance for patients on subsequent targeted therapy.

CtDNA analysis also revealed a novel putative resistance mechanism to fulvestrant, ESR1
p.F404. Transient transfection data supported the role of this mutation in fulvestrant resistance,
and suggested alternative treatment strategies in patients with this mutation which may prolong

survival.

These findings enhance our understanding of ABC, and support the use of ctDNA analysis as

a research and clinical tool.
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1. Chapter 1. Introduction

1.1. Advanced Breast Cancer

Breast cancer is both the commonest cancer and the commonest cause of cancer-related death
in women worldwide?. In 2018, an estimated 2.1 million women will have been diagnosed with
breast cancer, accounting for almost 1 in 4 of cancer cases in women'. In the UK while
approximately 76% of women diagnosed with breast cancer survive more than 10 years from
diagnosis? a substantial number of women will develop incurable advanced metastatic disease.
With an estimated 11,500 women dying in the UK every year from the disease?, there is a

pressing need to improve treatment outcomes in breast cancer.

There are several research approaches that can be taken to improve treatment outcomes in
breast cancer. Firstly, resistance mechanisms can be identified and characterised so that new
treatment strategies to avoid the resistance can be sought. A second approach is found within
the identification of predictive and prognostic markers to differentiate which patients have the
best chance of response to a therapy and which patients may benefit from an alternative
treatment. Finally, the application of clinical tools which help guide therapeutic choices that

prolong life can be investigated and implemented.

1.2. Personalised therapy

In the last 20 years the wider accessibility and affordability of genomic profiling has driven a
move towards a ‘personalised’ approach to therapy. In breast cancer, the concept of selecting
therapies to best suit the patient’s cancer type was already familiar, with the relationship
between hormone receptor positivity, as ascertained by immunohistochemistry (IHC), and
likelihood of response to endocrine therapy identified in the 1970s3. With the advent of
massively paralleled sequencing, however, it is now possible to delineate a patient’s cancer at
the genomic level, with the potential to match therapies directly to a patient’s cancer profile
through identification of genomic biomarkers that predict likelihood of response to a particular
treatment, in a personalised therapy approach. In parallel, the advancement of genomic
sequencing technology has furthered understanding of the genomic drivers of cancer,

supporting the development of therapies that can be used to target these genomic aberrations.
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The validity and importance of a personalised therapy approach was underlined by advances
in lung cancer. The EGFR inhibitor gefitinib was found to be active in only 10-19% of patients
with chemotherapy-refractory advanced non-small-cell lung cancer (NSCLC)*®. Genomic
sequencing revealed that the 8/9 patients who responded to therapy had a somatic mutations
within the tyrosine kinase domain of EGFR®. Whilst early phase Ill trials of gefitinib in
unselected patients with NSCLC demonstrated disappointing results’®, later trials which
analysed the influence of EGFR-mutant status on response identified this as an important
predictive biomarker® leading to the licencing of the drug in this subpopulation.

With the accessibility of genomic sequencing coupled with increasing number of trials
including biomarker analysis as an experimental endpoint, it is becoming increasingly evident
that the ‘one-size-fits-all’ approach within oncological management is no longer fit for purpose.
As we undergo the paradigm shift to a personalised-medicine approach, there is a pressing need
to understand how we can best apply genomic sequencing in a clinical setting to optimise
patient outcomes. Increasing numbers of studies and trials have identified confirmed responses
in patients treated based on genomic sequencing of tumour tissue obtained through biopsy, and

generally have supported a move towards personalising treatment at the genomic level®,

1.3. Circulating tumour DNA as a clinical tool

Circulating nucleic acids (cell free DNA, cfDNA) were first identified in human blood in
1948, In the 1970s a comparative study of cfDNA in patients with and without a cancer
identified higher levels in cancer patients, which fluctuated with treatment response and disease
status'2. Raised levels of cfDNA have also been identified in different physiological and
pathological conditions, including exercise®®, trauma'4, cerebral infarction'®, transplant® and
active rheumatological conditions*”®. Foetal medicine spearheaded the clinical application
cfDNA analysis, using the technology to identify parameters such as sex determination®® and

presence of aneuploidies®.

Cancer is a pathological condition fundamentally enabled by genomic instability leading to the
acquisition of alterations which confer a selective advantage to the neoplastic cells?:. Analysis
of tumour-derived DNA is therefore key in understanding the pathological process and creating
strategies to combat the disease. Tumour-derived DNA is released into the blood stream
following tumour cell death?>?3, This so-called circulating tumour DNA (ctDNA) is a

component of the cfDNA in patients with cancer.
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CtDNA consists of short strands of DNA of approximately 167bp in length?*, corresponding
to the length of DNA wrapped around a nucleosome. In 1989 it was demonstrated that ctDNA
could be differentiated from cfDNAZ. Following this, it was shown that key mutations could
be identified in plasma through the analysis of ctDNA in patients with cancer?, giving an early
insight into the potential clinical application of ctDNA analysis to non-invasively interrogate a
patient’s cancer profile and identify genomic features in an approach termed ‘liquid biopsy’
(Figure 1.1). It is now known that plasma ctDNA abundance is associated with disease features
such as histological subtype, disease burden and stage?’2,

Metastatic
Breast cancer

DNA

\ isolation

W DNA Analysis
MOV —> W
Moo AHECHACH

Figure 1.1. Schematic representation of the systemic release, isolation and analysis of circulating tumour DNA

(ctDNA) in a patient with advanced breast cancer. Image created using BioRender software.

In the last decade, the application of ctDNA analysis within many areas of oncological
management has been investigated. In early breast cancer, potential applications of ctDNA
analysis include use as a tool for cancer screening and detection of minimal residual
disease?®3°, cancer localisation?*3! and risk stratification and prognostication®*°. In advanced
breast cancer (ABC) the potential applications are wide and include use as a biomarker of

treatment response, in the identification of therapeutic targets, and to monitor for clonal
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evolution and resistance to therapy'*®. This fellowship will focus on a number of these

applications within ABC, as discussed below.

1.3.1.ctDNA analysis an alternative to tissue-based sequencing

Historically the genomic profile of a patient’s cancer has been derived through sequencing of
a tissue sample gained through a biopsy. Much of what is known about the genomic landscape
of cancer comes through tissue sequencing within primary*® and ABCs**%. Tissue biopsy has
several limitations. Firstly, and most importantly, biopsies are inherently invasive and incur
risk for the patient®*°. Given that mutational profiles evolve over time, following metastatic
relapse?”#1-46 and with the selective pressure applied through treatments*’, repeated genomic
profiling is required. The prospect of repeated invasive biopsies quickly becomes unfeasible
with the risks accumulating with each invasive biopsy. Furthermore, a range of factors may
precluding successful tissue biopsy, including lack of accessible disease for biopsy, medical
contraindications, biopsy failure and patient refusal®24°, CtDNA analysis via a liquid biopsy,
however, is a non-invasive test that can be repeated throughout a patient’s disease course. With
a half-life of approximately 114 minutes*, ctDNA provides a genomic ‘snapshot’ of a patient’s

disease.

A second factor limiting the application of tissue biopsies is the existence of spatial tumour
heterogeneity**4%-°2, A single-site metastatic biopsy may miss clinically important genomic
aberrations through selectively sampling a single area. Conversely, ctDNA is theoretically an
admixture of tumour DNA derived from heterogeneous metastatic sites®>** and therefore may

circumvent tumour heterogeneity to give a full and representative profile of a patient’s cancer.

1.3.2.ctDNA analysis for the identification of targetable alterations

The first ctDNA test was approved for clinical use by the FDA in 2016 for screening of EGFR
mutations in non-small cell lung cancer to direct therapy with tyrosine kinase inhibitor
erlotinib. Importantly, due to the lack of sensitivity of the tests, the FDA recommended a tissue
biopsy in the instance where a ctDNA result is negative®¢. Following this, a second PCR-
based assay was approved by the FDA for patients with ABC to identify patients with PIK3CA-
mutant disease for treatment with PI3K-inhibitor alpelisib in combination with fulvestrant.
Again, there was a requirement to undertake a tissue biopsy where the result of the ctDNA test

was negative®’.
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In 2020, two commercial ctDNA multi-gene sequencing platforms (FoundationOne Liquid
CDx and Guardant360 CDx) were licenced by the FDA for genomic profiling of solid tumours.
In particular, the FDA approvals allow the ctDNA testing platforms to be used as a companion
diagnostic for particular targetable mutations (Table 1.1).

Blood Test Cancer Type Genetic Change Corresponding
Drug
Guardant360 CDx Non-small EGFR exon 19 deletions Osimertinib
cell lung L858R mutation
cancer T790M mutation
FoundationOne Non-small EGFR exon 19 deletions Osimertinib
Liquid CDx cell lung L858R mutation Gefitinib
cancer Erlotinib
FoundationOne Prostate BRCAL and BRCA2 alterations Rucaparib
Liquid CDx cancer
FoundationOne Ovarian BRCAL, BRCA2 mutation Rucaparib
Liquid CDx
FoundationOne Lung (non- ALK rearrangement Alectinib
Liquid CDx
small cell)
FoundationOne Breast PIK3CA mutation Alpelisib
Liquid CDx
FoundationOne Prostate BRCAL, BRCA2, ATM mutation Olaparib
Liquid CDx

Table 1.1. Multi-gene panels approved as companion diagnostic tests by the FDA in 2020.

1.3.3.As a predictive and prognostic biomarker

A number of studies and trials in ABC have investigated whether ctDNA can be used as a
predictive or prognostic marker (Table 1.2). One of the earliest was Fribbens et al, who
demonstrated that patients with baseline plasma ESR1 alterations had a significantly shorter
progression free survival (PFS) on subsequent exemestane therapy than those that were wild
type®®. It is now well established that the concentration of ctDNA in the bloodstream is
prognostict!. However the majority of the data on baseline predictive biomarkers arises from
tumour-based sequencing, and establishing the clinical utility of plasma-based alterations is an

important unmet need.

Marker Study/Trial Summary N Outcome
type assessable
for ctDNA
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biomarker

S
Baseline SoFEAS® Prospective-retrospective 161 In SoFEA, baseline
Predictive study of patients randomised presence of  cfDNA
Biomarker to exemestane  versus detected ESR1 mutations
fulvestrant-containing predicted for relative
regimens (SoFEA) resistance to exemestane
and relative sensitivity to
fulvestrant.
BOLERO- Retrospective analysis of 541 cfDNA  detected ESR1
259 baseline ESR1 alterations and p.D538G was associated
subsequent PFS and OS with  a shorter PFS
within ~ the phase Il compared to wild type in
BOLERO-2 trial the exemestane arm.
(exemestane vs exemestane +
everolimus)
MONALEE | Prospective analysis  of 427 Ribocliclib + letrozole was
SA-2% baseline gene mutations and associated with a greater
PFS within the phase 1l PFS benefit compared to
MONALEESA-2 trial placebo + letrozole in
(letrozole +/- ribociclib) in patients with wild type
HR+ HER2- BC versus  altered  genes
involved in  receptor
tyrosine kinase signalling.
MONALEE | Phase Il trial of fulvestrant 692 Consistent PFS benefit for
SA-3%t +/- ribociclib in HR+ HER2- ribociclib arm regardless of
BC baseline alterations.
BELLE-2 Phase 11l trial of fulvestrant 587 PIK3CA-mutant arm had
+/- buparlisib longer median PFS on
buparlisib.
BELLE-3% | Phase Il trial of fulvestrant 348 In patients with PIK3CA-

+/- buparlisib

mutant positive ctDNA,
buparlisib + fulvestrant
significantly improved PFS

vs placebo. However, the
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interaction test for PIK3CA
status assessed by ctDNA

was negative.

Sharma et | Phase I/ll randomised trial of 42 Patients with PIK3CA-
al®s Alpelisib + nab-paclitaxel in mutant disease
HER2- disease demonstrated significantly

longer median PFS.

WJOG6110 | Randomised phase Il trial 50 PFS and OS were relatively

B/ELTOP® | investigating  trastuzumab shorter in patients with
beyond progression with PIK3CA mutations,
randomisation to irrespective of the
Capecitabine or lapatinib treatment arm; however, in

patients without PIK3CA
mutations, lapatinib
yielded relatively longer
PFS and OS than
Capecitabine.

MONARCH | Phase Ill randomised trial of | Not stated | Patients with  baseline

265 fulvestrant +/- abemaciclib in PIK3CA-mutant and ESR1-
HR+ HER2- disease mutant  disease  gained

relatively more from the
addition of abemaciclib
than patients with wild type
disease.

SOLAR-1% | Randomised phase Il trial 549 45% risk reduction in PFS
investigating the addition of for patients with ctDNA
alpelisib to fulvestrant in PIK3CA mutations
HR+ HER2- BC. (n=186); 20% for patients

without (n=363).

MONALEE | Randomised phase Il trial 565 Trend for more pronounced

SA-7¢7 tamoxifen/letrozole/anastroz benefit with the addition of

ole + gosereline +/- ribociclib
in HR+ HER2- patients

ribociclib in patients with
altered CCND1, GATA2
and genes involved in
receptor tyrosine kinase

signalling.
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ole + gosereline  +/-
ribociclib.  HR+ HER2-

patients

Ma et al® Non-randomised phase | trial 28 Two or more mutations
of pyrotinib + capecitabine within the HER2 signalling
pathway, PI3K/Akt/mTOR
pathway and TP53 were
associated with
significantly shorter PFS vs
none or 1 (median, 15.8 vs.
26.2 months, p=0.006).
Prognostic | Stover et al® | Analysis of ctDNA purity 164 Tumour fraction > 10%
Marker through analysis of somatic associated with
copy number alterations in significantly worse
the plasma of patients with survival.
advanced TNBC
Clatot et al’™® | Retrospective analysis of 144 Median 0S was
ESR1 D538G and significantly  lower in
p.Y537S/N/C in patients and patients with an ESR1
the association with clinical mutation compared to wild
outcome type.
BOLERO- Retrospective analysis of 541 Patients with an ESR1
29 baseline ESR1 alterations and p.Y537S and/or p.D538G
subsequent PFS and OS had a shorter OS than
within ~ the phase Il patients wild type both
BOLERO-2 trial both.
(exemestane vs exemestane +
everolimus)
MONALEE | Randomised phase Il trial 565 Patients with TP53 and
SA-7¢7 tamoxifen/letrozole/anastroz MYC alterations had a

poorer prognosis.

Table 1.2. Studies and analyses within ABC investigating ctDNA as a prognostic or predictive marker. HR+

HER2-, hormone receptor positive HER2 non-amplified. TNBC, triple negative breast cancer. BC, breast cancer

1.3.4.To interrogate the advanced breast cancer genomic landscape

Several large-scale sequencing efforts have characterised the landscape of ABC from tissue-
based sequencing®*38. The ABC landscape according to plasma-based sequencing has not yet
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been established in a large-scale study’®. Given the aforementioned limitations of tissue
sequencing with regard to tumour heterogeneity and the potential for liquid biopsy to enter
clinical practice, there is an unmet need to establish the landscape of breast cancer according
to plasma ctDNA sequencing.

1.3.5.To identify mechanisms of resistance

Through the selective pressure applied by therapy, subclones harbouring resistance mutations
survive and proliferate in a clonal manner to dominate the disease profile. Tracking the
emergence of known resistance mechanisms has demonstrated that these mutations can be
identified in the cfDNA months prior to clinical progression and/or predicting poorer outcome
on subsequent therapy in breast cancer’?, colorectal cancer®, NSCLS’ and ovarian cancer’>"®,
to name a few. In situations where the resistance mutations are known a priori, targeted
detection using ctDNA testing approaches able to sensitively identify mutations present at low
allele frequency (AF), as is likely to be the case with an emerging subclonal resistance
mutation, can be used. Where resistance mutations are not know a priori, broader sequencing
approaches may be required but, depending on the depth of sequencing, may not be able to

identify mutations occurring at low allele frequency.

Few studies within breast cancer have used paired baseline and end-of-treatment (EOT) ctDNA
sequencing as the primary method to investigate for novel putative resistance mechanisms to
targeted therapy. Two studies have demonstrated ERBB2 mutations and/or amplification in the
plasma within patients who had progressed on HER2-directed tyrosine kinase inhibitors’” 8,
O’leary et al used paired baseline and EOT plasma samples in the PALOMA-3 trial to
demonstrate evolution in the driver genes at progression in patients who initially responded to
treatment with palbociclib +/- fulvestrant’. To date, the potential of ctDNA analysis to identify
resistance mutations has not been fully reached with respect to targeted therapies in breast

cancer.

1.3.6.Potential limitations and questions around the application of ctDNA analysis

Multiple studies in ABC have compared tissue sequencing with contemporaneous ctDNA
analysis to validate this approach (Table 1.3). The results demonstrate highly varying results
that may be due to either biological or technical considerations. This variation highlights the
potential limitations and pitfalls of ctDNA analysis and the use of tissue assessment as the gold

standard measure.
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Authors Design Sequencing/ | Number of | Mutations Results
CtDNA assessable | compared
analysis patients
technique
Higgins | Part 1: plasma: Part 1: 49 PIK3CA Part 1: BEAMing of
etal, Retrospective BEAMing gene: Ex 9 | tissue and plasma
Part 2: 51 .
2012% contemporaneous p.1633G> | showed 100% of patients
FFPE
(same day) A E545K; | had concordant results at
Tissue:
samples Ex 20 the variant level.
Sequencing
p.3140A>
Part 2: and G Part 2: Sequencing of
Prospective BEAMing tissue and BEAMing of
H1047R;
CtDNA with plasma: 72.5% of
Ex 20
archival tissue patients had concordant
p.3140A>
samples results at the variant
T H1047L
level.
BEAMING of both
tissue and plasma: 100%
of patients had
concordant results at the
variant level.
Schiavon | Prospective Plasma and 31 ESR1 97% of patients had
et al, tissue: mutations: | concordant results.
2015% ddPCR p.L536R,
p.Y537S,
p.Y537N,
p.Y537C,
p.D538G
Maxwell | Prospective Plasma and 32 A number | 62% of variants were in
et al, contemporaneous | FFPE tissue: of agreement between
2017%2 (within 1 month) | Targeted commonly | plasma and tissue.
samples sequencing altered
genes in
breast

cancer (not

specified).
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Kim et Retrospective Plasma and 72 A number | 75% agreement in
al, non- tissue: of genes variants detected overall,
20178 contemporaneous | Targeted (not 100% for PIK3CA and
samples sequencing specified) | AKT1 mutations.
Chae et Retrospective Plasmaand | 45 Between 94.2% agreement
al, non- tissue: 45and 67 | (including concordant
20178 contemporaneous | Targeted genes negative).
samples sequencing
Adalstein | Prospective Plasma and 41 All genes 88% of clonal and 47%
sson et tissue: of subclonal SNVs
al, Whole detected in the tumour
20178 exome were identified in
sequencing cfDNA, while 88% of
the clonal and 45% of the
subclonal SNVs in the
cfDNA were present in
the tumour.
Urso et Prospective Plasmaand | 43 ESR1: 88% of patients had
al, contemporaneous | tissue: p.Y537S, concordant results.
2021% samples ddPCR p.Y537C,
p.Y537N,
p.D538G,
p.E3800Q
Board et | Archival Plasma and 41 PIK3CA: 95% of patients had
al, metastatic and tissue: p.H1047R, | concordant results.
2010% primary allele- p.H1047L,
specific PCR p.E545K,
p.E542K
Rothé et | Prospective study | Plasma and 17 50 genes 76% of patients had
al, tissue: concordant results.
2014% Targeted

sequencing




Takeshit | Retrospective Plasma and 35 ESR1: 74% of patients had
aetal, study tissue: p.Y537S, concordant results.
2017 ddPCR p.Y537N,
p.Y537C,
p.D538G
BELLE- | Prospective trial, Plasma and 342 PIK3CA 77% of patients had
2 archival tissue tissue: mutations | concordant results.
Sanger within
sequencing exons 1,7,
9,0r20
BELLE- | Prospective trial, Plasma: 256 PIK3CA 83% of patients had
362 archival tissue BEAMing hotspot concordant results.
Fresh or mutations
archival in exons 9
tissue: PCR and 20.
WJOG61 | Randomised Plasma: 26 PIK3CA 85% of patients had
10B/ELT | phase Il trial ddPCR concordant results.
ops# investigating _ Sensitivity 60%,
trastuzumab Tissue: specificity 100%
beyond ddPCR
progression with
randomisation to
Capecitabine or
lapatinib
MONAR | Phase Il Plasma and Not stated | PIK3CA: PIK3CA concordance
CH-2%° randomised trial archival p.E542K, | was 63%
of fulvestrant +/- | tissue: p.E545K,
abemaciclibin | ddPCR pH1047L, | EORY concordance was
HR+ HER2- p.H1047R 37%
disease ESR1:
p.D538G,
p.Y537C,
p.Y537N,
p.Y537S)
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Sharma Phase I/11 Plasma and 42 PIK3CA 70% concordance

et al® randomised trial | tumour: next activating
of alpelisib + nab- | generation mutations
paclitaxel in sequencing

HER2- disease

Kuang et | Prospective study | Plasma: 23 ESR1 100% sensitivity, 88%
al® ddPCR p.Y537S, | specificity
p.D538G,
Tissue:
p.E3800Q,
ddPCR
p.Y537N,
p.Y537C

Table 1.3. Studies comparing tissue and plasma ctDNA in ABC for mutation concordance. HR+ HER2-, hormone

receptor positive HER2 non-amplified.

The first major biological source of difference between tumour and ctDNA analysis can be
ascribed to the existence of patients who shed low or undetectable levels of ctDNA into their
circulation (“low-shedders”). It is known that certain patient groups have lower levels of
ctDNA, such as those with a low burden of disease?®, disease location?® and disease features
such as necrosis and neo-vascularisation?”. These patients may be less amenable disease
profiling by ctDNA testing. It is important that clinicians are able to evaluate in which patients
ctDNA profiling via a liquid biopsy is best suited, and in which patients there are more likely

to be false negative results.

A second major source of biological difference are variant features such as clonal dominance
and temporal acquisition. Truncal and clonally dominant alterations are more likely to be
concordant between tissue and plasma. Subclonal alterations, meanwhile, by their nature have
a lower allele frequency and are more likely to be metastatic-clade, thus more likely to cause
discordant results between plasma and tissue. These factors raise the argument that paired
tissue sequencing may not be the appropriate benchmark with which to assess the analytical
validity of ctDNA sequencing. Meanwhile the clinical relevance of subclonal alterations,
whether they represent targetable alterations or potential resistance mechanisms, is not well

understood.

More recently, the existence of clonal haematopoiesis (CH) has been identified as a biological
factor which potentially limits the clinical application of ctDNA analysis. CH describes the

accumulation of somatic mutations in hematopoietic cells that are clonally propagated from
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their precursors®. Mutations typically occur in a number of genes, including DNMT3A, TET2,
ASXL1, JAK2, PPM1D, TP53 and SF3B1%, and confer increased lifetime risk to the
development of a haematologic malignancy®. Presence of CH increases with age, with
approximately 10% (or higher, in sensitive assays) of over 65-year-olds demonstrating the
mutations®®. The mutations are present in cfDNA, and, aside from occurring more frequently
in certain genes, cannot be distinguished from tumour-derived somatic mutations and thus
confound ctDNA analysis. One study which undertook paired sequencing of cfDNA and
germline DNA with a large panel that included genes implicated in CH suggested that as many
as 53% of alterations identified in cancer patients could be derived from CH%. One way to
circumvent this issue is to simultaneously sequence the patient’s germline DNA, in which the
CH-mutations will also be identified and thus enable differentiation from the somatic tumour-
associated alterations. Importantly, however, many of the genes associated with breast cancer
are not mutated in CH (with the exception of TP53%), and so analyses involving these genes

would not be expected to be significantly confounded by this issue.

Technical considerations limiting the application of ctDNA analysis often stem from a lack of
consensus in methodology at each stage of a liquid biopsy®. From the patient side, there is
much variation in sample collection and processing processes. Following this there are
technical differences between DNA sequencing/testing platforms and their bioinformatic
pipelines, with comparative studies demonstrating that the platforms vary widely in the
mutations that are identified®®®’. Finally, for variants with low allele frequency, stochastic
sampling may result in variants being ‘missed’ by one ctDNA test whilst being identified in

another.

1.4. plasmaMATCH

1.4.1.Study rationale

To bring ctDNA analysis into clinical practice, the application of the approach must be proven
to be analytically valid, clinically valid and demonstrate clinical utility®®. Analytical validity
refers to ability of ctDNA testing to accurately detect the variant of interest. Clinical validity
refers to the need for ctDNA testing to accurately report the tumour genomics®. Clinical utility
refers to the requirement of ctDNA testing to have high levels of evidence to robustly
demonstrate that it improves patient outcome®. Prior trials of targeted therapy recruited

patients based on tissue sequencing results, with plasma ctDNA concordance of the targeted
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mutation often a secondary or exploratory endpoint undertaken retrospectively. The
plasmaMATCH trial was designed with the aim of investigating the activity of targeted therapy
in patients selected purely based on ctDNA testing, in a move towards ascertaining the clinical
validity and utility of the ctDNA testing. The primary objective of the trial was to assess the
safety and activity profile of targeted therapies in patient subgroups identified by ctDNA
screening®®. With two orthogonal approaches to ctDNA testing, alongside paired tumour
sequencing, the study design also allowed for further assessment of the analytical validity of
CtDNA testing in clinical practice.

1.4.2.Study design

PlasmaMATCH was a multiple parallel cohort, open label, multicentre phase Ila clinical trial
aiming to provide proof of principle efficacy for designated targeted therapies in patients with
ABC where the targetable mutation is identified through ctDNA screening (Figure 1.2).
Eligibility criteria included women over 18 years with measurable metastatic or recurrent
locally advanced breast cancer, which has progressed within the last 6 weeks. Patients must
have received at least one line of therapy in the metastatic setting and/or relapsed within 12
months of completing (neo)adjuvant chemotherapy, and not received more than 2 lines of
cytotoxic chemotherapy in the metastatic setting.
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Figure 1.2. The plasmaMATCH trial schema.

Eligible women underwent ctDNA testing with one of two techniques, droplet digital PCR
(ddPCR), and partway through the trial, targeted sequencing (Guardant360, Guardant Health,
USA). Eligible patients found to have an actionable mutation in one of a number of genes
(Figure 1.3) were able to enrol in the retrospective cohort for treatment with a matched targeted

therapy (Figure 1.2). Patients enrolled into a cohort were required to provide a fresh metastatic

biopsy or an archival metastatic tissue sample.
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Figure 1.3. ctDNA testing approaches within plasmaMATCH. Genes and alterations included with each approach

are illustrated. Activating mutations in ESR1, AKT1 and ERBB2 allowed entry into a treatment cohort.

In order to identify the required number of patients for each cohort, the trial aimed to recruit
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over 1000 women with ABC for ctDNA testing for the actionable mutations.

1.4.3.Use of plasmaMATCH samples within the fellowship

Screening plasma was processed by the Royal Marsden Biobank facility prior to extraction,
quantification and mutation assessment using ddPCR for a binary positive or negative result at
the Centre for Molecular Pathology, Royal Marsden, UK, as part of the trial. From July 2018,

screening plasma was additionally shipped prospectively to Guardant Health, California, for
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targeted sequencing using a 73-gene targeted panel. Positive actionable mutations identified by
either platform allowed eligibility to Cohorts B-D. CMP ddPCR results only were reviewed for
eligibility for Cohort A.

Further analysis on the baseline ddPCR results, including establishing the gene variant/s
present and assessing the allele frequency, was completed as part of the fellowship. For samples
shipped to Guardant Health, prospectively sequenced samples were shipped as part of the trial
at the time of enrolment for ctDNA testing. For retrospectively tested samples, the samples
were prepared and shipped as part of the fellowship. Additionally, C2D1 and EOT samples
were prepared and shipped as part of the fellowship. Targeted sequencing results from all
patients who underwent targeted sequencing at all timepoints by Guardant360 were analysed

as part of the fellowship.
All tissue samples were processed and analysed as part of the fellowship.

1.4.4.Cohort A: Patients with ESR1 alterations for treatment with extended dose

fulvestrant
1.4.4.1.ESR1 alterations

Approximately 75% of breast cancers are oestrogen receptor (ER) positive (HR+)% and express
oestrogen receptor a. The binding of oestrogen to an ER promotes expression of genes
controlling cell proliferation and survival*®. For the HR+ breast cancer subtype, hormonal
therapy is a cornerstone of therapy in both the early and advanced settings. Development of
resistance to hormonal therapy is common, with a number of ER+ breast cancers displaying
intrinsic, or de novo, resistance, and many developing secondary resistance following hormonal
therapy. Mechanisms of resistance include reduced ER expression'®, enhanced signalling via
the phosphatidylinositol 3-kinase (PI13K) and mitogen-activated protein kinase (MAPK)
pathways (including enrichment for ERBB2 alterations, NF1 loss of function alterations and
KRAS and EGFR alterations)®*19, alterations within genes regulating gene transcription such
as MYC and CTCF, and development of mutations within ESR1, which encodes the ER,

The ER is a nuclear protein consisting of two transcriptional activation domains at the N-
(ligand-independent) and C- (ligand dependent) terminus, a ligand-binding domain (LBD)
within the C-terminal region and DNA-binding and hinge domains within the protein core!®,

When not bound to an activating ligand, ER is mostly inactive and bound by heat-shock
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proteins (HSP)%* including HSP90. Binding of an agonist, such as oestrogen, releases the
bound HSP leading to receptor dimerization and folding of helix 12 over the LBD creating a
hydrophobic groove into which co-activators bind!%. Activating mutations, which cluster in
the LBD of ESR1, promote agonist conformation of the ER receptor leading to ligand-
independent ER activity and tumour growth'®1°  The mutations are commonly found in
patients following treatment with aromatase inhibitors in the metastatic setting®-!!, and, less
commonly, tamoxifen®®, and arise due to the selective evolutionary pressure applied by the
hormonal therapy promoting development of the resistance mutations®,

1.4.4.2. Targeting of mutant ESR1 with extended-dose fulvestrant

Fulvestrant is a selective oestrogen receptor degrader (SERD) that competitively inhibits the
binding of oestradiol to ER*?, The binding of fulvestrant to ER impedes receptor dimerization
and nuclear localisation, thus preventing activation of estrogen response elements within the
regulatory regions of oestrogen sensitive genes!2. The fulvestrant-bound ER is also unstable,
leading to increased degradation of the ER receptor. Early clinical data demonstrated that a
single pre-operative dose of fulvestrant significantly reduced ER expression in a dose-
dependent manner relative to placebo and, for the 250mg dose, relative to tamoxifen!?,
Subsequent clinical trials demonstrated non-inferior response of 250mg fulvestrant in
hormone-sensitive or ER+ patients in the metastatic setting compared to anastrozole,

tamoxifen, and exemestane!4-119,

Clinical trial data and large-scale sequencing efforts indicate that while patients with baseline
ESR1 mutations have inferior response to aromatase inhition®, sensitivity to fulvestrant is
retained®114120 - A combined analysis of the EFECT and SoFEA trials demonstrated that
patients with a baseline ESR1 mutation had an inferior PFS in patients treated with exemestane

compared to fulvestrant*?°.

In vitro data indicate that while cells with activating mutations in the LBD of ESR1 remain
sensitive to fulvestrant, high doses are required suppress ER activity to the same degree as wild

type ESR1%-197 In vivo, transcriptional response is significantly altered following high dose
fulvestrant (500 mg on days 0, 14, 28, and monthly thereafter), but not low dose (250 mg/28

days)*?L. Clinical trial data supports the notion that higher dose fulvestrant is required for
greater clinical effect. The phase 11l CONFIRM trial demonstrated a statistically significant
longer median PFS in patients treated with higher dose fulvestrant (500mg IM days 0, 14, 28
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and every 28 days thereafter) compared to the standard dose (250mg IM days 0, 14, 28 and
every 28 days thereafter), the higher dose associating with superior clinical efficacy and longer
overall survival'?2, In head-to-head analysis of higher-dose (500mg IM monthly following
loading dose) fulvestrant against other endocrine therapies in the metastatic setting, fulvestrant

demonstrated similar or improved treatment outcomes*?3124,

This background data provided the rational for cohort A in plasmaMATCH. Patients found to
have an activating ESR1 mutation on ctDNA screening were eligible to enrol into cohort A, for
treatment with extended-dose fulvestrant (twice as frequent standard dosing: 500mg fulvestrant
(IM) on Cycle 1 Days 1, 8 and 15 and Cycle 2 onwards Days 1 and 15).

1.4.4.3.Predictive and prognostic biomarkers of response to fulvestrant

Baseline expression of the cyclic dependent kinase 6 (CDK®6), which promotes cell cycle entry
from G1 to S phase through association with D-type cyclins and phosphorylation and
inactivation of retinoblastoma (RB), has been found to associate with subsequent PFS on
fulvestrant!?. In a retrospective analysis of baseline tissue CDK6 expression, high baseline
levels was associated with median time to progression of 2.5 months vs. 8.2 months in the low
expression group (p=0.0006), with results from a validation cohort corroborating the results.
The same difference was not seen in patients treated with tamoxifen or aromatase inhibitor

therapy.1%

A large-scale genomic sequencing effort analysed biopsies from patients taken prior to
subsequent SERD therapy3. Patients with alterations causing enhanced signalling via the
MAPK pathway had a shorter PFS on SERD therapy than patients without any of a MAPK
pathway mutation, ESR1 mutation or alteration affecting a transcription factor*, suggesting

presence of baseline MAPK alterations is a predicts response to subsequent SERD therapy.

Analysis of the FERGI trial, and a combined analysis of the SOFEA and PALOMAS trials
demonstrated that ESR1 mutant polyclonality and allele frequency are not associated with
response to fulvestrant®®!!, The specific ESR1 mutation variant present at baseline, however,
has been found to be associated with sensitivity to fulvestrant in vitro and in vivo, with p.Y537S
showing the highest resistance to treatment'?6. The combined analysis of the SoFEA and
PALOMAZS trials did not recapitulate this result, with no significant difference in PFS in
patients with different baseline hotspot ESR1 alterations treated with fulvestrant, albeit the

analysis was limited by sample size (n=224)%.
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1.4.4.4 Putative resistance mechanisms to fulvestrant

In contrast to tamoxifen and aromatase inhibitor therapy, little is known about specific
mechanisms of resistance to SERD, or fulvestrant therapy. In vitro data gained from six
fulvestrant-resistance cell lines demonstrated no difference between the parental and
fulvestrant resistant cell lines in their genomic profile, as assessed by a 51-gene targeted
panel?’. Conversely, expression analysis of 3 of the cell lines demonstrated enrichment of
pathways involved in cell cycle progression and DNA replication and repair, including cycle
checkpoint regulators such as CDK6, CCND3, CCNE1, CCNE2, CDK1, and CDK2!?", Two
other groups have also identified increased expression of CDKG6 in fulvestrant resistant cell
lines!?>128 which, together with a clinical association of baseline CDK6 expression with PFS
in fulvestrant'?®, supports a central role of dysregulated cell cycle progression control in

fulvestrant resistance.

Clinical trial data has implicated ESR1 and PIK3CA alterations in fulvestrant resistance.
Baseline and EOT sequencing analysis of the fulvestrant-only arm in PALOMA3 demonstrated
enrichment for ESR1 mutation p.Y537S at EOT. Patients with a p.Y537S mutation at baseline
had a significantly shorter PFS than those who later acquired the alteration. Combined, this
data suggests the ESR1 alteration p.Y537S may confer resistance to fulvestrant therapy’®. A
further finding was enrichment of mutations within PIK3CA at EOT, suggesting activation the
PI3K/AKT/mTOR pathway may confer resistance to fulvestrant’®, and is supported by in vitro

datal®.

1.4.5.Cohort B: Patients with ERBB2 mutations for treatment with neratinib +/-

fulvestrant
1.4.5.1.ERBB2 alterations

The ERBB2 gene encodes HER2 (Human epidermal growth factor receptor 2), a
transmembrane growth factor receptor from the epidermal growth factor receptor (EGFR)
family. The EGFR receptors, HER1/EGFR, HER2, HER3 and HER4, share a common
morphology, consisting of an extracellular domain (ECD), a transmembrane domain (TMD),
an intracellular region which includes the juxtamembrane domain (JMD) and kinase domain
(KD) and a C-terminal tail domain (CTD)*?°. Overexpression of HER2, also known as ERBB2,
occurs in 15% of breast cancer patients and is associated with a more aggressive breast cancer

phenotype'®%13L, The HER2 receptor is unusual within its family both for lacking a specific
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activating ligand**? and residing in an open conformation ready to form dimers as the preferred
dimerization partner of the other members of the EGFR/HER family!*® (Figure 1.4).
Homodimerisation with other HER2 or heterodimerisation with other members of the
EGFR/HER family!3 activates its intracellular tyrosine kinase domain leading to enhanced
signalling via the PI3K and MAPK pathways'** (Figure 1.4). HER2 overexpression, which
often occurs as a result of ERBB2 amplification, leads to increased HER2 receptor
dimerization!®. This, in turn, promotes cell growth, survival and differentiation via activated

downstream signalling®3®.

Figure 1.4. The EGFR/HER receptor signalling and downstream pathway activation. Ligand binding to

EGFR/HER receptors promotes dimerization with other members of the EGFR/HER family, activating

downstream signalling via MAPK and PI3K pathways promoting cell proliferation and survival. In the case of
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HER?2, it does not need activation via ligand binding and lies in the open confirmation ready to dimerise with
other HER2 or other members of the EGFR/HER family. Image adapted from Goutsouliak et al, 2020,

Recently, it has been demonstrated that approximately 2.4% percent of breast cancer patients
harbour activating mutations in ERBB213-140_ |t is had previously been thought that ERBB2
mutations and HER2-amplification are mutually exclusive, based upon a low frequency of
ERBB2 mutations in HER2-amplified breast cancers within The Cancer Genome Atlas of
primary breast cancers®. More recent studies have identified a higher rate (~7%) of ERBB2
mutation in HER2-amplified metastatic breast cancers**!. The most common mutations occur
within the KD and ECD domains*?, and have been causally linked with resistance to oestrogen
therapy3+142143  Activating mutations in ERBB2 increase the flexibility of the HER2 protein,
promoting binding with HER3 and subsequent activation of downstream signalling particularly
via the PIK3CA/AKT/mTOR pathway#>!4, Given the role of HER2 in promoting cell growth

and survival, activating mutations in the gene are an attractive therapeutic target.

1.4.5.2.Targeting of activating ERBB2 mutations with neratinib

Neratinib is an irreversible tyrosine kinase inhibitor of HER1/EGFR, HER2 and HER4, with
particular potency in inhibiting HER1/EGFR and HER2%, Early clinical work demonstrated
neratinib decreased downstream MAPK and AKT phosphorylation and inhibited cell cycle
progression in cancer cell lines, and repressed tumour growth in tumour xenografts*. This
provided the rationale for early clinical trials of neratinib that showed promising results in both
early and advanced breast cancer#6-148, The MutHER phase 2 trial investigated the activity of
neratinib in ERBB2 mutant HER2 non-amplified breast cancer, demonstrating a clinical benefit
rate of 31% amongst patients with a range of activating ERBB2 alterations!*®. The SUMMIT
trial also demonstrated the efficacy of neratinib in ERBB2-mutant metastatic breast cancers
with an objective response rate of 3296°°.

This background data provided the rational for cohort B in plasmaMATCH. Patients with an
activating ERBB2 mutation on ctDNA screening were eligible to enrol into cohort B, for
treatment with neratinib (240mg PO OD), with the addition of fulvestrant (500mg IM on Cycle
1 Days 1 and 15 and Cycle 2 onwards Day 1) in HR+ patients.
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1.4.5.3.Predictive and prognostic biomarkers response to neratinib in ERBB2-

mutant cancer

The SUMMIT trial specifically recruited patients with ERBB2 mutations in a range of cancers
for treat with neratinib +/- fulvestrant'®. The greatest activity was found in patients with breast
cancer and in patients with known hotspot mutations in ERBB2*. The vast majority of patients
in this trial had clonal ERBB2 alterations, and none of the patients with subclonal ERBB2

achieved clinical benefit’"1%,

Co-mutations also appear to be predictive, with enrichment of TP53 and HER3 mutations in
patients receiving no clinical benefit in the SUMMIT trial®, Within the breast cancer cohort
of SUMMIT, TP53 mutations were also associated with lack of clinical benefit’’. Notably,
breast cancer patients with multiple activating ERBB2 alterations (mutations/amplification, 7
of 44 patients) did not achieve clinical benefit’”. Integrating a trend identified within the
SUMMIT breast cancer cohort with analysis of a broader cohort of prospectively sequenced
tumours (n=29,373), the group suggest that additional alterations in ERBB2 and ERBB3 are
selected for in a subset of patients, and that when present at baseline these tumours may be

resistant to neratinib’’.

1.4.5.4.Putative resistance mechanisms to neratinib

Gatekeeper mutations are recognised as a common cause of resistance to targeted therapy.
Neratinib is no exception, and the ERBB277%! mutation was identified in a patient with ERBB2-
mutant breast cancer following progression on neratinib. Isoleucine, which is bulkier than
threonine, causes steric hindrance to neratinib binding**'%? leading to drug resistance. Two
patients in the SUMMIT trial, who enrolled patients based on a baseline activating ERBB2
mutation, acquired this alteration by EOT’’, suggesting it reflects a mechanism of resistance in

patients with ERBB2-mutant positive breast cancer.

Data from the SUMMIT trial also demonstrated that of 22 assessable patients, 8 (36%) acquired
an alteration (amplification or mutation) in ERBB2, of whom 7 derived clinical benefit from
neratinib-containing therapy’’. This high rate of ERBB2 alteration acquisition is striking and

may represent a mechanism of resistance.

Analysis of neratinib-resistant cell lines and patient-derived PDX models of neratinib

resistance has suggested that enhanced TORCL1 signalling is central to neratinib resistance®®3,
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TORC1 integrates the proliferative signals from a number of pathways, including
PIK3CA/AKT/mTOR and MAPK!2, both of which are modulated by RAS. Knockdown of
RAS (HRAS, NRAS and KRAS isoforms) led to reversal of neratinib resistance in drug-
resistant cell lines, suggesting RAS-dependent TORC1 hyperactivity in neratinib resistance!®3,
Neratinib resistance was overcome by concurrent application of TORCL1 inhibitor

everolimus!®?

. The group also interrogated the baseline sequencing data of patients enrolled in
SUMMIT, finding enrichment of activating mutations with the mTOR pathway in patients with
de novo resistance to neratinib®3. This was supported by cell culture data whereby MCFV777-

cells with concurrent PIK3CA or KRAS mutations exhibited de novo resistance®®®.

1.4.6.Cohort C: HR+ patients with AKT1 mutation for treatment with capivasertib +/-

fulvestrant
1.4.6.1. AKT1 alterations

The AKT Kkinases, which includes AKT1, AKT2 and AKTS3, are key components of the
PISK/AKT pathway®®*. This pathway regulates many aspects of cell regulation including
glucose metabolism, genome stability, growth, survival, proliferation and neo-
vascularisation®>, It is one of the most commonly activated pathways in cancer®®®, with loss of
function mutations occurring in the negative regulators PTEN and INPP4B, and activating
mutations/amplifications upstream in ERBB2 and FGFR1, in PIK3CA (which encodes the p110
alpha catalytic subunit of PI3K), and its downstream effectors such as AKT1 and AKT2%°,

AKT1, the serine threonine kinase, contains an amino-terminal plekstrin homology (PH)
domain, a central catalytic domain, and a carboxy-terminal regulatory domain. PI13K activation,
itself activated by the binding of ligands to receptor tyrosine kinases (RTKS), causes
phosphorylation of phosphatidylinositol-3,4-bisphosphate (PIP2) to phosphatidylinositol-
3,4,5-trisphosphate (PIPs3) at the cell membrane (Figure 1.5). In turn, PIP3 binds to the PH
domain of AKT1 leading to recruitment of the kinase to the cell membrane®®®. Once at the cell
membrane, the conformational change prompted by binding of PIP3 to the PH domain allows
phosphorylation of AKT1 at the regulatory amino acids Thr308 and Ser473 by the kinases
PDK1 and PDK2 (containing mTORC?2), respectively®®, activating AKT1 downstream

effectors.
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Figure 1.5. The PI3K/AKT signalling pathway. Ligand binding activates receptor tyrosine kinases (RTKS),
leading to recruitment of PI3K to the lipid membrane. Here, PI3K phosphorylates phosphatidylinositol 4,5-
bisphosphate (PtdIns(4,5)P2, PIP,) to produce phosphatidylinositol 3,4,5-trisphosphate (Ptdins(3,4,5)P3, PIP3).
PIP3 then recruits AKT to the plasma membrane where it is phosphorylated by PDPK1 and mTORC?2 at the
threonine and serine phosphorylation residues, respectively, activating the protein. Downstream signalling
pathways are activated or inhibited, promoting metabolic changes, cell survival, growth and proliferation. Adapted
from Hoxhaj et al, 2020,

In 2007 Carpten et al identified the AKT1 p.E17K mutation through sequencing of a range of
tumour types, including breast cancer'®. A G>A point mutation at nucleotide 49 causes
substitution in amino acid from an acidic glutamic acid to leucine at amino acid 17. In the
unbound state of wild type AKT1, the glutamic acid at amino acid 17 lies within the PIP2/PIP3
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binding pocket (the PH domain), forming an ionic bond with the basic lysine at position 14.
Alteration to lysine a position 17 prevents the formation of the ionic bond, leading to PI3K-
independent activation. Overall, the E17K-mutant AKT1 localises to the plasma membrane
without stimulation, and has four-fold higher kinase activity than the wild type'®®. Sequencing
studies have identified this alteration in around 4-6% of breast cancers!®®-1®!, The alteration
was found to be mutually exclusive with PIK3CA alterations, suggesting that the alteration is
singularly sufficient to activate the pathway!®. Other activating AKT1 alterations have been
identified, albeit they are less common than the E17K hotspot!®?,

1.4.6.2.Targeting of AKT1 E17K with capivasertib

Capivasertib is an oral, potent, selective competitive ATP-inhibitor of all three isoforms of
AKT (AKT1, -2 and -3), which has particular activity cancers with concurrent
mutations/amplifications that would be anticipated to inhibit the PI3K/AKT pathway!%3-16°,
Phase I and Il trials in patients with an AKT1-mutant positive breast cancer have demonstrated

response rates of between 19% and 46%'66-168,

Preclinical models have suggested that in ER+ breast cancer, inhibition of the PISK/AKT
pathway may lead to compensatory enhanced oestrogen-dependent signalling®®®. This
prompted the investigation of combined blocking of the oestrogen dependent signalling and
PI3K/AKT pathway signalling with fulvestrant and capivasertib. The phase Il FAKTION trial
demonstrated significantly improved PFS in patients who were treated with fulvestrant and
capivasertib compared to those on with fulvestrant alone (10.3 months versus 4.8 months,

p=0.0018)"°, underlining a role for dual therapy in hormone positive breast cancer.

This background data provided the rational for cohort C in plasmaMATCH. Patients with HR+
disease found to have an activating AKT1 mutation on ctDNA screening were eligible to enrol
into cohort C, for treatment with capivasertib (400mg PO BD 4 days on, 3 days off within 28
day cycles) with the addition of fulvestrant (500mg IM on Cycle 1 Days 1 and 15 and Cycle 2

onwards Day 1).

1.4.6.3.Predictive and prognostic biomarkers response to capivasertib

Two phase I/1l randomised controlled trials have investigated the activity of capivasertib
alongside paclitaxel in triple negative (TNBC) and HR+ breast cancer, respectively!’*172,

Whilst in HR+ breast cancer there was no there additional benefit of capivasertib in a PIK3CA-
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mutant subpopulation®’!, patients with a PIK3CA/AKT1/PTEN mutation were demonstrated to
gain additional benefit from capivasertib in TNBC!"2. The lack of benefit in PIK3CA-mutant
HR+ breast cancer was suggested to be secondary to enhanced ER signalling prompted by
PI3K inhibition®,

The phase Il randomised FAKTION trial investigated the benefit of addition of capivasertib to
fulvestrant in HR+ HER2- breast cancer, which in the overall population demonstrated that
there was a significant improvement in median PFS from the combination. Interestingly,
however, in the subgroup of patients with activating PI3K pathway alterations (including PTEN
loss), this benefit was not significant!’®, arguing against enhanced activation of estrogen
signalling as a mechanism of escape from capivasertib therapy. Thus while capivasertib
appears to be more active in TNBC with PI3K pathway activation, the same does not appear to

be true within HR+ breast cancer.

1.4.6.4.Putative resistance mechanisms to capivasertib

Little is known of the mechanisms of resistance to capivasertib in vivo. In vitro data suggests
that the SGK3 pathway, a PI3K-independent pathway that activates downstream mTORC1,
becomes upregulated following prolonged treatment with an AKT inhibitor and could represent

a mechanism of resistance”®. However supportive patient-derived clinical data is lacking.

1.4.7.Cohort D: Patients with AKT pathway activating mutations for treatment with
capivasertib

1.4.7.1.Activating AKT mutations

As discussed in section 1.4.6.1, mutations which enhance signalling via the PI3K-pathway are
broad ranging, occurring at multiple points in the pathway. Mutations in PTEN, a negative
regulator of the PI3K-pathway, have been identified in 9% of HR+ HER2- breast cancer and
15% of TNBC?*. Inactivating mutations or homozygous deletion of PTEN lead to reduced
degradation of PIP2 and PIP3 and subsequently enhance signalling via PI3K that is evident in
a raised expression of p-AKT331%4174 The clinical ramifications of this are particularly evident
in patients with germline inactivating PTEN mutations, named Cowden’s disease, a condition

associated with increased lifetime risk of neoplasms*”.

This background underlies the rational for cohort D in plasmaMATCH. Patients with mutations

expected to activate signalling via AKT were eligible, including:
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- AKT1 mutations identified in ctDNA in HR- breast cancer.

- AKT1 mutations identified tumour sequencing in patients with HR+ or HR- breast cancer.

- AKT2/3 E17K, PIK3R1 or PTEN mutations or homozygous deletion of PTEN in ER
positive or negative breast cancer identified in ctDNA or tumour sequencing.

Enrolled patients were treated with capivasertib 480mg PO BD 4 days on/3 days off within a
28-day cycle.

1.4.7.2.Targeting of AKT-activating alterations with capivasertib

Several studies have investigated the use of capivasertib in patients with mutations anticipated
to activate signalling via the PI3K pathway outside of AKT1 p.E17K, with generally poor
results. In one phase | study in patients with PTEN-mutant HR+ breast cancer, the response
rate was low at 8% in the fulvestrant-naive patients and 21% in fulvestrant pre-treated
patients’®. The authors noted that there was no apparent relationship between the type of PTEN
alteration and clinical response!’®. A further phase | study of capivasertib monotherapy in
patients with PIK3CA-mutated breast (HR+ or HER2+) and gynaecologic tumours failed to
reach the required 20% response rate at the interim assessment, and recruitment was halted
early®®, Moreover, as discussed in section 1.4.6.3, patients with HR+ breast cancer with
concomitant PI3K-pathway alterations do not appear to gain additional benefit from
capivasertib over those wild type for PI3K pathway alterations within phase 1l trials, regardless

of whether endocrine therapy was also givent’%17,

In TNBC, there appears to be additional benefit of capivasertib in PI3K-pathway altered
tumours. The randomised phase Il PAKT trial demonstrated a median PFS of 5.5 months in
patients with PIK3CA/AKT1/PTEN-non-altered tumours compared to 9.3 months in patients
with PIK3CA/AKT1/PTEN-altered tumours'’2.

1.5. Summary

CtDNA analysis has great potential in the management of ABC in improving patient outcomes.
The prospective applications of ctDNA analysis are wide, from the identification of targetable
alterations, to investigation of predictive and prognostic biomarkers and delineation of the
breast cancer mutational landscape and clonal architecture. The plasmaMATCH trial

represents a novel trial design that creates an opportunity to not only validate the use of ctDNA
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analysis, but also investigate these applications within a large number of patients and in a range

of targeted therapies.
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2. Chapter 2. Methods and Materials

2.1. Methods and materials within the plasmaMATCH study

2.1.1.Study design

PlaamaMATCH (NCT03182634) was a multiple parallel cohort, open label, multi-centre,
phase Ila study which aimed to establish the activity of targeted agents when the treatment
target was identified using ctDNA testing’’. Eligibility criteria included women over 18 years
with measurable metastatic or recurrent locally advanced breast cancer, which had progressed
within the previous 6 weeks. Patients must had received at least one line of therapy in the
metastatic setting and/or relapsed within 12 months of completing (neo)adjuvant
chemotherapy, and not received more than 2 lines of cytotoxic chemotherapy in the metastatic

setting.

Eligible patients underwent ctDNA testing to identify a number of targetable mutations (Figure
2.1A), with positive mutation status making a patient eligible to enter a respective treatment
cohort for treatment with a matched targeted therapy (Figure 2.1B). ctDNA testing was
undertaken using two orthogonal approaches: droplet digital PCR (ddPCR) and error-corrected
targeted sequencing (Guardant360, Guardant Health, USA). Mutation status from ddPCR
allowed entry into cohorts A to E, while results from either ddPCR or targeted sequencing
allowed entry into cohorts B to E. Alongside plasma ctDNA testing results, patients could also
enter cohort D with mutation results from prior tissue sequencing or immunohistochemistry

undertaken outside of the trial.
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Figure 2.1. ctDNA analysis approaches and trial schema of plasmaMATCH. A, circulating tumour DNA (ctDNA)
testing for patients in plasmaMATCH. Droplet digital PCR (ddPCR) tested for hotspot mutations in ESR1, ERBB2
(HER2), PIK3CA and AKT1 while targeted sequencing employed a duplex targeted sequencing 73/74 gene panel
(Guardant360). B, Advanced breast cancer patients with disease progression after prior therapy, and following
consent, were offered ctDNA testing by droplet digital PCR (ddPCR) for the presence of actionable mutations in
ESR1, ERBB2 (HER2), PIK3CA and AKTL1 or targeted sequencing. Patients were enrolled into one of the five
interventional arms based on the mutations detected in plasma, the clinical results of which have been reported®,.

Cohort E is currently ongoing.

Prospective targeted sequencing was commenced partway through the trial, following a
protocol amendment. For patients recruited before prospective targeted sequencing, remaining
banked baseline plasma (remaining plasma from ddPCR ctDNA testing, or a pre-treatment
C1D1 sample) were shipped for targeted sequencing. Targeted sequencing results for patients
with a retrospectively sequenced baseline sample were for research only and did not influence

cohort eligibility.

Between 21 December 2016 and 26" April 2019, 1051 patients were registered into the study,
of which 1044 entered via ctDNA testing and seven by prior tumour analysis. Cohorts A-D
recruited to target with 84, 21, 18 and 19 patients enrolled in each cohort, respectively. Cohort

E was opened later and will be reported at a later date, and does not form part of this thesis.
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2.1.2.Sample collection
2.1.2.1.ctDNA screening sample collection and shipment

Eligible patients who had given written informed consent had 30 — 40 ml blood collected in 3—
4 10ml cell-free DNA BCT Streck tubes. 30ml of the blood was shipped at ambient temperature
to the central laboratory (Centre for Molecular Pathology, Royal Marsden Hospital) where it
underwent plasma isolation, DNA extraction and ddPCR testing. Any remaining plasma was
stored at -80°C prior to shipment on dry ice to the research laboratory (Institute of Cancer
Research, London, UK). The remaining 10ml of blood was, following protocol amendment,

shipped to Guardant Health (Redwood City, California, USA) to undergo targeted sequencing.

Blood samples shipped to the central laboratory were centrifuged at 1,600g for 10 minutes. The
resulting plasma was isolated and underwent a second centrifuge at 1,600g for 10 minutes prior
to aliquoting and storage at -80C until further analysis. Blood samples shipped to Guardant
Health were centrifuged at 1,600g for 10 minutes, and the resulting plasma further centrifuged

at 3,220g for 10 minutes prior to aliquoting and storage at -80 C.

2.1.2.2.Baseline tissue sample collection and shipment

Patients enrolled into a treatment cohort within plasmaMATCH were required to provide a
baseline pre-treatment tissue biopsy specimen. Fresh tumour biopsies of metastatic tissue were
obtained under image guidance, where necessary. A 14G biopsy was used to obtain four
research cores, two of which were placed in formalin containing 10% neutral buffered formalin
before paraffin embedding, while the remaining two cores were frozen on dry ice prior and

stored at -80°C until batched shipment to the research laboratory.

Where biopsy was contraindicated or not possible, an archival metastatic biopsy could be
provided as an FFPE block or as five freshly prepared unstained 10 micron sections. Samples

were shipped by local hospitals to the research laboratory at ambient temperature.

2.1.2.3.0n-treatment blood sample collection and shipment

Patients enrolled into plasmaMATCH treatment cohorts underwent blood collection prior to
each cycle of treatment and at the time of treatment discontinuation (end of treatment, EOT
sample). Blood was collected in 2 x 10mL BD Vacutainer® EDTA tubes, inverted 8 to 10

times, and centrifuged within 1 hour of collection (4 C in a horizontal rotator for 2 minutes at
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1600 RCF/2700 RPM). The resulting plasma was aliquoted into 4.5mL cryotubes and frozen

at -80 C prior to batched shipment on dry ice to the research laboratory.

2.1.2.4.Retrospective shipment of plasma to Guardant Health for targeted

sequencing

For patients retrospectively sequenced within the ctDNA testing component of the trial, and
for all in-cohort patients with available plasma at the C2D1 and EOT time points, plasma was
shipped from the research laboratory to Guardant Health for targeted sequencing. The aim was
to sequence one baseline sample (ctDNA testing or C1D1 time point), one C2D1 sample and
one EOT sample for each in-cohort patient. The C1D1 time point was preferentially chosen as
the baseline sample where there was available plasma. To prepare the plasma for shipment,
plasma stored at the research laboratory was thawed at room temperature. Tubes were mixed
by inversion before 2ml was aliquoted into a separate 4.5ml cryovial. Aliquots were stored at
-80 C until batched shipment on dry ice to Guardant Health, USA.

2.1.3.Plasma DNA extraction
2.1.3.1.ctDNA screening samples at the CMP

DNA was extracted from 4 or 8mL of screening plasma using the automated QiaSymphony
platform (Qiagen, Hilden, Germany) following the manufacturer’s instructions, and eluted into

60 or 120uL Buffer, respectively. DNA was stored at -80C until further use.

2.1.3.2.Samples processed at the research laboratory

Plasma underwent manual DNA extraction using the QlAamp Circulating Nucleic Acid Kit
(Qiagen, Hilden) as per manufacturer’s protocol as follows. Plasma was thawed at room
temperature, and between 1 and 5ml aliquoted into a 50 ml centrifuge tube for extraction
depending on downstream process requirements. Any samples with less than the needed
volume of plasma were topped up to the required extraction volume with PBS (phosphate
buffered saline). Buffer ACL and Carrier RNA (stock = 0.2ug/uL, dissolved in Buffer AVE)
were combined in accordance to Figure 2.2 for the respective number of samples being

extracted and mixed by inversion 10 times.
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Buffer ACL (ml)

Number of Carrier RNA in
samples 1ml 2ml 3ml  4ml 5ml Buffer AVE (pl)
1 09 1.8 26 35 44 56
2 1.8 35 53 70 8.8 11.3
3 2.6 53 79 106 13.2 16.9
4 35 7.0 106 14,1 17.6 225
5 4.4 88 132 176 220 28.1
6 53 10.6 158 21.1 264 338
7 6.2 123 185 246 308 394
8 7.0 14.1 21.1 282 352 450
9 79 158 238 317 396 50.6
10 88 17.6 264 352 440 563
1" 9.7 19.4 290 387 484 61.9
12 10.6 21.1 317 422 528 67.5
13 11.4 229 343 458 57.2 73.1
14 123 2446 370 493 61.6 78.8
15 13.2 264 396 528 66.0 844
16 14.1 282 422 563 70.4 90.0
17 150 299 449 5038 748 95.6
18 158 a7z 475 434 79.2 101.3
19 167 334 502 469 83.6 106.9
20 17.6 352 528 704 88.0 112.5
21 18.5 370 554 730 92.4 118.1
22 19.4 387 58.1 77.4 96.8 123.8
23 20.2 405 0.7 g0 101.2 129.4
24 21.1 422 634 g45s 105.6 135.0

Figure 2.2. Volumes of Buffer ACL and carrier RNA required for processing 1ml, 2ml, 3ml, 4ml or 5ml plasma

volume. Adapted from laboratory SOP 008: Manual extraction of cell free DNA from plasma.

The respective volume of Proteinase K and Buffer ACL/Carrier RNA, according to the volume

of plasma extracted (Figure 2.3), was added to the plasma before vortexing the sample for 30

seconds.
Plasma (ml) 1 2 3 4 5
Proteinase K ul 100 200 300 400 500
ACL + CRNA mix
(ml) 0.8 1.6 2.4 3.2 4
ACB (ml) 1.8 3.6 5.4 7.2 9

Figure 2.3. Reagent volumes required for extracting 1-5ml plasma . Adapted from laboratory SOP 008: Manual

extraction of cell free DNA from plasma.

The sample was incubated in a water bath at 60°C for 30 minutes. Buffer ACB (Table 2.3) was
added, the sample vortexed for 15-30 seconds, and incubated on ice for 5 minutes. QIAamp
Mini columns were attached to VVacConnectors on a QlAvac 24 Plus manifold. The sample was
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added to the QIAamp Mini column and negative pressure applied to draw the sample through
the column, collecting the DNA in the Mini column membrane. The column membrane was
washed sequentially with Buffers ACW1 (600uL), ACW2 (750uL) and 96-100% ethanol
(750uL) with negative pressure applied to draw each through the column membrane. The
column was then removed from the manifold, centrifuged at 14000rpm for 3 minutes followed
by incubation at 56C for 3 minutes to dry the membrane. DNA was eluted by application of
25uL Buffer AVE to the membrane, incubation for 3 minutes at room temperature, and
centrifugation at 14000rpm for 1 minute to collect the eluate. The last step was repeated to

produce two 25uL. DNA elutions that were transferred to barcoded tubes and stored at -20 C.

2.1.4.Tissue DNA extraction
2.1.4.1.FFPE tissue samples

FFPE tissue blocks and slides each had a haematoxylin and eosin—stained (H&E) slide prepared
which a pathologist reviewed and annotated for tumour content. Tissue sections satisfying the
criteria of a minimum of 20% tumour content underwent DNA extraction. Slides were cut from
FFPE tissue blocks with the aim of extracting tumour tissue DNA and RNA from a total area
of 100 mm? and stained with Nuclear Fast Red (NFR). Following the Allprep DNA/RNA kit
protocol (Qiagen, Hilden, Germany), the NFR stained slides were needle microdissected to
isolate the tumour-containing tissue and transferred to a microcentrifuge tube containing 10uL
proteinase K, the tube vortexed and incubated at 56 ‘C for 15 minutes and then on ice for 3
minutes. The tube was centrifuged at 20,000xg for 15 minutes to separate the supernatant from
the pellet.

To extract RNA from the supernatant the supernatant was incubated at 80 °C for 15 minutes
before 320uL Buffer RLT and 1120uL 96-100% ethanol were added and the sample mixed by
vortexing. The sample was added in 600uL increments to an RNeasy MinElute spin column
and centrifuged to collect the RNA in the spin column until all the supernatant had passed
through. The flow-through was discarded. The spin column was rinsed with 350uL Buffer FRN
by centrifuging for 15 seconds at 10,000rpm and the flow-through discarded. For each sample,
10uL DNase | was combined with 70uL Buffer RDD in a microcentrifuge tube and mixed by
inversion before 80uL was added directly to the spin column membrane. The spin column
membrane was incubated at room temperature for 15 minutes. 500uL Buffer FRN was then

added to the spin column and the column centrifuged for 15 seconds at 10,000rpm to wash the
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Buffer through the membrane. The flow-through was re-applied to the membrane and
centrifuged again for 15s at 10,000rpm and the flow-through discarded. The membrane was
washed twice by the addition of 500uL Buffer RPE followed by centrifuging and discarding
of the flow-through. The spin column was placed in a new 1.5ml Lo-bind DNA microcentrifuge
tube. RNA was eluted by the addition of 30uL RNase-free water to the spin column membrane,
incubation for 1 minute at room temperature and a centrifuge at full speed for 1 minute to
collect the flow through. The eluate containing RNA was transferred to a barcoded tube and
stored at -80 C.

To extract the DNA from the pellet, the pellet was re-suspended in 180uL Buffer ATL and
40uL proteinase K, mixed by vortexing and then incubated overnight on a heat block at 56 'C
with interval mixing (700rpm for 10 seconds every 90 minutes). The sample was then incubated
on a heat block to 90C for 2 hours. Once cooled, 2uL RNase A was added and the sample
incubated for 2 minutes at room temperature. 200uL Buffer AL was added to the sample, it
was mixed by vortexing, following which 200uL ethanol (96 — 100%) was added, and the
sample mixed by vortexing and centrifuged. The lysate is passed through a QlAamp MiniElute
column by centrifuging at 8000rpm for 1 minute, with the DNA collected in the column
membrane. The membrane is washed by adding and centrifuging sequentially 500uL Buffers
AW1 and AW2, respectively, and the flow-through discarded each time. The spin column
membrane was then dried completely by centrifuging at 13,000rpm for 5 minutes. DNA was
eluted by the addition of 50uL of pre-warmed (42 ‘C) Buffer ATE, centrifuging and collection
of the eluate. This process was repeated for a second elution, and the eluates transferred into
barcoded tubes and stored at -20 C.

2.1.4.2.Fresh frozen tissue samples

The fresh frozen tissue had an H&E slide cut which a pathologist reviewed and annotated for
tumour content. Tissues with a minimum of 20% tumour content were cut in 10um slices on
slides, with slides kept on dry ice until microdissection. Following the Allprep DNA/RNA Mini
Kit protocol (Qiagen, Hilden, Germany), non-tumour tissue was removed and the remaining
tumour tissue dissolved in 350uL Buffer RLT and transferred into QlAshredder spin column
before centrifuging for 2 minutes at maximum speed to disrupt and homogenise the sample.
The resulting sample was transferred to an AllPrep DNA spin column and centrifuged for 30
seconds at 10,000rpm. The spin column containing DNA was stored at 4 C while the flow-

through was processed to extract RNA.
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For RNA extraction, 350uL 70% ethanol was added to the flow-through, pipetted to mix, and
the sample transferred to an RNeasy spin column. The spin column was centrifuged to collect
the RNA in the spin column membrane and the flow through discarded. 350uL Buffer RW1
was added to the column and passed through by centrifuging for 15 seconds at 10,000 rpm.
10pL DNase stock solution was added to 70 pL Buffer RDD per sample, and this was added
to the spin column membrane and incubated at room temperature for 15 minutes. The
membrane was then rinsed again with 350pL Buffer RW1 by centrifuging for 15 seconds at
10,000 rpm and the flow-through discarded. The membrane was then rinsed twice with Buffer
RPE by centrifuging for 15 seconds and then 2 minutes, respectively, at 10,000 rpm with the
flow-through discarded each time. The spin column membrane was dried fully by centrifuging
at full speed for 1 minute. The spin column was placed in a new collection tube and RNA
eluted by the addition of 30pL RNase-free water to the spin column membrane and centrifuging
to elute the RNA. RNA was stored at -80 T in barcoded fluidX tubes.

Genomic DNA was purified by sequentially washing the membrane with Buffers AW1
(500pL) and AW2 (500uL) by centrifuging and discarding of the flow-through. The spin
column was placed in a new collection tube, and the DNA eluted by the sequential addition of
100uL Buffer EB, incubation for 1 minute at room temperature, and the sample centrifuged to
produce two 100uL eluates. DNA was stored at -20 C in barcoded tubes.

2.1.5.Quantification of DNA and PCR products
2.1.5.1.DNA quantification by the CMP

Extracted DNA was quantified using the Qubit High Sensitivity kit (Thermo Fisher Scientific,

Waltham, USA) following the manufacturer’s instructions.

2.1.5.2.DNA and PCR products extracted at the research laboratory

DNA extracted from plasma, tissue and library PCR products were quantified using a Qubit
dsDNA HS Assay Kit and Qubit® 3.0 Fluorometer (Thermo Fisher Scientific, Waltham, USA)
as per the manufacturer’s instructions. The Qubit Fluorometer detects the absorbance of DNA
bound fluorescent dye, allowing quantification of the DNA with reference to a reference range.
The reference range was assessed prior to sample quantification by the addition of 10uL of
standard #1 and standard #2 respectively to 190uL of working solution (1:200 dilution of
dsDNA HS reagent to dsSDNA HS Buffer). The standard/working solution mixes were vortexed

60



and incubated for 2 minutes at room temperature prior to measurement on the Qubit
Fluorometer. To establish the concentration of samples, 1uL of the sample was combined with
199uL of working solution, vortexed and incubated at room temperature for 2 minutes before
being quantified using the Qubit Fluorometer.

DNA extracted from plasma was alternatively quantified using ddPCR, with reference to single
copy genes with consistently diploid copy number in breast cancer datasets. The original
ddPCR quantification assay consisted of a 20X concentration of primers for the RNAseP gene
and VIC dye-labelled probes (RNAseP assay). Later the assay was updated to contain three
reference genes with VIC or FAM dye-labelled probes (HOGAL, IRAK4, OR4C12, ‘triplex’
assay) to improve confidence in the quantification by reducing the risk of the effect of copy
number alteration events or acquisition of SNPs on the primer/probe region thus making the

assay inaccurate.

The primer-probe assay (RNAseP or triplex) were thawed to room temperature. Master mixes
containing assay, supermix and nuclease free water per reaction were combined (Table 2.1).
The master mix was pipetted into wells containing the DNA to be quantified and mixed by
vortexing. The samples were emulsified with 70uL droplet generation oil (Bio-Rad, Pleasanton
CA) either manually using a QX200 manual droplet generator (Bio-Rad, Pleasanton, CA) or
on a QX200 AutoDG™ Droplet Digital™ PCR System (Bio-Rad, Pleasanton, CA) for larger
sample sets. The emulsification process partitions the mastermix and DNA molecules into
approximately 14,000 micelles, effectively isolating single-unit PCR reactions. The emulsified
samples are transferred into a 96-well plate and foil sealed. The samples then underwent PCR
on a G-Storm Quad thermocycler (software version 3.3.0.0) with cycling conditions as
described in Table 2.1.

Reagent RNAse P Triplex Assay
Volume per reaction (uL) Volume per reaction (uL)
Primer Probe Mix 1.1 4.5
Droplet digital PCR supermix for 11 10
Nuclease free water 8.8 5.5
Total Volume 20.9 20
DNA template to be added 1.1 1
Thermocycling Conditions 105 C lid microplate pressure
95T 10 minutes
95T 15 seconds Cycled x40
60C 1 minute
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\ 98°C 10 minutes \ \
Table 2.1. RNAse P and triplex assays . Top, Mastermix contents for the RNAse P assay (left) and triplex assay

(right). Bottom, thermocycling conditions for RNAseP and triplex assays.

Following PCR, the plates were read on a Bio-Rad QX-200 droplet reader. Data was analysed
with QuantaSoft software (version v1.7.4) (Bio-Rad, Pleasanton, CA). The software plots
channel 1 (FAM) and 2 (VIC) amplitudes of the droplets on an x- and y-axis, depending on the
signal strength of the quenched fluorophores contained within each droplet. The droplet
populations can then be identified visually, gated and quantified. The relative proportions of
the droplets, which correspond directly to whether the droplet contains wild type, mutant,
combination of wild type/mutant, or empty of DNA, are used to identify mutation status and
infer allele frequency of positive mutations through Poisson regression. In the case of the
quantitative assays (RNAse P or triplex), the number of wild type probe positive droplets
relative to empty droplets allows inference of the sample concentration, using the following

formulas:

Concentration (ng/uL) = Copies per 20uL well * 3.3

1000
2.1.6.Droplet digital PCR

2.1.6.1.ctDNA screening for plasmaMATCH at CMP

A 0.5ml plasma-equivalent volume of extracted DNA was tested for hotspot mutation status

using multiplex and singleplex ddPCR assays (Figure 2.1 and Table 2.2).

Gene Variant Single or Multiplex Assay

PIK3CA E542K (1624G>A) Multiplex
E545K (1633G>A) Multiplex
H1047R (3140A>G) Multiplex
H1047L (3140A>T) Multiplex

ESR1 E380Q (c.1138G>C), Multiplex dHsaMDXE91450042

L536R (c.1607T>G) Multiplex dHsaMDXE91450042

Y537C (c.1610A>G) Multiplex dHsaMDXE91450042

D538G (c.1613A>G) Multiplex dHsaMDXE91450042

S463P (.1387T>C) Multiplex dHsaMDXE65719815

Y537N (c.1609T>A) Multiplex dHsaMDXE65719815

Y537S (c.1610A>C) Multiplex dHsaMDXE65719815
AKT1 E17K (c.49G>A) Singleplex
ERBB2 S310F (c.929C>T) Singleplex
L755S (c.2264T>C) Singleplex
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V777L (c.2329G>T) Singleplex
P780_Y781insGSP Singleplex
AT775_GT776insYVMA Singleplex

Table 2.2. DAPCR assays used within plasmaMATCH to screen patients for targetable mutations.

The DNA was combined with the respective assay, supermix and nuclease free water (Table
2.3) prior to droplet generation using an Automated Droplet Generator (QX200 AutoDG). The
samples underwent 40 cycles of PCR on a thermal cycler (C1000 Touch Thermal Cycler, Bio-
Rad, Hercules, CA) prior to analysis on a QX200 Digital Reader (BioRad, Pleasanton, CA).
The following criteria needed to be met to satisfy quality control:

e aminimum of 10,000 total droplets per well
e > 2 positive FAM droplets (mutant) per well
e >300 VIC droplets (wild type) per well

Positive samples were repeated, with two separate assays confirming a positive result. For the
purposes of the trial screening result, two independent investigators verified a binary positive
or negative ddPCR result. Outside of the trial and within this work, the exact mutation variant
present (from the multiplex assays) were ascertained with reference to reference positive
control plates based on the typical channel 1 and 2 amplitudes for the respective mutations,
while the allele frequencies were calculated from the ratio mutant to wild type droplets using

Poisson regression.

PIK3CA multiplex Volume per reaction (uL)
ddPCR Supermix for Probes 10
PIK3CA mplx Exon9 assay 0.5
PIK3CA mplx Exon20 assay 0.75
RNase-free Water 2.25
DNA 7.5
Total 21
AKT1 assay Volume per reaction (ul)
ddPCR Supermix for Probes 10
(no UTP)
AKT1 E17K assay FAM 1
AKT1 WT assay HEX 1
RNase-free Water 15
DNA 7.5
Total 21




ERBB2 S310X Volume per reaction (ul)
ddPCR Supermix for Probes 10
ERBB2 S310F assay mix 1
RNase-free Water 2.5
DNA 7.5
Total 21.0

ERBB2 L755S

Volume per reaction ()

ddPCR Supermix for Probes 10
ERBB2 L755S assay mix 1
RNase-free Water 25

DNA 7.5

Total 21.0

ERBB2 V777L Volume per reaction (ul)

ddPCR Supermix for Probes 10
ERBB2 V777L assay mix 1
RNase-free Water 2.5

DNA 7.5

Total 21.0

ESR1 multiplex 1

Volume per reaction (ul)

ddPCR Supermix for Probes 10
ESR1 mplx1 assay 1
RNase-free Water 25

DNA 7.5
Total 21

ESR1 multiplex 2

Volume per reaction (ul)

ddPCR Supermix for Probes 10
ESR1 mplx2 assay 1
RNase-free Water 25

DNA 75
Total 21
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2.1.6.2.ddPCR mutation validation in the research laboratory

Following the same principle as described in section 2.1.5.2, assays containing mutation
specific primers and probes were combined with supermix, nuclease free water and DNA. The
same procedure for ddPCR as described in section 2.1.6.1 was followed, but with themocycling
conditions specific to the assay (Table 2.4). A single assay result demonstrating a positive
result, and meeting the minimum quality criteria described in section 2.1.5.2 was required to

identify a mutation as present or absent.

Thermocycling Conditions 105C lid microplate pressure
95T 10 minutes
95C 15 seconds Cycled

*54°C 1 minute/*52°C 1 minute | x40
98C 10 minutes
Table 2.4. Thermocycling conditions for mutation validation * for multiplex assay containing PIK3CA E542K,

PIK3CA E545K, PIK3CA H1047L, PIK3CA H1047R, *for multiplex assays containing PIK3CA Q546K, PIK3CA
N345K, PIK3CA C420R, PIK3CA R88Q, ERBB2 L755S, ERBB2 VV777L, ERBB2 V8421, ERBB2 S310Y, ERBB2
G776V, ERBB2 R678Q, ERBB2 D769Y, ERBB2 I767M.

2.1.7.Tissue DNA library preparation and sequencing

Tissue sequencing was undertaken using a custom-designed amplicon-based targeted panel,
BCPv10. This panel includes genes and genome regions which are commonly mutated in breast
cancer (Table 2.5). For each DNA sample 5ng DNA was pipetted into two 0.2ml PCR tubes or
two wells of a 96 well plate. As the BCPv10 panel consists of two primer pools, two wells of
5ng DNA per sample is required for the first PCR step in the protocol. All DNA samples within
the batch were made up to the same volume with the addition of nuclease free water. The DNA
was concentrated by drying on a PCR machine set to 60 ‘C with the lid off and resuspended to

the required volume with nuclease free water.

Gene Exons Genome Regions
CDH1 AKT1
GATA3 BRAF
MAP2K4 ERBB2
MAP3K1 ESR1
NF1 KIT

KRAS

PIK3CA

PIK3R1

RUNX1

SF3B1
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| | TP53 |
Table 2.5. BCPv10 breast cancer panel gene and genome region inclusion

5X AmpliSeq HiFi Mix (lon AmpliSeq Library Kit 2.0, Life Technologies, Paisley, UK) and
the primer pools were thawed on ice. Master mixes for primer pools 1 and 2, respectively, for
the number of samples (n) being prepared were made with the combination of 5X AmpliSeq
HiFi Mix, the respective primer pool and nuclease free water according to Table 2.6. The
master mixes were mixed by pipetting up and down 5 times before 4pL was pipetted into each
respective well. The wells were covered, vortexed for 10 seconds and centrifuged at 1000rpm

for 20 seconds.

Component Volume for 1 well (uL) Volume for n wells
5X lon AmpliSeq HiFi Mix 0.8 0.8*n
2X lon Primer Pool (Pool 1 or 2) 2 2*n
Nuclease free water 1.2 1.2*n
Total Volume 4

Table 2.6. VVolume of components to be combined into a master mix prior to PCR amplification

The reactions were run in a thermocycler (G-Storm Quad thermocycler, software version
3.3.0.0), undergoing PCR amplification with the cycling conditions as described in Table 2.7.

Stage Step Temp Time
Hold Activate enzyme 99°C 2 minutes
Cycle x20 Denature 99°C 15 seconds
Anneal and extend 60°C 4 min
Hold - 10°C Up to 1 hour

Table 2.7. Thermocycling conditions for the first PCR amplification in the tissue sequencing protocol

The reactions were removed from the thermocycler and centrifuged at 1000rpm for 20 seconds
to collect any droplets. The primer pools for each sample were combined into one well, the
wells sealed, vortexed for 20 seconds and centrifuged at 1000rpm for 20 seconds. The primer
sequenced were partially digested by the addition of 0.8uL FuPa Reagent (lon AmpliSeq
Library Kit 2.0, Life Technologies, Paisley, UK). Samples were mixed by pipetting 5 times.
The wells were sealed and placed in the thermocycler with the cycling conditions as described
in Table 2.8.

Temperature Time
Step 1 50°C 10 minutes
Step 2 55°C 10 minutes
Step 3 60°C 20 minutes

66



| Step4 | 10°C | Hold |
Table 2.8. Thermocyling conditions for primer digestion with FuPa.

The libraries next underwent the first of three bead ‘clean-ups’, which selects the correct size
DNA libraries from the samples using magnetic beads to bind the charged library particles
which are >100bp. AMPure XP Beads (Beckman Coulter, Wycombe, UK) are equilibrated to
room temperature and vortexed to mix. The libraries were centrifuged at 1000rpm for 10
seconds to collect droplets, before 17.6uL AMPure XP Beads were added and the libraries
mixed by pipetting 5 times. Libraries were incubated for 5 minutes at room temperature before
being placed in a DynaMag 96 Side Magnet (Life Technologies, Paisley, UK) and incubated
for a further 6 minutes. The supernatant was removed and discarded by pipetting, leaving the
beads in the wells. 150uL of freshly prepared 70% ethanol was added to each well, the wells
removed from the Magnet and the samples mixed by pipetting. The reactions were returned to
the Magnet, incubated for 1 minute, and the supernatant removed and discarded by pipetting.
The ethanol wash was repeated so that the beads underwent two ethanol washes. The wells
containing the beads were dried at 37 C on a thermocycler until the point that cracks could be
seen in the bead deposits within each well. 21uL of low EDTA TE was added to each well and
the sample mixed thoroughly by pipetting to homogenise the sample. The libraries were
incubated for 3 minutes at room temperature before being placed back into the Magnet and
incubated for 1 minute. 20uL of the supernatant from each well, which contains the libraries,

was transferred into new wells by pipetting, leaving the beads undisturbed.

The DNA libraries next underwent end-repair, which phosphorylates the DNA ends and adds
an adenosine residue to the 3’ end. For this, 1.2uL NEBNext ultra Il End Prep Enzyme Mix
(NEBNext® ultra™ II DNA Library Prep Kit for [llumina, New England Biolabs) and 2.8uL
NEBNext ultra Il End Prep Reaction Mix (NEBNext® ultra™ II DNA Library Prep Kit for
[llumina) were added to each library and mixed by pipetting 10 times. The libraries were
centrifuged at 1000rpm for 10 seconds to collect droplets, and placed in a thermocycler with
the cycling conditions as described in Table 2.9.

Temperature Time
Step 1 20°C 30 minutes
Step 2 65°C 30 minutes
Step 3 10°C Hold

Table 2.9. Thermocycling conditions for NEBNext DNA end preparation
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The DNA libraries next underwent adaptor ligation. For this, a 1:10 dilution of the adaptors
was prepared with 1 part Adaptor (NEBNext® ultra™ II DNA Library Prep Kit for Illumina)
to 9 parts 10mM Tris-Hcl, pH 8.0 with 10mM NaCl. For each library, 12uL of Ligation Master
Mix (NEBNext® ultra™ II DNA Library Prep Kit for Illumina) and 0.4puL Ligation Enhancer
(NEBNext® ultra™ II DNA Library Prep Kit for Illumina) were combined in a master mix
and mixed well by pipetting. 12.4uL was added to each library, followed by 1uL of the diluted
Adapator. The libraries were mixed well by pipetting 10 times, and incubated at 20 C for 15
minutes in a thermocycler. Following this, 1.2uL of USER™ Enzyme (NEBNext® Multiplex
Oligos for Illumina) was added to each library and the libraries mixed by pipetting before

incubation at 37 C for 15 minutes on a thermocycler with the heated lid set to >47 C.

The DNA libraries underwent a second bead ‘clean up’, following the same procedure as
described earlier in this section, but this time with an input of 56pL Beads, and 10puL low
EDTA TE with recovery of 8uL DNA library.

The DNA libraries were next ligated to indexes and underwent PCR enrichment. For this, a
NEBNext Index/Universal Primer Mix plate (NEBNext® Multiplex Oligos for Illumina®) was
thawed and centrifuged to collect the droplets. 10uL of index primer mix was added to each
DNA library. The indexes added to each DNA library were recorded. 5uL NEBNext ultra Il
Q5 Master Mix (NEBNext® Multiplex Oligos for Illumina®) was added to each DNA library,
and the samples mixed by pipetting 10 times before centrifuging to collect droplets. The
reactions were placed in a thermocyler to undergo PCR enrichment with the cycling conditions
as described in Table 2.10.

Step Temp (C) Time Cycles
Initial Denaturation 98 30 seconds 1
Denaturation 98 10 seconds 6
Annealing/Extension 65 75 seconds
Final Extension 65 5 minutes 1
Hold 10 Hold

Table 2.10. Thermocycling conditions for PCR enrichment of indexed libraries

The DNA libraries then underwent the final bead ‘clean-up’, following a similar procedure as
described earlier in this section, but this time with an input of 33pL Beads and 53uL low EDTA
TE, and recovery of 50uL of DNA library.
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2.1.8.Tissue library assessment with an Agilent Bioanalyzer 2100

Libraries were checked for their presence and size distribution on an Agilent Bioanalyzer 2100
(Agilent, Stockport, UK) using a High Sensitivity DNA kit. Following the manufacturer’s
instructions, High Sensitivity DNA gel matrix and High Sensitivity DNA dye were equilibrated
to room temperature before 385uL and 15puL, respectively, were combined by vortexing to
form a gel-dye mix. The gel-dye mix was passed through the provided spin filter by
centrifuging at 2240g for 15 minutes. DNA High-sensitivity DNA chips were loaded with the
gel-dye mix, marker and ladder according to the manufacturer’s instructions. 1uL of DNA
library was pipetted into the test wells. The chip was vortexed at 2400rpm for 1 minute and

then loaded onto an Agilent 2100 Bioanalyzer for analysis.

2.1.9.Tissue DNA library quantification

Libraries were quantified using the KAPA Illumina Library Quantification Kit (Roche, Burgess
Hill, UK). Libraries were diluted 1:100,000 with Tris HCL. 6uL KAPA SYBR® FAST gqPCR
Master Mix containing Primer Premix was pipetted into each test well of a 96 well plate, with
4uL of library or standard added as appropriate. Libraries were run in duplicate while the
standards where run in triplicate, with 6 negative template controls (NTCs) on each plate run.
The well plate was loaded onto a QuantStudio 6 flex (ThermoFisher, Hemel Hempstead, UK)

and run with conditions as described in Table 2.11.

Step Temperature (C) Time Cycles
Initial activation 95 5 minutes 1
Denaturation 95 30 seconds 35
Annealing 60 45 seconds

Table 2.11. Thermoycling conditions for KAPA library quantification

2.1.10.Tissue sequencing on an Illumina MiniSeq

DNA libraries were prepared for sequencing by diluting the stock library to 1nM concentration
using 10mM Tris-HCI, pH 8.5 with 0.1% Tween 20. 5ul of each library was pooled into a
single microcentrifuge tube. 5ul 0.1 NaOH was added, mixed by vortexing, and the sample
incubated for 5 minutes at room temperature. 5ul 200 mM Tris-HCI pH 7.0 was added, the
sample vortexed and further incubated for 1 minute at room temperature. The sample was

diluted with Illumina Hybridization Buffer to achieve 1.8pM concentration and 5% PhiX

69



control was added before loading onto a MiniSeq mid output cartridge for sequencing on an

[llumina MiniSeq platform (Cambridge, UK).

2.1.11.Tissue bioinformatic pipeline and error correction

Sequencing data was analysed by an automated bioinformatic pipeline (VariTAS version 0.8.0)
designed within the Breast Cancer Now Toby Robins Research Centre Bioinformatics Core
Facility at the Institute of Cancer Research, UK, and facilitated by Dr Ros Cutts, Dr Syed
Haider and Adam Mills. FASTQ files from the Illumina run input into the pipeline, which first
aligns reads to human genome version 37 using BWA version 0.7.121® to produce BAM files.
bedtools version 2.25.0 and Picard tools version 2.1.0'"° are used to calculate coverage and
quality metrics. Variant calling is achieved using VarDict version 1.4.6%% and Mutect28!
software. Manual review of the variant calls made by VarDict revealed that the calls frequently
did not align with the output from a pileup analysis (described below). The variant calls made
solely by VarDict were therefore excluded from the pipeline. Variants identified by Mutect2

were required to meet the minimum criteria:

- 5variant reads
- aminimum VAF of 0.01

In parallel, an analysis of mutation calls present was undertaken using a pileup analysis, which
assesses the number of reference and altered reads present in the raw data. The following filters

and criteria were set for the pileup analysis:

- germline  SNPs  removed with reference to  1000genomes  database
(https://www.internationalgenome.org/data-portal/sample)

- synonymous variants removed

- variant calls demonstrating strand bias (variant reads present predominantly only on one
strand when compared to reference reads), which could result from FFPE artefact were
removed

- where paired reads were overlapping, if the base calls disagreed, the base with the highest
quality score was maintained, and where both bases had equal quality score both reads
were discounted

- minimum depth of 100 at the locus

- minimum of 5 alternate reads

- minimum mapping read quality metric >30
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- minimum allele frequency 2% (Chapter 3)

- variants within UTR3/5s, intronic, and ncRNAintronic regions removed

SNV mutations had to be called by either Mutect2 or the pileup analysis to be ascertained as
present. Indels required identification by Mutect2. SNVs and indel calls were annotated using
ANNOVAR???,

2.1.12.Guardant360 Targeted Sequencing
2.1.12.1.Guardant360 Targeted Panel

The Guardant360 targeted panel (Guardant Health, USA) is a clinical diagnostic panel designed
for plasma-based sequencing that covers the protein coding regions, or exons, of 73 (version
2.10) or 74 genes (version 2.11) (Chapter 1, Figure 1.3). The panel identifies single nucleotide
variants (SNVs), indels, copy number alterations and fusions. Validation data for the panel has
been published!®. In particular, 222 cancer samples with variants detected by Guardant360
underwent ddPCR validation, demonstrating a PPV of 99.6% (VAF 0.1 — 94%) and NPV of
97.8%8. Guardant Health states the panel is able to detect SNVs to 0.25% AF with 80%

confidence!®, and have presented data validating the panel to the FDA,

2.1.12.2.Plasma DNA extraction and library preparation

Whole blood samples were shipped to Guardant Health prospectively within the trial to
undergo ctDNA testing for cohort eligibility, and processed and stored as plasma as described
in section 2.1.2.1. Plasma was also shipped to Guardant Health for sequencing retrospectively,

as described in section 2.1.2.4.

At Guardant Health, plasma was extracted using the QlAamp Circulating Nucleic Acid Kit
(Qiagen, Inc) following the manufacturer’s instructions. The samples were concentrated and
size selected using Agencourt Ampure XP beads (Beckman Coulter) and quantified using a
Qubit® 2.0 fluorometer. Between 5 and 30ng of DNA underwent library preparation. The
libraries were labelled with non-random oligonucleotide barcodes (IDT, Inc) which ligate to
each end of each single strand of double stranded DNA. This allows later bioinformatic
identification of complementary strands, which can then be assessed and compared to
differentiate error (which may be derived from sequencing error or DNA damage sustained
during sample processing and library preparation) from true mutations. The libraries

underwent amplification followed by hybrid capture (Agilent Technologies) using biotinylated
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baits, which enriched the libraries for the target genes. Libraries were pooled and sequenced

using paired-end synthesis (NextSeq 500 and/or HiSeq 2500, Illumina, Inc).

2.1.12.3.Guardant360 bioinformatic pipeline

The Guardant360 bioinformatic pipeline uses CASAVA (version 1.8.4) to align the raw data
to the reference genome. In-house custom scripts perform a number of steps, including
trimming lower quality tails and removing lower quality 3’ adapter sequences, unaligned
sequences, adaptor contamination, PCR duplicates and spurious variants identified by
decomplexing the dual barcoding approach. Variant calls (SNPs and SNVs) were made using
proprietary software. Variant calls are compared to reference training sets of variant calls
derived from healthy plasma which give loci-specific noise level, with variant calls required to

achieve a signal level above that defined by the reference training set at the respective loci.

The Guardant360 panel ascertains copy number by counting the number of unique fragments
covering a locus and normalising this to the modal number of unique fragments covering the
genome, accounting for a diploid baseline. The resulting number of copies is compared to a
reference training set of normal copy number profiles to calculate a Z-score, which estimates
the likelihood of there being an amplification at that specific locus. Genes with a Z-score

>2.5758, which approximates to the 99.5% confidence level, are called true amplifications'®,

2.1.12.4.Guardant360 validation

Guardant Health have examined the Guardant360 targeted sequencing panel to establish limits
of detection, accuracy and precision of variant identification.

For SNVs, sequencing of plasma from 62 healthy donors established a limit of detection of
~0.04% at a coverage of 5000, with noise below this limit preventing the detection of true
variants*®®, The corresponding limit of detection (LOD) for indels and fusions was 0.02% and
0.04%, respectively'®. Serial dilution experiments with germline and somatic variants titrated
to achieve 5 VAFs around the estimated LOD across 753 observations demonstrated the SNV
LODgs to be 0.3% for actionable alterations and ~0.4% for variants of unknown significance®3,
At allele frequencies below the LODgs (0.05-0.25%), 63.8% of variants were identified (35/55)
with a high accuracy (PPV) of 96.3%. When variants associated with clonal hematopoesis were
excluded, PPV rose to 99.96%83,

72



For indel detection, dilution experiments across an 8-point titration series with a total of 200
observations established a LODgs of 0.2% and 0.7% for driver and tumour suppression indels,
respectively. The respective LODgs for fusion events, derived from titration experiments to
generate 93 near-LOD observations, was 0.2%. The respective LODgs for CNV alterations,
derived from 120 near-LOD dilutions, was 2.44 copies, with a PPV of 98.3%'%,

2.1.12.5.In-house bioinformatic pipeline

Sequencing results from Guardant Health were transferred to The Institute of Cancer Research
as an encrypted .xIxs file. At the ICR, the results underwent further annotation in a process as
follows. Data were converted from .xlsx to VCF format using custom R scripts and then to
MAF format using vcf2maf (https://github.com/mskcc/vcf2maf) with flag MSKCC isoform
overrides and were annotated with VEP version96%. Likely germline calls were filtered out
from the database based on a combination of VAF frequency around 50% +/—2% and a VAF
>0.001% in  the general population (Genome  Aggregation  Database,

https://gnomad.broadinstitute.org/).

2.1.12.6. Pathogenicity and targetability assessment

Mutations may be categorised into those that are likely pathogenic and those that are more
likely to be ‘passenger’ mutations. To date, there is not a comprehensive understanding of all
mutations within all oncological disease settings to enable definitive differentiation of
mutations into those which are disease causing and those that are likely passenger mutations.
There are, however, a number of databases emerging that aim to categorise mutations based on
their pathogenicity*®7-1%, We cross referenced our data with three resources, OncoKB, Cancer
hotspots and Cosmic, to identify and differentiate the pathogenic mutations in the database

from passenger mutations.

OncoKB is a precision knowledgebase published and maintained by the Memorial Sloane
Kettering Cancer Centre (MSKCC) and used to annotate tumour and cfDNA mutations
sequenced using the MSKCC-Impact platform*®. The platform gathers mutation pathogenicity
data from a number of sources, including chioportal, CancerHotspots'®®, MSK-Impact,
Cosmic!®, BRCA exchange!®?, IARC TP53 database!®® and the published literature. A Clinical
Genomics Annotation Committee (CGAC) review all available data manually to curate and
assign levels of pathogenicity (Oncogenic, Likely Oncogenic and Neutral and inconclusive)

based on pre-defined criteria (Figure 2.4).
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Sub-protocol 2.5: Assertion of the oncogenic effect of a VPS

Assertion of the oncogenic effect of an alteration (A-E) requires at least 1 of criteria from the corresponding
evidence column.

Assertion Definition Criteria | Evidence (the alteration meets any of the following

criteria)

A. Oncogenic | Strong evidence shows that the 1 Compelling experimental data (e.g.. genetically engineered
alteration is established in the mouse data with the mutation in one or more studies directly
literature as promoting cell demonsirating that the alteration is oncogenic and is
proliferation or other hallmark of associated with at least one hallmark of cancer as defined by
cancer as defined by Douglas Hanahan and Weinberg
Hanahan and Robert Weinberg
{Hanahan and Weinberg, 2011). 2 The alteration is a known hotspot (Chang et al.. 2018) AND

there is at least one experimental study suggesting the
alteration is oncogenic.

3 The alteration has been identified in a patient who responded
to a targeted inhibitor, AND at least one experimental study
provides strong evidence that the alteration is oncogenic.

4 The alteration is classified as either known
gainfloss/switch-of-function AND there is at least one
experimental study suggesting the alteration is oncogenic.

B. Likely Evidence suggests the alteration 1 Representative experimental lines of data (e.g.. downstream

Oncogenic likely promotes cell proliferation activationfinactivation of a signaling target/a hit in a
or other hallmarks of cancer as high-throughput screen) in one or more studies pointing to
defined by Douglas Hanahan possible oncogenic function or mutation asscciated with
and Robert Weinberg (Hanahan known germiline syndrome.
and Weinberg, 2011).

2 At least one experimental study provides reasonable
evidence suggesting the alteration is oncogenic.

3 The alteration is a known hotspot (Chang et al.. 2018) AND
there are no known functional studies describing the
oncogenic potential of the alteration.

4 The gene is a tumor suppressor and the variant is a
truncating mutation (i.e. nonsense/frameshiftideletion/splice
site mutation)

5 The mutation is a resistance mutation supported by
demonsirating either patient and/or in vitro
sensitivity/resistance to a targeted drug.

C. Likely Evidence suggests the alteration 1 The mutation effect of the alteration is neutral or likely neutral.

neutral does not alter protein activity or
does not confer growth or 2 At least one experimental study provides reasonable
survival advantage when evidence suggesting the alteration is likely neutral.
expressed in cells.

D. There is conflicting and/or weak 1 Conflicting data exists as to the oncogenic effect of the

Inconclusive | data describing the oncogenic alteration.
effect of the mutant alteration

2 Data is imited to "weak” experimental data describing the
oncogenic effect of the alteration (small, under-powered
experimental studies in one or muliple publications).

3 Data is limited to in silico studies that predict the oncogenic
effect of the alteration.

Figure 2.4. OncoKB criteria needed to be met for assignment of oncogenicity for Variants of Possible Significance

(VPS). From OncoKB Curation Standard Operating Procedure v2.1, July 2021, available at OncoKB.org*®.
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The CGAC also assign targetability by gathering variant targetability data from sources
including the US Food and Drug administration (FDA), National Comprehensive Cancer
Network (NCCN), National Institutes for Health (NIH), professional guidelines, conference
abstracts and proceedings, ClinicalTrials.gov and published literature in pre-defined peer
reviewed journals. This information is manually curated by members of the CGAC to identify

targetable variants and the level of supporting evidence (Figure 2.5).

Standard Cara
FDA-recognized biomarker predictive of response to an
FDA-approved drug in this indication

Standard care biomarker recommended by the NCCN or
other professional guidelines predictive of response to an
FDA-approved drug in this indication

Compelling clinical evidence supports the biomarker as
being predictive of response to a drug in this indication

Investigational

Standard care or investigational biomarker predictive of
response to an FDA-approved or investigational drug in
another indication

Compelling biological evidence supports the biomarker as
being predictive of response to a drug

Hypaothetical

Figure 2.5. OncoKB levels of evidence required for assignment of targetability for oncogenic variants. From

OncoKB Curation Standard Operating Procedure v2.1, July 2021, available at OncoKB.org*%*

Cancer Hotspots is a resource also developed at MSKCC that adopts a computational approach
to identifying recurrently mutated hotspots in the genome. It is based upon the rationale that
recurrently mutated mutations/loci must harbour an evolutionary advantage to the cell and
therefore are more likely to be pathogenic. The database was produced by analysis of the
whole-exome and whole-genome sequencing of 11,110 tumour samples. The software
identifies recurrently mutated loci, or ‘hotspots’, that are mutated more frequently than would
be expected by chance having normalised for factors including nucleotide context mutability,
gene-specific background mutation rates and major expected patterns of hotspot mutation

emergence®®.
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Finally, Cosmic is an online data repository and resource that, by collating sequencing data
from thousands of cancers, provides information on recurrently mutated areas in the genome

alongside allowing identification of novel mutations®®Z.

To identify and annotate data for likely pathogenic mutations, a bespoke pipeline was
developed. Annotated MAF files were cross referenced with the OncoKB database using the
OncoKB API. Cancer Hotspots was downloaded and variants were additionally cross
referenced against this resource using custom R scripts. Mutations identified as Oncogenic,
Likely Oncogenic or Predicted Oncogenic by OncoKB, or recurrently mutated mutations
identified by Cancer Hotspots, were deemed pathogenic. Additionally, recurrent mutations in
key breast cancer genes (ESR1, ERBB2, PIK3CA, EGFR, RB1 and FGFR2) or splicing
mutations were identified as pathogenic. The combined use of these resources, each of which
approach the identification of pathological variants in different ways, aimed to allow
identification of pathogenic mutations with high confidence.

2.1.12.7.Gene pathway assignment

Genes were grouped into signalling pathways using the online KEGG database resource!®®.

MAPK pathway included mutations in the following genes (EGFR, HRAS, KRAS, NRAS,
ARAF, BRAF, RAF1, MAP2K1, MAP2K2, MAPK1, MAPK3, FGFR1, FGFR2 and FGFR3),
fusions of FGFR2 and FGFR3, and copy number changes (CN > 5) in the following genes:
BRAF, EGFR, FGFR1, FGFR2 and KRAS.

TORCL1 pathway included mutations in the following genes (PIK3CA, KRAS, AKT1, PTEN and
TSC1).

2.1.12.8.Cancer fraction assessment

A number of variables dictate the variant allele frequency (VAF) of a mutation. In plasma, an
important contributor is the concentration of tumour DNA relative to circulating free DNA,
termed ‘purity’. A second factor is the number of cancer cells harbouring the mutation relative
to all the cancer cells present, with clonally dominant mutations expected to be in all or the
majority of cancer cells or clones while subclonal alterations are only present in defined cell
population. Finally, consideration must be made to the potential influence gene copy number
alterations®®. Analysis of our dataset, however, indicated that this was not a strong influence

on VAF (Figure 2.6), and therefore VAF was not adjusted for the gene copy number.
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Figure 2.6. Association of allele frequency with gene copy number within 800 patients sequenced within
plasmaMATCH. Lack of linear relationship indicates that copy number is not a strong contributor to mutation
VAF. Figure courtesy of Dr Ros Cutts. HER2, ERBB2.

Under the assumption that the mutation with the highest allele frequency represents a truncal
mutation present in every cancer cell, the clonality of other mutations can be calculated relative
to the truncal mutation, and termed cancer fraction or clonal dominance. For each mutation,
the cancer fraction/clonal dominance was calculated as the mutation VAF relative to the
maximum somatic VAF (mVAF). Cancer fraction is either presented on a continuous scale, or
categorised into clonally dominant (cancer fraction >0.5) versus subclonal (cancer fraction

<0.5).
2.1.12.9.Copy number adjustment
ERBB2 copy number is influenced by the purity of the plasma sample. To account for this, the

ERBB2 copy number was adjusted relative to the sample mVAF using the following formula®’:

77



Adjusted pCN = [Observed pCN-2*(1 - T%)] / T%
Where T% = 2X mVAFmax/100
PCN = patient Copy Number
Where indicated, copy number was adjusted for other genes following the same method.

2.1.12.10.APOBEC site identification

For categorical analysis of APOBEC consensus sites the following trinucleotides were
included: T(C>G)T, T(C>G)A, T(C>A)[N] on both DNA strands.

2.2. Low-pass Whole Genome Sequencing

2.2.1.Library preparation and quantification

Libraries were prepared from between 0.7 to 93ng DNA in 50uL, made up to volume with
nuclease free water. A Kapa Hyper Prep kit (Roche) was used to prepare the libraries. DNA
first underwent end repair and A-tailing by the assembly of End Repair and A-tailing Buffer
(Roche) and End Repair and A-tailing Enzyme mix with the DNA (Table 2.12)

Component Volume (uL)
DNA 50
End Repair and A-tailing 7
End Repair and A-tailing 3
Total Volume 60

Table 2.12. DNA end repair and A-tailing master mix constituents

Libraries were vortexed and centrifuged before being incubated on a thermocycler (Table
2.13).

Step Temp (C) | Time (minutes)
End Repair and A-tailing 20 30
65 30
HOLD 4 0

Table 2.13. Thermocycling conditions following end repair and A-tailing

Libraries next underwent adaptor ligation. Adaptors (IDT, Illumina) were diluted in 10mM
Tris-HCL before being combined in a microcentrifuge tube containing the DNA with the

following components (Table 2.14). The tubes were incubated at 20 ‘C for 4 hours.
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Component Volume (uL)
End Repair and A-tailing product 60
Adaptor 5
PCR-grade water 5
Ligation Buffer 30
DNA ligase 10
Total volume 110

Table 2.14. Adaptor ligation master mix constituents

Following adaptor ligation, the libraries underwent a bead clean up. For this, 88uL KAPA Pure
Beads were added to the adaptor ligated DNA and the sample mixed thoroughly by vortexing.
Libraries were incubated for 15 minutes at room temperature, before being placed on a magnet
to capture the beads. Once the liquid was clear, the supernatant was removed by pipetting.
200uL 80% ethanol was added whist the sample remained on the magnet, incubated for 30
seconds, and then the supernatant removed by pipetting. The ethanol addition step was repeated
a second time before the beads were dried at room temperature for 5 minutes. The samples
were removed from the magnet and the beads resuspended in 25uL 10 mM Tris-HCL, pH 8.0-
8.5), incubated for 2 minutes at room temperature, and the samples placed back on the magnet
to capture the beads. Once the supernatant was clear, it was pipetted into a new tube to undergo

library Amplification.

For the Amplification step, 25uL KAPA HotStart ReadyMix and 2uL KAPA Library
Amplification Primer Mix were added to the adaptor ligated library, mixed by pipetting and
centrifuged. The samples were placed in the thermocycler with the conditions as described in
Table 2.15.

Step Temp (C) Duration Cycles
Initial Denaturation 98 45 seconds 1
Denaturation 98 15 seconds 9
Annealing 60 30 seconds
Extension 72 30 seconds
Final Extension 72 1 minute 1
HOLD 4 0

Table 2.15. Thermocycling conditions for whole genome library amplification

The libraries then underwent a bead clean up using the same methodology as described earlier
in the section, but with 50uL bead input and a final elution volume of 30uL 10mM Tris HCL,
pH 8.0-8.5. Libraries were checked for peak location on a Bioanalyzer (section 2.1.8) and
quantified by qPCR (section 2.1.9).
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2.2.2.Library sequencing

Libraries were supplied to the TPU (Tumour Profiling Unit, Institute of Cancer Research) at
4nM concentration made up to 20uL volume with Buffer EB. Libraries were quantified and
quality checked in the TPU by Bioanalyzer and qPCR before pooling and sequenced on a
NovaSeq with a 50bp PE S1 flowcell (v1). Libraries underwent PE50 cycles aiming to achieve
a median depth of 0.5X. Sequencing data was obtained in the form of FASTQ files.

2.2.3.Bioinformatic pipeline

Fastq files were adaptor trimmed using cutadapt v3. Data was aligned to human reference
genome hg38 (UCSC; GRCh38 Ensembl) using BWA v0.7.15. Duplicates were removed with
MarkDuplicates from gatk v4.1.3.0. Sequencing metrics were generated using GATK
CollectWgsMetrics. Reads were counted using a bin size of 1MB using hmmcopy v0.1.1
followed by Purity and ploidy estimation using ichorCNA® using only autosomal

chromosomes with a maximum copy number set at 5.

2.3. MCF-7 transient transfection and ESR1 p.F404 investigation

2.3.1.MCF-7 Culture

Genotyped MCF-7 cells were cultured in phenol-free RPMI media (Life Technologies)
supplemented with 10% dextran/FBS (Life Technologies), 1nmol/L estradiol (Sigma),
glutamine (Life Technologies), penicillin and streptomycin (Life Technologies) in T75 and
T175 flasks and split before confluence. Mycoplasma testing of 1ml media was undertaken at

least monthly.

2.3.2.Plasmid design, procurement and verification
2.3.2.1.Estrogen Receptor Constructs

Estrogen receptor constructs (ERCs) were custom designed in-house before manufacturing by
GenScript (The Netherlands). For the plasmid design process, the sequence for the ESR1 alpha
open reading frame (ORF), which encodes the estrogen receptor, was downloaded from
Ensembl (https://www.ensembl.org/index.html). Base changes were made at the respective loci

to achieve the following:
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- No alteration (wild type ESR1)

- E380Q 1138G>C

- D538G 1613A>G

- F404L 1210T>C

- E380Q 1138G>C and F404L 1210T>C
- D538G 1613A>G and F404L 1210T>C

The sequences for the plasmid inserts were supplied to GenScript. The backbone plasmid,
pcDNA3.1+C-DYK, was selected from the GenScript expression vector bank. pcDNA3.1+C-
DYK (Figure 2.7) was selected for its compatibility with mammalian transfection and C-
terminal DYK flag which would allow later assessment of the expression +/- localisation of the
estrogen receptor construct. The plasmid contains a CMV promotor, suitable for mammalian
expression, a Kozak sequence for ribosomal binding, and contains a neomycin resistance gene
which allows selection of successfully transfected cells with Genticin. GenScript custom built

the inserts which were then cloned into the backbone plasmid.
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Figure 2.7. Vector map of pcDNA3.1+C-DYK. pcDNA3.1+C-DYK is the backbone vector into which the custom

insert was applied.



The resulting ERCs underwent Sanger sequencing to confirm the insert sequences, with the
sequencing files transferred to the ICR for confirmation (Figure 2.8). Six constructs were
customised in total: wild type ESR1, the 5 variants as listed above, and an ‘empty vector’
without the ESR1 insert. ERCs were shipped at ambient temperature to the ICR, where they

were stored at -20 C.

ESRI E380Q =
ESRI F404 —

ESRI DS38G ~ o

ESR] E380Q & F404 —
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e eawm  Eume  Fawe  Fwes | Feow

Figure 2.8. Estrogen Receptor construct sequencing confirmation of the insert. The reference wild type sequence

is shown as the ‘Original Sequence’. The alterations within each construct are illustrated by a red box.

2.3.2.2.ERE-Luciferase

A plasmid expressing an estrogen-report element ligated to a firefly luciferase reporter (ERE-
Luc) was kindly gifted to the laboratory by Dr Lesley-Ann Martin, ICR. The plasmid was
originally constructed from the combination of pdGL3-Basic and pdEREGFP. The GFP was
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removed from the pdEREGFP, and the luciferase element taken from pdGL3-Basic and spliced
in to make pdERELuc (5.3kb).

Sanger sequencing was undertaken to confirm the presence of the estrogen response element.
For this, primers were designed with reference to the firefly luciferase gene (sequence obtained
from Promega: pGL3 Luciferase reporter vector,
https://www.promega.co.uk/products/luciferase-assays/genetic-reporter-vectors-and-cell-

lines/pgl3-luciferase-reporter-vectors/?catNum=E1751). The online web application
Primer3web (https://primer3.ut.ee/) was used to identify suitable primer sites. The aim was to
sequencing the regions immediately adjacent to the luciferase sequence, such that the reverse
primer was situated at the 5 end of the sequence and the forward primer at the 3’ (Table 2.16).
The primer designs were then submitted to Sigma Aldrich (USA) for construction. The primers
were delivered lyophilised at ambient temperature, and were reconstructed in nuclease free
water to achieve 100M concentration. 5pmol of each respective primer within 5uL nuclease
free water was then combined with the ERE-Luc plasmid DNA in microcentrifuge tubes and

shipped at ambient temperature to GENEWIZ for Sanger sequencing.

Primer Sequence

Left | CCGACGATGACGCCGCGTGAACTTGCCCGCCTGCCGTTGTTGTTTTGGAGCAC
AGCGAAAGACGATGACGGANNNAGAGATCGTGGATTACGTCGCCAGTCAAGT
AACAACCGCGAAA

Right | ATGGAAGACGCCAAAAACATAAAGAAAGGCCCGGCGCCATTCTATCCTCTAG
AGGATGGAACCGCTGGAGAGCAACTGCATAAGGCTATGAAGAGATACGCCCT
GGTTCCTGGAACAATTGCTTTTACAGATGCACATATCGAGGTGAACATCACGT
ACGCGGAATACTTCGAAATGTCCGTTCGGTTGGCAGAAGCTATGAAACGATAT
GGGCTGAATACAAATCACAGAATCGTCG

Table 2.16. Forward and reverse primer sequences for Sanger sequencing of the ERE-Luc plasmid.

The Sanger sequencing results confirmed the presence of an ERE consensus sequence upstream

of the luciferase gene (Figure 2.9).
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TCGACGATTCTGTGATTTGTATTCAGCCCATATCGTTTCATAGCTTCTGCCAACC
GAACGGACATTTCGAAGTATTCCGCGTACGTGATGTTCACCTCGATATGTGCAT
CTGTAAAAGCAATTGTTCCAGGAACCAGGGCGTATCTCTTCATAGCCTTATGCA
GTTGCTCTCCAGCGGTTCCATCCTCTAGAGGATAGAATGGCGCCGGGCCTTTC
TTTATGTTTTTGGCGTCTTCCATTTTACCAACAGTACCGGAATGCCAAGCTTGGA
TCCTCGAGATCTGCGGCACGCTGTTGACGCTGTTAAGCGGGTCGCTGCAGGGT
CGCTCGGTGTTCGAGGCCACACGCGTCACCTTAATATGCGAAGTGGACCTCGG
ACCGCGCCGCCCCGACTGCATCTGCGTGTTCGAATTCGCCAATGACAAGACGC
TGGGCGGGGTTTGCCGGATCTCTAGAGGATCCTCTAGAGTCGACCTGCAGGCA
TGCAAGCTTCAGGTCACAGTGACCTGATCAAAGTTAATGTAACCTCAACCTGGA
AGCTTGGCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGET
TACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAG
CGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGE
GAATGGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACAC
CGCATAGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGG
TTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTT
GTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGA
TAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTG
TCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGA
AACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTT
ACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTCGCCCCGAAG
AACGTTTTCCATGATGAGCACTTTTAAAGTCTGCTNGTGGGCGGTATTTCCCGT
ATTGACGCGGGCAGAACACTCGGTCGCGCATACCTATTCCCAGATGACTGGGT
GAAANCCCCCAGTCCNGAANCCTCTTAGGAGGCCTGACGTAGAAAATTTGCAG
GNGGCCAAACCTGNGGAAACCTGGGGCCATTNNTTGANNAAAATGGGGAANCN
AGAGNNNNNNCTTTTTTTCCCNCGGGGGAATT

Figure 2.9. Sanger sequencing result from the right primer for the ERE-Luc plasmid. Highlighted in yellow is the
right primer. Highlighted in blue is the ERE palindromic consensus sequence, 5'-GGTCAnnnTGACC-3'.

2.3.2.3.pSV-B-Galactosidase Control Vector

A B-Galactosidase Control Vector (B-gal) was kindly gifted by Dr Lesley-Ann Martin, ICR.
Although the plasmid sequence was not available, transfections with this plasmid resulted in
positive B-Galactosidase assay results, confirming the function of the plasmid. However maxi-
prep of the plasmid resulted in low concentrations of the plasmid, potentially due to the low
copy number replication apparatus. An initial transfection of B-gal alongside the ERCs and
ERE-Luc demonstrated low concentrations of B-gal. The decision was made to purchase a
commercial B-gal vector to use within the remaining ERC transfections. The p-Galactosidase
Control Vector was therefore purchased from Promega (UK) and underwent maxi-prep to

increase stocks.

2.3.3.Plasmid Maxi-prep

Maxi-prep of plasmid was undertaken using Hi-Speed Plasmid Kit (Qiagen). Competent E.Coli
were thawed. 10ng of plasmid DNA was added to 50uL of competent cells and mixed by gentle
flicking of the tube. The competent cell/DNA mixture was incubated on ice for 20-30 minutes

before undergoing heat shock in a 42C water bath for 60 seconds. Tubes were then incubated

84



on ice for 2 minutes. 1000uL of LB media was added to the bacteria and the tube placed on a
shaking incubator at 37C for 45 minutes. Following this, the transformed cells were pipetted
and streaked onto a 10cm agar plate containing ampicillin to select for positively transformed
cells. Plates were incubated at 37C overnight.

The following day, colonies are selected and placed into 5ml of LB medium containing
ampicillin within a flask prior to incubation for 8 hours at 37C with vigorous shaking (300
rpm). The starter culture was then diluted 1/500 into 150ml ampicillin containing LB medium.
The flask was then incubated at 37C for 12-16 hours with vigorous shaking (300rpm). Cells
were harvested by centrifugation at 6000xg for 15 minutes at 4C. The pellet was resuspended
in 10ml Buffer P1 followed by 10ml Buffer P2 and the sample mixed by inversion 4-6 times
prior to incubation at room temperature for 5 minutes. 10ml of chilled Buffer P3 was added to
the lysate and mixed by inversion 4-6 times. The lysate was then added to the barrel of a
QIAfilter Cartridge and incubated at room temperature for 10 minutes.

10ml Buffer QBT was used to prepare a HiSpeed Maxi tip by allowing it to empty from the
column by gravity flow. The cap was removed from the Quafilter outlet. A plunger inserted
into the QIAfilter Cartridge and was used to filter the cell lysate into the HiSpeed Maxi tip.
The lysate passed through the resin of the HiSpeed Maxi tip by gravity flow. The HiSpeed
Maxi tip was then washed with 60ml Buffer QC. DNA was then eluted with 15ml Buffer QF.
DNA was precipitated by the addition of 10.5 ml isopropanol, the solution mixed and incubated

at room temperature for 5 minutes.

The syringe was removed from a 30ml syringe and the syringe attached to a QlAprecipitator
Maxi Module. The eluate/isopropanol mixture was added to the syringe and a plunger used to
filter the mixture through the QIlAprecipitator Maxi Module. 2ml of 70% ethanol was then
washed through the QIAprecipitator Maxi Module using the syringe. Subsequently the Module
was dried by plunging air through it. The QlAprecipitator Maxi Module was then attached to
the barrel of a 5ml syringe and 1ml of Buffer TE added. This was passed through the Module
and the resulting eluate captured in a 1.5ml collection tube. This is repeated to achieve 2ml
eluted plasmid DNA.

To quantify the DNA, DNA was diluted 1/100 and underwent Qubit quantification following
the same procedure as described in section 2.1.5.2.

85



2.3.4.Estrogen Reporter Gene transfection protocol

Following optimisation, the following protocol was followed for transfection of ERCs, ERE-
Luc and B-gal. On day 1, 250,000 MCF-7 cells were seeded into four 6-well plates in 3ml
phenol-free RPMI media supplemented with 10% charcoal-stripped FBS, 1nmol/L estradiol,
and glutamine (antibiotic-free DCC) (Figure 2.10 for plate layout).

A B C
No E2 E2 E2 + Fulv
No plasmid O O
Plate 1
Empty vector O O O
Plate 2
=1 O OO
Plate 3
s () () O
Plate 4

Figure 2.10. Six-well plate layout for ERC transfection. No E2, cells in estrogen free media prior to harvesting.
E2, estrogen added for the last 24 hours of transfection. E2 + Fulv, estrogen and fulvestrant added for the last 24

hours of transfection.

On day 2 at 4pm, cells were transfected with ERCs, ERE-Luc and B-gal. For this, transfection
master mixes were made with, optiMEM (Thermo Fisher Scientific), the plasmids and finally
FUGENE (Promega) according to Table 2.17 for the first transfection with the in-house p-gal,
and Table 2.18 for later transfections with maxi-prep DNA derived from commercial B-gal,
with the aim of transfecting with a 2:1 lipid to plasmid ratio. The concentration of the plasmids

was as follows:
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- ERCs 1ug/uL

- ERE-Luc 0.69ug/uL

- In-house B-gal 0.07pg/pL

- Maxi-Prep of commercial f-gal 0.394 ug/uL™ /0.284 ug/uL*

Volumes of each respective plasmid were calculated to achieve 1ug of each plasmid per well,
with a 1:1:1 ratio of each of ERC, ERE-Luc and B-gal (Table 2.17), with volumes scaled for
the appropriate number of wells. Of note in later transfections (Table 2.18) the control plasmid
free well transfection plan was altered such that the cells were not transfected with any plasmid,
to improve the control, and the stock concentration of 3-gal changed after maxi-prep.

ERC For 1 well
Plasmid OptiMEM | FuGENE
ERC | ERE-Luc | B-gal
1) Control 0 1.45 14.3 133.25 6
2) Empty vector 1 1.45 14.3 132.25 6
1) D538G 1 1.45 14.3 132.25 6
2) E380Q 1 1.45 14.3 132.25 6
3) F404 1 1.45 14.3 132.25 6
4) D538G & F404 1 1.45 14.3 132.25 6
5) ES380Q & F404 1 1.45 14.3 132.25 6
6) Wild type 1 1.45 14.3 132.25 6
Table 2.17. Master mix constituents of transfections using the in-house p-gal DNA
ERC For 1 well
Plasmid OptiMEM | FUGENE
ERC | ERE-Luc B-gal
1) Control 0 0 0 149 6
2) Empty vector 1 1.45 *2.54/*3.52 | *144/*143 6
3) D538G 1 1.45 *2.54/*3.52 | *144/*143 6
4) E380Q 1 1.45 *2.54/%3.52 | *144/*143 6
5) F404 1 1.45 *2.54/*3.52 | *144/*143 6
6) D538G & F404 | 1 1.45 *2.54/*3.52 | *144/*143 6
7) E380Q & F404 1 1.45 *2.54/*3.52 | *144/*143 6
8) Wild type 1 1.45 *2.54/*3.52 | *144/*143 6

Table 2.18. Master mix constituents of transfections using the maxi-prep of commercial p-gal (first colony

extraction with concentration 0.394 ug/uL*; second colony extraction with concentration 0.284 ug/uL*).

At 9am on the third day, the plates underwent media change to remove the lipid, estrogen
depletion and antibiotic selection for successfully transfected cells with genticin. Media was
removed from each well, the well PBS washed, and then 3ml estrogen free media (phenol-free

RPMI media supplemented with 10% charcoal-stripped FBS, glutamine, penicillin and
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streptomycin) added. Wells in rows 2 to 8 (Figure 2.10) were dosed with 1ug/ml genticin to
select for cells successfully transfected with an ERC. Plates were put on the shaker for 1 second

to mix before being incubated for 7 hours at 37 C.

After 7 hours, the media was suctioned off each well, and wells washed with PBS to remove
dead cells. Media was added to each well to satisfy the estrogen and fulvestrant conditions as
described in the plate layout (Figure 2.10). Namely, column 1 had 3ml of estrogen-free DCC.
Columns 2 and 3 had 3ml estrogen-containing (1nmol/L) DCC added. Column 3 was also
treated with 500nm fulvestrant. Plates were placed on the shaker before being incubated for 24
hours at 37 C.

At 24 hours, lysates were made from each well. For this, 4 volumes of UF water were added to
1 volume of Reporter Lysis Buffer (Promega). The media was removed from the cells by
flicking out the plates. The wells were washed twice in succession with phosphate buffered
saline (PBS), with the remaining fluid removed by suction. 400uL of the RLB/water mix was
added to each well and the plate rocked to ensure coverage. The plate was incubated for 15
minutes at room temperature with frequent rocking of the plate. Wells were then scraped and
the cell lysate collected with a pipette into microcentrifuge tubes, and immediately put on ice.
Cell lysates were vortexed for 10 seconds before centrifuging at full speed for 2 minutes at 4 C.
The resulting supernatant containing the lysate was pipetted into a new collection tube. Lysates
were assayed immediately or stored at -80 C until further analysis.

2.3.5.Drug Concentration assessment using cell viability assays

MCF-7 cells were plated in 96-well plates at 1000 cells per well. 24 hours later, wells were
dosed with a range of drug concentrations of the respective drugs. At 6 days post drug
application, the cells underwent CellTiter-Glo to establish cell viability. For this, media was
flicked out of the plate. CellTiter-Glo buffer (Promega) was thawed and mixed 1:3 with water.
100uL CellTiter-Glo buffer mix was added to each well, the plate covered and incubated on an

orbital shaker for 5 minutes. Luminescence was then measured.
2.3.1.Western Blot
2.3.1.1.Lysate harvesting and protein quantification

The same protocol as described in section 2.3.4 was followed, except for a single media

condition included: ‘with oestrogen’. Lysates were prepared by mixing 10ul phosphate and
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protease inhibitor solution with 5ul DTT and 985ul NP40 lysis buffer. This mixture was placed
on ice alongside a 50ml falcon of PBS. Media was poured off the wells, and the plate placed
on ice. The wells were washed with 1ml cold PBS and the wash removed. 1ml of cold PBS
was added again to the wells and cells were then scraped and collected with a pipette into a
microcentrifuge tube. 70ul of the NP40/DTT/inhibitor solution mix was added to each
microcentrifuge tube, the tubes vortexed, and the samples incubated in ice for 15 minutes.
Following this, the tubes were vortexed again and centrifuged at full speed for 10 minutes. The
supernatant was removed and stored in a new microcentrifuge tube and the pellet discarded.

To ascertain protein concentration of the lysates, 2ml of Protein reagent dye was added to 8ml
UF water. 5ul of each lysate (and 5ul of the NP40/DTT/inhibitor solution, as a control) was
pipetted into a cuvette and 1ml of the protein reagent dye mix added and mixed by pipetting.
Samples were read in the spectrophotometer at wavelength 595nm. The absorbance reading
was converted to concentration for each sample. Lysates were frozen at -20C until further

analysis.

2.3.1.2.Western blot

The lysate samples were first prepared. For this, lysate was mixed with Loading buffer,
reducing agent and water with the aim of a final Western Blot sample protein volume of 17.5ug
per sample (concentration 0.8ug/uL). Once mixed, samples were vortexed and heated on a heat
block set to 75C before being placed on ice.

To make the gel, 50mlI MOPS was added to 950mlI SQ water and mixed. A tank was filled with
the MOPS solution before adding a 10 well cassette. Bubbles were flushed out of the cassette.
Lanes 1 and 10 had 5ul and 3ul Full Range Rainbow Molecular Weight Marker added,
respectively. Wells 2-9 had 25ul of each respective prepared lysate solution added. The lid was
placed on the tank and the tank surrounded in ice before running the tank at 200V for 50

minutes.

The gel was then transferred to nitrocellulose. For this, the required equipment (4 sponges,
nitrocellulose membrane, and two blotting paper) were pre-soaked in transfer buffer. The
transfer stack mould was then put together with one sponge, one blotting paper, the gel,
nitrocellulose membrane, one blotting paper and 3 sponges on top, followed by the mould lid.
This was placed into the tank and the tank filled with transfer buffer. The lid was put on the
tank and the tank run at 30V for 2 hours.
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The resulting nitrocellulose paper was removed from the stack and blocked with 15ml 5% milk
made up with TBST at 16 hours at 4C on a rocker.

Following blocking, the blot was cut into two sections along the 50kDa ladder line. Protein
antibodies were made according to Table 2.19. The antibody solutions were added to the blots
and the blots incubated for 2 hours on a rocker. Blots were washed with three successive 5-
minute washes on the rocker in TBST. Secondary antibody solutions were made up according
to Table 2.19 for the respective primary antibody, and this added to the blots. Blots were
incubated for an hour on the rocker in the secondary antibody solution before three 5-minute
TBST washes. Anti-f tubulin was used as a control antibody.

Primary Code Source Concentration MW Secondary Concentration
Antibody (kDa) antibody
ESR1 alpha | D6R2W Cell 1:1000 66 Rabbit mAb 1:2000
Signalling
Anti-flag 70765 Santa Cruz 1:200 60-80 Mouse mAb 1:2000
DYK
Anti-p T8328 Sigma- 1:1000 50 Mouse mAb 1:2000
Tubulin Aldrich

Table 2.19. Primary and secondary antibody details for western blot.

Blots were imaged using ECL Prime Western Blotting Detection Reagent (RPN2232, GE
Healthcare) on a LI-COR Imager (LI-COR Biosciences, Nebraska, USA).

Blots were stripped by rinsing in TBST, followed by the addition of stripping solution (1M
Glycine + 10% Sodium dodecyl sulphate) and incubation for 10 minutes on the rocker at room
temperature. The solution was removed and the blot rinsed in 1M Tris pH7.4 followed by a 5
minute rinse in TBST. Blots were either then blocked in TBST-5% non-fat dried milk for 16

hours prior to further antibody incubations, or stored in the refrigerator.

2.4. Statistical analysis

All statistical analyses were undertaken in R versions 3.5.2 or 4.0.5 and Graphpad Prism

version 8.0.1.
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3. Chapter 3. Validation of ctDNA analysis

3.1. Introduction

Genomic profiling has historically been achieved through tissue sequencing, and several large
-scale tissue sequencing efforts have made significant progress in defining the genomic
landscape of ABC3*8, For individual patients, however, temporal acquisition and loss of
genomic alterations’28, particularly from primary to advanced disease?’*!**, necessitates
repeated biopsy to genomically profile their disease through time. Tissue biopsies are
invasive® and limited to genomically sampling the biopsied lesion making them prone to
sampling bias secondary to the existence of temporal heterogeneity*®-, These challenges could
theoretically be overcome by analysis of ctDNA derived from plasma. ctDNA, which is an
admixture of tumour DNA released from heterogeneous metastatic sites, may give a fuller
picture of a patient’s genomic profile. Crucially, ctDNA is gained through a non-invasive blood
test, which allows repeated sampling over time in an approach that is more acceptable to
patients, avoids risk, and allows genomic profiling in patients whose disease is otherwise not
amenable to a biopsy. In an era where precision oncology is coming to the forefront of
oncological management, the ability to non-invasively and repeatedly genomically profile a

patient’s cancer to direct therapeutic choice is critical.

Before bringing ctDNA analysis into medical management of ABC, the technology must be
validated and the potential applications and limitations well defined and understood. We must
also understand how ctDNA analysis relates to tissue analysis. Validating ctDNA analysis as
an approach to genomically profile a patient’s cancer is challenging, not least because the
current gold standard of tissue biopsy has several limitations that make benchmarking difficult
(Introduction sections 1.3.1 and 1.3.6). Historically, comparisons with paired tissue sequencing
have demonstrated widely varying levels of agreement, ranging from 45 to 100% (Chapter 1,
Table 1.3). There are many variables confounding the comparison, including the volume of
ctDNA shedding of the tumour, the temporal acquisition of the samples, and the clonal

dominance of the mutation.

The metric used to compare the mutation agreement also varies. Commonly ‘concordance’ is
used to describe the proportion of patients with exact matching ctDNA and tissue sequencing

results for one or more variants. Alternatively, sensitivity may be calculated within which the
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tissue result is considered the gold standard approach, and describes the proportion of true
positive results that are identified by ctDNA testing relative to all the positive calls made by
CtDNA testing. Related to this is the positive predicted value, which informs physicians of how
likely a ctDNA positive result would be to match the ‘gold standard’ tissue testing result.
Conversely, specificity describes the proportion of true negative results that are identified by
CtDNA testing relative to all the negative calls made by ctDNA testing. Related to this, the
negative predictive value informs a physician on how likely a negative result is to represent a
true negative result. The different metrics used can additionally make comparisons between

studies and trials challenging.

In this Chapter, two approaches are taken to validate ctDNA analysis. Firstly, the results from
two orthogonal methods of ctDNA analysis are compared. Secondly, a comparison of ctDNA
to paired tissue is made with the aim of exploring the relationship between the two approaches

across clinically actionable mutations.

3.2. Hypothesis

ctDNA can be analysed to accurately deduce a patient’s genomic tumour profile

3.3. Aims

1) Validate ctDNA sequencing through establishing the agreement between two
orthogonal ctDNA analysis approaches

2) Optimise and validate a tissue next generation sequencing (NGS) panel and
bioinformatic analysis

3) Validate ctDNA analysis through comparing the agreement between paired tissue and

plasma sequencing

3.4. Results

3.4.1.Plasma droplet digital PCR compared to targeted sequencing of ctDNA

Of 1051 patients registered into plasmaMATCH, 1044 underwent ctDNA testing for actionable
mutations. Droplet digital PCR (ddPCR) results were available for 1025 patients (Figure 3.1).
In total, 800 patients underwent targeted sequencing with the Guardant360 targeted panel (364

prospective as part of the trial, and 436 sequenced retrospectively from a banked plasma
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sample). Direct comparison of the targeted sequencing result with ddPCR was possible in 784

patients who underwent testing with both techniques.

PIK3CA alterations were common, occurring in 25.8% of the 1025 patients who underwent
ddPCR. ESR1, AKT1 and ERBB?2 alterations occurred in 27.7%, 4.2% and 2.7% of patients
respectively (Figure 3.1). Mean allele frequency for each gene were significantly different,

with ESR1 alterations tending to occur at lower allele frequency (Figure 3.1).
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Figure 3.1. Incidence and allele frequency of targetable mutations in plasmaMATCH. Top, Allele fractions of
potentially targetable mutations identified in 1025 patients with digital PCR ctDNA testing results. Comparison
by Kruskal Wallis test. Bottom, Incidence of targetable mutations within each gene and breast cancer phenotype,

respectively.

Overall, for each of the genes assessed in plasmaMATCH (Figure 3.1), the level of agreement
for gene mutation status (mutant versus wild type) was high with kappa values ranging from
0.89 to 0.93 (Figure 3.2). Discordant calls had significantly lower allele frequency, less than
1%, as compared to concordant calls (p<0.0001, Figure 3.2), in agreement with data published

elseware?’.
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Figure 3.2. Agreement between droplet digital PCR (ddPCR) and targeted sequencing (Targeted panel, TP) for
targetable mutation status in 784 patients within plasmaMATCH. Left, Agreement between ddPCR and targeted
panel sequencing with kappa scores, Right, Allele frequency of concordant mutations compared to allele
frequency of discordant mutations. Concordant positive allele frequency is the mean allele frequency from ddPCR

and TP, otherwise the allele frequency is from the respective positive test. Comparison by Kruskall Wallis test.

When comparing the mutation status for the exact variants tested for each gene, the agreement
level showed more variation (Figure 3.3A-D). For variants in AKT1, ERBB2 and PIK3CA,
agreement remained high with kappa values ranging between 0.80 and 1.0 (Figure 3.3B-D).
For ESR1, the agreement was lower with kappa values ranging between 0.66 and 0.90 (Figure
3.3A). Overall, for all the variants tested, 77.6% of mutation calls made were concordant
between the two techniques. For the remaining 22.4% of calls, 12.7% were made by targeted

sequencing alone, and 9.6% were made by ddPCR alone (Figure 3.3E).
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Figure 3.3. Individual mutation agreement for actionable alterations. A, ESR1, B, ERBB2, C, AKT1, D PIK3CA.

E, Proportion of positive calls which were concordant or discordant.

3.4.1.1.ddPCR validation of PIK3CA and ERBB2 variants

To further validate targeted sequencing results, a number of PIK3CA and ERBB2 variant calls
by Guardant360 were validated by ddPCR. Of the PIK3CA variant calls, 18/22 calls were
validated by ddPCR, while for ERBB2, 22/24 calls were validated (Figure 3.4). PIK3CA
mutations had a lower correlation than ERBB2 mutations (r=0.44 vs r=0.76), likely due to their
significantly lower allele frequency (PIK3CA mean AF 0.75%, ERBB2 mean 3.0%, p=0.003,
Mann-Whitney U test).
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Figure 3.4. DdPCR validation of PIK3CA and ERBB2 mutations. A, Association between allele frequency in

ctDNA sequencing and validation analysis with plasma DNA droplet digital PCR (ddPCR), n=20 PIK3CA

mutation assays. 16/20 (80.0%) of mutations were validated by ddPCR. Spearman correlation coefficient 0.44,

p=0.05 (two-sided). ND, not detected. B, Association between allele frequency in ctDNA sequencing and

validation analysis with plasma DNA droplet digital PCR (ddPCR), n=24 ERBB2 mutation assays. 22/24 (91.7%)

mutations were validated by ddPCR. Spearman correlation coefficient 0.76, p<0.0001 (two-sided). ND, not

detected.
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3.4.2.Plasma ddPCR compared to paired tissue sequencing
3.4.2.1.0ptimisation of library synthesis protocol for tissue sequencing

The laboratory utilises a hybrid protocol for tissue DNA sequencing that employs the initial
library-synthesis steps from an Ampliseq platform protocol with the latter steps of an Illumina
platform protocol bolted on. This approach allows Ampliseq multiplex libraries to be
sequenced on an Illlumina platform, which is thought to be superior to lonTorrent platforms
with lower sequencing error. Sequencing at higher coverage gives greater ability to identify
low-allele frequency mutations, at the expense of higher cost per base sequenced.

It was hypothesised that it would be possible to reduce the volumes of the reagents used in the
library-synthesis protocol whilst maintaining the integrity and accuracy of the libraries
produced. If proven, this would enable, a) a greater number of samples to be processed at
reduced costs in library synthesis reagents, b) a potential reduction in sample input and c) to,
conversely, maintain the same sample input but increase the efficacy of library preparation by
maximising the interactions of molecules in a reduced volume. To test the hypothesis, libraries
were produced following the laboratory protocol using the original, or ‘full’ volume reagents,
and, in parallel, with reagents reduced to 0.4 of their original volume (‘miniaturised’). Libraries
subsequently underwent multiplexed sequencing on an Illumina platform. This process was
repeated twice in two tests, test 1 (8 DNA samples/libraries) and test 2 (16 DNA

samples/libraries).

Analysis of the sequencing metrics revealed that the miniaturised libraries had similar read
coverage (test 2, mean in full volume 1115 +/- 546 vs 1649 +/- 917 in miniaturised libraries,
p=0.07, paired t test) or significantly higher (test 1, mean in full volume 1273 +/- 673 vs 2536
+/- 798 in miniaturised libraries, p=0.006, paired t test) than the full volume libraries. Test 1
demonstrated fewer variant calls in the miniaturised libraries compared to full volume libraries,

likely secondary to higher coverage reducing the sequencing error rate (noise).

Analysis of the mutation calls (‘calls’) in test 1 demonstrated that 19 of 73 calls were made in
both the full volume and miniaturised libraries (Figure 3.5). For the 40 calls made by the full
volume and not by the miniaturised libraries, 17 were present in the raw sequencing data of the
miniaturised libraries, and were overwhelmingly of allele frequency less than 3% (Figure 3.5).
Review of the raw data revealed that many of these calls were not made by in the miniaturised

libraries due to the higher coverage achieved in the miniaturised libraries. As a result, in the
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miniaturised libraries many alterations did not meet the minimum bioinformatic criteria of >1%
allele frequency and no strand bias, while they did in the full volume libraries secondary to the
lower coverage in this sequencing run leading to a higher rate of erroneous calls. A further 11
mutation calls made singularly by the full volume libraries on review demonstrated strand bias
such that the call should be considered erroneous (Figure 3.5). The miniaturised libraries were
not without error, with a lower rate of erroneous calls compared to the full volume libraries,
with five such calls. This demonstrates the importance of coverage in facilitating the
bioinformatic pipeline to better differentiate error/noise from true calls, with the higher

coverage in the miniaturised libraries assisting in reducing the error rate.

In total, there were 13 calls from the full volume sequencing set that were either present in the
raw data of the miniaturised libraries but in an area of sequencing that appears error prone in
the miniaturised library raw sequencing data which prevented the mutation call being made, or
not present at all in the raw sequencing data. These calls are potential ‘missed’ calls by the
miniaturised libraries and represent 22% of all the mutation calls made by the full volume

sequencing data.
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Figure 3.5. Agreement in sequencing calls made between the full and miniaturised (‘reduced’) volume libraries

in test 1. AF, allele frequency.
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For the second test, a minimum allele frequency for mutation calls was set at 5%. This test

showed 100% concordance between the full and miniaturised libraries (Figure 3.6).
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Figure 3.6. Agreement in sequencing calls made between the full and miniaturised (‘reduced’) volume libraries

in test 2. AF, allele frequency.

When the second test results were compared to prior sequencing on a lonTorrent sequencing
platform, the full volume and miniaturised libraries concurred with 100% (n=21 calls) of prior
calls. One additional call was made in both the full and reduced volume sequencing relative to
the prior lonTorrent sequencing, which was a splicing mutation in MAP2K4. The mutation
appears robustly in the raw sequencing data in both the library sets, and as a splicing mutation

may not have been captured by the prior lonTorrent sequencing.

Based on the results of test 1 and 2, the ‘miniaturised’ protocol for tissue library preparation

was adopted for plasmaMATCH tissue sequencing.

3.4.2.2.0Optimisation of library targeted sequencing panel

The laboratory utilised an in-house designed Ampliseq amplicon panel, BCPv9, which includes
amplicons covering breast cancer driver genes. The panel did not cover NF1, which recent data

had suggested has an important role in breast cancer as a potential endocrine therapy resistance
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mechanim®8, The panel was therefore redesigned to include amplicons tiling NF1, resulting in

a new amplicon panel, BCPv10 (Table 3.1).

Genes | Genome Regions
CDH1 AKT1
GATAS BRAF
MAP2K4 ERBB2
MAP3K1 ESR1
NF1 KIT

KRAS

PIK3CA

PIK3R1

RUNX1
SF3B1

Table 3.1. Genes and genome regions covered by BCPv10.

To validate the new panel, DNA samples remaining from previous ddPCR ctDNA testing
within the ABC-Bio study (CCR3991) were identified. Libraries were synthesised following
the previously validated ‘miniaturised’ protocol. Libraries were sequenced on an Illumina
platform, and resulting mutation calls compared with prior cfDNA mutation calls made by
ddPCR.

Overall, 19 DNA samples underwent library preparation, of which 16 produced a volume and
quality of library that could undergo sequencing. The libraries underwent sequencing with a
median coverage of 1819X per library (range 907 — 5050) and an average on-target percent of
76%. Mutation calls were compared to the mutations identified in prior ddPCR of the sample,
with 9 mutation calls in agreement, and 3 mutation calls not identified by BCPv10 sequencing
(Table 3.2). Review of the discordant calls revealed that two of the plasma calls were of low

allele frequency (0.2 and 0.4%), below the bioinformatic detection level for targeted
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sequencing using BCPv10. One mutation call had no coverage across the amplicon for that
patient. Removing the two calls with low allele frequency, the adjusted sensitivity was 90%,
and specificity was 100%. Based on these results, the sequencing panel BCPv10 was adopted
for use in sequencing of tissue samples in plasmaMATCH.

ABC Bio Plasma + | ABC Bio Plasma -

BCPv10 + 9 0

BCPv10 - 3 80

Table 3.2. Comparison of the mutation calls made by ddPCR (ABC-Bio Plasma) and by library preparation
following the miniaturised protocol and the new targeted sequencing panel, BCPv10. +, positive mutation call, -

, Negative mutation call.

3.4.2.3.0Optimisation of tissue sequencing bioinformatic pipeline

An important consideration when analysing raw sequencing data is establishing the error rate
of the sequencing approach employed. This knowledge enables a minimum allele frequency
threshold to be set in the bioinformatic pipeline that avoids falsely identifying error as “true”
mutation calls. To establish the error rate, which would inform where to set a threshold, 11
primary triple negative breast cancer tissue DNA samples were selected for sequencing, all of
which were derived from FFPE tissue. Primary triple negative samples were selected due to
the low likelihood of any ESR1 mutations being present®®, allowing assessment of the baseline
error rate, or ‘noise’, present in FFPE tissue, which is anticipated to be higher than that of fresh
frozen tissue. The DNA samples underwent library preparation using the miniaturised protocol.
A pileup analysis was undertaken to identify mutation calls within ESR1. Pileup analysis
revealed that error calls across ESR1 amplicon coverage areas occurred at allele frequencies
less than 1% (Figure 3.7).
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Figure 3.7. Pileup analysis of mutation calls across the 4 amplicons (1 —4) tiling ESR1 from primary triple negative
breast cancer samples. Mutation calls from each sample are represented in a different colour. AF, allele frequency,

POS, position across the amplicon (tiled across the x-axis). Figure courtesy of Dr Ros Cutts.

This result was corroborated by assessment of the allele frequency calls of a single batch of
plasmaMATCH tissue sequencing, which included DNA derived from a mix of 9 FFPE and 7
fresh frozen tissue samples. Pileup analysis revealed that for both the TNBC set and the
plasmaMATCH batch, the baseline error rate was consistently <1% (Figure 3.8). Error was
higher for C>T alterations, which is to be expected due to FFPE artefacts likely caused by the
chemical treatment of samples'®®-2%%, Additionally, some samples showed higher error rate than
others, however the error rate stayed consistently below 1%. To achieve stringency and reduce
the risk of false positive calls, a minimum allele frequency of 2% was set in the bioinformatic
pipeline to identify mutation calls in the tissue sequencing dataset using pileup analysis.
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Figure 3.8. Base-specific mean error rate for the plasmaMATCH sequencing batch (A) and the TNBC sequencing

batch (B). Samples are on the x-axis. Figure courtesy of Dr Ros Cultts.

Pileup analysis enables assessment of the raw data for the number of reference and alternate
reads at every loci covered by the panel. The mutation calls made by pileup analysis were
compared with those of MuTect and VarDict, which are the two mutation callers used within
the in-house bioinformatic pipeline (VariTAS, Methods 2.1.11). The mutation calls made by
VarDict were frequently not identified by the pileup analysis or by MuTect (Figure 3.9). SNV
calls made by either pileup analysis or MuTect were therefore included whilst mutation calls

made solely by VarDict were excluded. The presence of indels was established using MuTect.

103



Pileup analysis

MuTect VarDict

Figure 3.9. Analysis of mutation calls made by MuTect, VarDict and the agreement with each other and the pileup

analysis for the sequencing run analysed. Data on mutations called by pileup alone, if any, was unavailable.

3.4.2.4.Plasma ddPCR compared to tissue sequencing

The optimised tissue sequencing panel, protocol and bioinformatic pipeline were used to
sequence tissue DNA from baseline and archival tissues obtained within the plasmaMATCH
trial. In total, 80 patients had tissue sequencing results, of whom between 76 and 77 patients
(one patient had a failed AKT1 p.E17K ddPCR assay) had available plasma ddPCR and targeted
sequencing results. When comparing binary gene level mutation status, the sensitivity of both
ddPCR plasma testing and plasma targeted sequencing with the tissue sequencing was high,
ranging between 88.2% and 96.8% (Figure 3.10). Specificity was lower for both ddPCR and
targeted sequencing, ranging between 40.0% and 98.5%. When just contemporaneous samples
were included (plasma and tissue taken within 60 days), specificity improved to between 57.1%
and 100%.
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All Paired Samples Contemporaneous Paired Samples Time Discordant Paired Samples

Sensitivity % 88.9 88.9 96.9 88,2 100 100 100 889 75.0 66.7 917 875
Specificity % 95.5 98.5 40.0 95.0 91.2 100 57.9 96.7 100 7.1 269 93.3
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dPCR vs Tissue Sequencing

Binary Status Agreement
Concordant Negative [l Discordant: Tissue Positive, dPCR Negative
Concordant Positive Discordant: Tissue Megative, dPCR Positive

Figure 3.10. Agreement between ddPCR ctDNA testing and advanced disease tissue sequencing. Agreement in
all paired samples (left), contemporaneous ctDNA and tissue samples (middle), and time discordant samples where

tissue was taken >60 days prior to ctDNA sample (right).

3.5. Discussion

The aim of this chapter was to validate the use of ctDNA analysis to genomically profile a
patient’s cancer. This was achieved by comparison of two orthogonal ctDNA testing
approaches, and through comparison of ctDNA results with paired tissue sequencing.

The high level of agreement for the two orthogonal ctDNA testing approaches demonstrated
here increases confidence in the validity of ctDNA analysis by either approach. Similarly, the
sensitivity and specificity of ctDNA analysis, whether by ddPCR or targeted sequencing, was
generally high when comparing to the ‘gold standard’ tissue sequencing approach. Notably, in
both the ddPCR/targeted sequencing and ctDNA/tissue comparison, the agreement and
specificity was lower for alterations within ESR1 than other genes.

There are several factors contributing to the lower agreement and specificity for ESR1. Firstly,
it is well established that ESR1 alterations arise in the metastatic setting as a resistance
mechanism to aromatase inhibitor therapy’2. Time delays between sample collections are more
likely to cause disparity in the mutation status due to the increased potential for temporal
acquisition of the mutation. Indeed, when just plasma/tissue samples taken within 60 days of
each other are considered, the ESR1 specificity of ctDNA increased from 40% to 57.9%. A

second important factor is the tendency for ESR1 alterations to be subclonal and occur at low
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allele frequency’?. Subclonal alterations are more likely to be metastatic-clade, and
subsequently ‘missed’ by single-site tissue biopsy while identified in the ctDNA. They are also
more likely to occur at allele frequencies below the limit of detection, and be affected by the
issue of stochastic sampling. Similarly, Ravazi et al found that the detection rate of mutations
in the plasma was significantly correlated with the cancer cell fraction at which they occurred
in the paired tumour®, demonstrating that for subclonal mutations detection is less accurate.
Finally, the threshold of detection for alterations identified in tissue was set at a minimum of
2%. The patterns of ESR1 mutations, in terms of inter-tumoural vs intra-tumoural
heterogeneity, have not been well established. One study which profiled the genome of
multiregional metastasis in 10 patients with ABC revealed that most mutations are either
‘stem’, or present in every cell, or ‘clade’, being common to more than one metastatic deposit
rather than private to a singular deposit®2. Whether this pattern exists with ESR1 mutations is
not well established. An autopsy study identified that in a patient with multiple ESR1
mutations, they mostly occurred in different subclones, although one pair of mutations
overlapped®. If ESR1 mutations tend to be clonally dominant within a metastasis whilst absent
in metastases occurring in parallel, then the mutation may be ‘missed’ by a single-site biopsy
depending on the site biopsied. Conversely, if ESR1 mutations tend to be homogenously
present at a subclonal level in disparate metastases, then a minimum allele frequency 2% may
mean tissue biopsy is unable to detect the subclonal ESR1 mutations. With the above factors
particularly influencing the identification of ESR1 mutations, it is likely that ctDNA testing
represents the ‘gold-standard’ approach to identify ESR1 mutations rather than single-site

tissue biopsy.

One notable finding was that the binary, gene level agreement was higher than the exact
mutation agreement for the ddPCR/targeted sequencing comparison. This was particularly
marked for ESR1 mutations. One consideration here is the way in which the ddPCR assessment
is made using multiplex assays, with several ESR1 mutations tested for in the same well.
Differentiating which mutation is which is based upon the x/y location of the FAM (mutant)
and HEX (wild type) droplets as compared to a reference well, with this method being prone
to subjective interpretation of the result by the operator. Droplet migration, due to variation
between assay batches, and droplet streaking, due to shredding of droplets, can infrequently
occur, leading to a positive result being attributed to the incorrect variant. This is compounded
by the nature of ESR1 mutations to be polyclonal, making differentiating which variant is

present more challenging when multiple variants are present. The clinical relevance of incorrect

106



variant call is not yet fully understood. There is some in vivo data suggesting that ESR1
p.Y537S mutations exhibits a higher level of resistance to fulvestrant that other activating ESR1
mutations'?, It may become more apparent, for ESR1 and mutations within other genes, that
the exact mutation has prognostic and predictive significance. In this situation, the limitations

of multiplex ddPCR assays mutation call should be reconsidered.

3.6.Conclusion

Overall, the high level of agreement between two orthogonal ctDNA analysis techniques
coupled with reasonable sensitivity and specificity demonstrated in this Chapter reassures that
ctDNA analysis is a valid approach for genomic profiling. Optimisation of the tissue
sequencing protocol and bioinformatic pipeline enabled a greater number of samples to be
analysed at greater depth and with increased accuracy of mutation calls, allowing for the
comparison to be made. The data presented here suggests that analysis of ctDNA may be more
limited in identifying mutations occurring at low allele frequency where sensitivity was lower.
On the other hand, ctDNA analysis has potentially a greater ability to identify metastatic-clade
subclonal alterations that are missed by single-site tissue biopsy, as suggested by the number
of alterations that were identified in ctDNA but missed in tissue, particularly for ESR1

mutations.
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4. Chapter 4. Clinico-pathological associations of ctDNA

4.1. Introduction

To bring ctDNA analysis into clinical practice, we must define important clinical features
which associate with the presence of ctDNA in the circulation. This will help physicians
understand which patient groups may benefit from the test whilst highlighting the patient
groups in whom the test may be inadequate. Of much clinical relevance is which patient groups
are most likely to harbour a potentially therapeutically targetable mutation in their ctDNA, and
to date this has not yet been well defined in ABC. With the plasmaMATCH dataset, we are
uniquely situated to be able to investigate the associations between clinico-pathological

features and ctDNA presence and nature.

4.2. Hypothesis

We can define the clinical and pathological features associated with ctDNA results

4.3. Aims

1) Define which patient groups are more likely to have detectable ctDNA

2) Understand the association between ctDNA purity and number of alterations with
clinico-pathological features

3) Establish the clinico-pathological associations of targetable alterations

4) Investigate organotropism of common breast cancer mutations

5) Investigate whether ctDNA analysis can be used to identify HER2 amplification

4.4. Results

Of 1051 patients enrolled into plasmaMATCH, baseline pre-treatment ctDNA targeted
sequencing results were available for 800 patients (364 prospectively and 436 retrospectively).
Of the patients with available targeted sequencing, 64.4% (n=515) had HR+ HER2- disease,
9.1% (n=72) were HER2+, and 17.3% (n=138) had TNBC.
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4.4.1.Clinico-pathological associations of a negative ctDNA test

Of the 800 patients with targeted sequencing results, 743 (92.9%) had an oncogenic alteration
(SNV, indel, fusion and/or copy number change) identified. There was no significant difference
in the proportion of patients with or without a ctDNA alteration according to breast cancer
subtype, histological subtype or disease burden (Table 4.1). There was a significant difference
in the number of prior lines of treatment in those with a ctDNA alteration compared to those
without (p=0.01, Table 4.1), with patients who had a higher number of lines of prior treatment
more likely to harbour a ctDNA alteration.

Proportion
Number Total with
Clinical Characteristic with . P value
. number alteration
alteration
(%)
Breast
Cancer HR+ HER2- 484 515 94.0
Subtype
HR+ HER2+ 40 46 87.0
HR- HER2+ 22 26 84.6
TNBC 130 138 94.2
Unknown 67 75 89.3 0.10
Histology
Ductal 534 577 92.5
Lobular 75 79 94.9
Other 43 47 91.5
Not known 91 97 93.8 0.83
Disease
burden Visceral 586 627 93.5
Soft tissue/nodal 131 143 91.6
Bone 10 11 90.9
Not known 16 19 84.2 0.41
Number of
lines of 0 67 77 87.0
prior
treatment 0-1 374 409 91.4
3-4 209 218 95.9
5+ 93 96 96.9 0.01

Table 4.1. Clinico-pathological characteristics of patients with and without a ctDNA alteration. p values from Chi-

squared test.
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4.4.2.Clinico-pathological associations of number of genome alterations and ctDNA

purity

The purity of a ctDNA sample, or the amount of ctDNA relative to the amount of cell free
DNA (cfDNA), is an important consideration when reviewing targeted sequencing results. On
a patient level, physicians must be able to review a targeted sequencing report with an
understanding of how likely the lack of a mutation being present is due to clinico-pathological
features versus true negativity. For the targeted sequencing data, the maximum variant allele
frequency, or mVVAF, acts as a proxy for tumour purity. This is under the assumption that the
mutation with the greatest allele frequency represents a truncal mutation present in all cancer
cells. The allele frequency of this variant can then be used as a ‘marker’ to denote the proportion

of cancer DNA relative to germline DNA in the sample.

HR+ HER2- disease was associated with significantly more SNVs/indels than TNBC (p=0.007,
Figure 4.1). Both the number of lines of treatment overall and number of lines of chemotherapy
were also associated with increased number of SNVs/indels and mVAF (Figure 4.1). Metastatic
disease site was also found to be a significant predictor for increased mVAF, with patients with
visceral disease tending to have higher mVVAF than those with soft tissue/nodal disease
(9=0.002, Figure 4.1).

No. of lines No. of lines
Histological Primary BC treatment for  No. Lines CTx Metastatic Histological Primary BC treatment for No. Lines CTx Metastatic
subtype subtype MBC for MBC disease site subtype subtype MBC for MBC disease site

Mean no. of SNVs/Indels
o w @
Maximum VAF (%)
° i 2 z

Figure 4.1. Clinical and pathological associations of breast cancer mutation profile. Association of number of
mutations (SNVs/indels, left) and the maximum variant allele frequency (mVAF, right, as a proxy of ctDNA
purity) with indicated clinical and pathological features. p values from pairwise two sided Kruskal-Wallis test
with correction for multiple testing (number of mutations: HR+ HER2- vs TNBC q=0.008; 0 vs >5 lines of
treatment g=0.0005, 1-2vs >5 lines of treatment qg=0.0005; 0 vs >3 lines of chemotherapy q=0.003. mVAF: 0 vs
>5 lines of treatment q=0.03, 1-2vs >5 lines of treatment q=0.006; 0 vs 1-2 lines of chemotherapy q=0.003, 0 vs
>3 lines of chemotherapy q=0.0003; soft tissue/nodal vs visceral disease g=0.002). MBC, metastatic breast cancer;

CTx, chemotherapy; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma.
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4.4.3.Clinico-pathological associations of targetable mutations

The incidence of PIK3CA alterations was significantly associated with breast cancer phenotype
and number of lines of treatment in the metastatic setting (p<0.0001 and p=0.006, respectively,
Figure 4.2). The incidence of ESR1 alterations was similarly associated with breast cancer
phenotype and number of lines of treatment in the metastatic setting (p<0.0001 and p<0.0001,
respectively), and additionally associated with disease site (p=0.003). ERBB2 alterations were
more common in lobular than in ductal breast cancer (p<0.0001)%°22%  Microsatellite
instability (MSI-high) was identified in 1.1% of patients.
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Figure 4.2. Association of clinical and pathological features with pathogenic alterations in the four targetable
genes in plasmaMATCH: PIK3CA, ESR1, HER2 (ERBB2) and AKT1. p values from Chi-squared test (PIK3CA:
histological subtype p<0.0001, lines of treatment p=0.006; ESRL1: histological subtype p<0.0001, lines of
treatment p<0.0001, disease site p=0.003; HER2: histological subtype p=0.004, primary breast cancer subtype
p<0.0001).

ERBB2 mutations were found more commonly in HER2+ breast cancers with increasing lines
of HER2-directed therapy (p=0.04, Figure 4.3).
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Figure 4.3. ERBB2 mutation incidence in patients with HER2+ breast cancer, by line of therapy. 0-1 lines of
therapy mutation incidence 7.3% (3/41) and 2-3 lines of therapy mutation incidence 25% (8/32) p=0.04, Chi-

squared test. mt, mutant; wt wild type.

4.4.4.0rganotropism of common breast cancer mutations

In this cohort of 800 ABC patients, association between disease site and presence of gene
alterations, or organotropism, was explored. Overall, alterations within TP53, GATA3, ESR1
and PIK3CA showed a tendency for organotropism which was largely effected by breast cancer
subtype associations (Figure 4.4). Bone disease demonstrated a positive association with ESR1
and GATAS3 alterations (g<0.0001 and g=0.0009, respectively), while TP53 was negatively
associated (g=0.02). Liver disease was positively associated with ESR1 alterations (q<0.0001)
but negatively associated with TP53 alterations (q=0.002)?%*. In HR+ HER2- disease, ESR1
mutations were positively associated with liver and bone disease (q=0.004 and g=0.02,
respectively, Figure 4.4). TNBC did not show a significant pattern of organotropism after

correction for multiple testing (Figure 4.4).

a b
HR+ HER2- TNBC
-"JKRA
@

* Significant positive association * Significant positive association
* Significant negative association * Significant negative association

112



Figure 4.4. Organotropism of mutations in ABC. A, Association of mutations in indicated genes with sites of
metastasis. p values from false discovery corrected Fisher’s exact test (ESR1: bone q<0.0001, liver q<0.0001,
lymph node g=0.0001; GATA3: bone q=0.0009; PIK3CA: lymph node q=0.005; TP53: lymph node q=0.002, liver
g=0.002, bone g=0.02). B, Association of mutations in indicated genes with sites of metastasis in (left) HR+
HER2- and (right) TNBC. p values from false discovery corrected Fisher’s exact test (HR+ HER2- ESR1: liver
g=0.004, bone g=0.02).

4.4.5.ctDNA analysis of ERBB2 copy number alteration and HER2 amplification

Currently HER2 amplification is established via immunohistochemistry (IHC) of a tissue
biopsy in the primary breast cancer setting. However, approximately 21% of patients lose
HER2 amplification on metastatic progression, while around 10% gain HER2 amplification®®.
Metastatic disease is not routinely biopsied to assess for change in HER2 amplification status
despite there being significant therapeutic implications. ctDNA assessment of ERBB2
amplification status would be advantageous in enabling a non-invasive approach to identify

this important clinical parameter.

In the plasmaMATCH patients, the ERBB2 amplification status identified in ctDNA was
compared to the most recently available HER2 tissue biopsy status to assess sensitivity and
specificity of ctDNA analysis. While the ctDNA assessment of ERBB2 amplification status
was found to be highly specific (98%), ctDNA had a sensitivity of just 50% (threshold copy
number 2.2, Figure 4.5). The mean ERBB2 copy number of HER2 positive/amplified cancers
was significantly higher than those with HER2 negative/non-amplified disease (9.9 versus 2.1,
p<0.0001, Figure 4.5).
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Figure 4.5. Adjusted ERBB2 copy number (CN) in targeted sequencing, in patients with tissue assessed HER2+
(amplified, n = 72) and HER2- (non-amplified, n = 605) cancers. Left, receiver operator curve of adjusted ERBB2
plasma copy number. Right, ERBB2 plasma copy number adjusted for purity. Data are presented as mean + SD.

The p value indicated is derived from a two-sided Mann—Whitney U-test.

4.5. Discussion

Analysis of this large dataset of 800 patients with ABC has revealed several important features
that influence the clinical utility of the test. A major finding is the identification of a patient
group less suited to this approach: those with less advanced disease. This is supported firstly
by the increased number of patients with no identifiable alterations with fewer lines of prior
treatment (Table 4.1). Secondly, both the mean number of SNVs/indels and the mVAF were
significantly fewer in patients with fewer prior lines of treatment overall and chemotherapy
lines (Figure 4.1). Finally, patients who had disease limited to soft tissue and nodal disease had
significantly lower mVAF than patients with visceral disease (Figure 4.1). The amount of
ctDNA identified in the blood is known to correlate with disease burden?®°42%In early breast
cancer, tumour purity has been found to correlate with tumour size and the Ki67 mitotic
index?®”. The clinical data presented here corroborates this and identifies that genomic profiling
via ctDNA is less suited to ABC patients with limited disease burden in whom the chance of a

false negative result is increased.
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A second finding was that, in this dataset, patients with HR+ HER2- disease had significantly
more alterations than those with TNBC, which is converse to what has been previously
published?®, Prior work demonstrated that metastatic breast cancer has a higher tumour
mutational burden than early breast cancer®2% and that hypermutated tumours have a
dominant APOBEC mutational signature®®. In metastatic breast cancer, the APOBEC
signature is particularly associated with HR+ breast cancer and also enriched in metastatic
disease compared to primary disease®®. Activation of APOBEC has been associated with
secondary resistance to hormonal therapy?®. Thus, this cohort of heavily pre-treated HR+
HER2- ABC patients could represent a group who have a highly mutated disease, potentially
as a result of prior hormonal therapy and subsequent activation of APOBEC mutagenesis

processes.

The clinico-pathological correlates of targetable mutations were explored using ctDNA
analysis. The enrichment of PIK3CA and ESR1 alterations in HR+ breast cancer is in
concordance with prior studies®>%. In the case of mutations within ESR1, these alterations are
known to arise as a result of prior hormonal therapy®®®!, and are rare in TNBC®. ESR1
mutations have also previously been associated with liver®** and bone disease®. Meanwhile
ERBB2 mutations were associated with lobular breast cancer?°22% and, in a novel finding, with
HER?2 positive/amplified disease with incidence increasing with number of lines of therapy
(Figure 4.3). This finding suggests acquisition of ERBB2 mutations as a mechanism of
resistance to prior HER2 targeted therapies. This theory is supported by prior in vitro work
which demonstrated that HER2 positive cells with activating ERBB2 mutations were resistant
to lapatinib but remained sensitive to neratinib?:%?'! and were enriched in metastatic HER2
amplified samples compared to primary?*!. Later in vivo work has corroborated these results'4.
This finding supports a role for neratinib as a novel treatment strategy for HER2+ resistant

disease.

Microsatellite instability (MSI) was identified in 1.1% of the cohort, similarly to what has been
identified in another breast cancer cohort®®. Testing of ctDNA for MSI using Guardant360 has
previously been validated against tumour tissue testing, with an overall accuracy of 98.4% and
positive predictive value of 95%%'2. There is increasing evidence in other cancers, and
particularly colorectal cancer, that patients with mismatch repair deficient cancers, or MSI
high, have a high response rate to subsequent immunotherapy?'3-2'®, This is yet to be confirmed
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in breast cancer cohorts, but if confirmed suggests that ctDNA analysis could be used to

identify these patients.

Finally, the sensitivity and specificity of ERBB2 copy number in ctDNA was assessed
compared to patient’s most recent HER2 tissue amplification status, identifying a sensitivity
and specificity of 50% and 98% respectively. Copy number in plasma is a product of the
number of copies present and the purity of the sample. Therefore a sample with high
amplification but low purity could have the same amplification level as a low copy number in
a high purity sample. Guardant Health apply a formula to account for this (Methods section
2.1.12.9), which takes into account the maximum VAF as a proxy measure of sample purity.
Despite this adjustment, ctDNA assessment of copy number is limited by the issue of plasma
purity. In ABC, approximately 65.5% of samples have a purity of less than 10% and 37.1% of
patients having a purity of less than 3%8°, demonstrating that low purity will influence a

substantial proportion of patients and make copy number assessment challenging.

The data presented here suggests that ctDNA assessment only detects half of all true HER2
amplifications. It should be noted that the gold standard IHC testing has a false positive rate of
around 6%, and a false negative rate of <2%?2'®, which may account for a small degree of
discrepancy. A further important factor is that approximately 10.3% of patients experience a
change in HER?2 status between primary and metastatic disease?®. The comparison undertaken
here was of ctDNA-defined ERBB2 amplification versus the most recent tumour biopsy, which
may not have been contemporaneous with the ctDNA sample. Thus there is potential for there
to be a small degree of true discordance. In one large scale study (n=810 samples) which
compared the concordance between HER?2 status as defined by IHC with ERBB2 amplification
inferred from sequencing data the same tumour sample, the concordance was high at 98%3.
This suggests the discrepancy between ctDNA assessed ERBB2 copy number status versus
tissue HER2 amplification status arises, in the most part, due to the poor ability to identify
ERBB2 copy number increase in ctDNA. Temporal changes in ctDNA status may have a small
influence, while any purported lack of association between sequencing-defined ERBB2 copy
number change and tissue HER2 amplification status is not likely to be a factor. Nevertheless,
in colorectal and gastric cancer, plasma ERBB2 copy number has been found to positively
associate with response to HER2 targeted therapy®”?*". Conversely, in ABC the opposite was
found, with high plasma ERBB2 copy number associating with shorter median PFS on

subsequent trastuzumab-based therapy?*8. This could be due to a more aggressive phenotype
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of high ERBB2 copy number disease, but it is important to note that disease burden and its
influence on ctDNA purity will have been a confounder in this study. The data presented here
suggests that while plasma ERBB2 copy number could be used as a screening tool in ABC, it
IS not yet sensitive enough to replace the gold standard tissue-based IHC approach. The
prognostic and predictive utility of ctDNA-assessed HER2 amplification in ABC also needs to

be defined within a range of HER2-directed therapies in order to clinically validate the test.

4.6. Conclusion

Analysis of the ctDNA results from 800 patients has enabled elucidation of clinico-pathological
features associated with a positive result. Importantly, this data has highlighted the patients in
whom the technology is less suited: those with a lower burden/less advanced disease where the
risk of a false negative result is higher. The clinico-pathological associations of targetable
alterations were also investigated, with certain patient groups more likely to harbour an
actionable mutation. Broadly this aligned with what has been identified in tissue sequencing
studies, however the finding of increased ERBB2 mutations with more lines of HER2-directed
prior therapy is a novel finding. This acquisition of ERBB2 mutations potentially represents a
mechanism of resistance to HER?2 directed therapy in HER2+ breast cancer, emphasising the
need to investigate whether these cancers would benefit specifically from HER2 tyrosine
kinase inhibitors that inhibit mutant ERBB2*°,

The data presented here does not support the widespread use of ctDNA analysis in the
assessment of copy number change. For this important clinical parameter, it would still be
necessary to perform a tissue-based biopsy.

A strength of this analysis is the number of patients that was analysed (n=800) and the
comprehensively annotated dataset. Nevertheless, the findings presented here are limited to
ABC patients and not applicable to patients with early disease. The analysis of clinico-
pathological features is also more limited in patients with HR+ HER2+ and HR- HER2+
patients (n=46 and n=26, respectively), in whom the small numbers of patients will inevitably
reduce the power of the analysis to identify clinically significant findings.
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5. Chapter 5. Breast cancer genomic landscape, clonal architecture,
resistance mechanisms and mutational processes according to

cCtDNA analysis

5.1. Introduction

The term ‘genomic landscape’ is a broad term encompassing genomic features of gene
mutation frequency, copy number change, clonal architecture and disease heterogeneity. While
the genomic landscape of primary breast cancer has been well defined?®, it is now understood
that the genomic features present in ABC can substantially differ from the early breast cancer*>-
46,220 'With the increasing number of studies analysing sequencing data from large cohorts of
patients with ABC3>%8% our understanding of the genomic landscape and the factors that drive
the evolution and progression of ABC is increasing. It is hoped that defining both the landscape
of ABC and the processes that shape it will enable us to create better strategies to combat the
disease.

Multiregional tumour biopsy studies derived from warm autopsies have provided valuable
insights into the phylogeny of clonally heterogeneous metastatic disease from its primary breast
cancer precusor*?4352_ Clones forming part or all of a patient’s metastatic deposits may develop
from a single clone, or ‘metastatic precursor’, or may arise from multiple separate clones from
within the primary tumour. Additionally, it has been identified that in metastatic disease,
metastases can horizontally cross-seed other deposits*##3°2  illustrating the potential for non-
linear development and propagation of metastatic disease which is characterised by increased

genomic complexity and subclonal alterations.

Other studies have investigated the factors that drive the emergence of heterogenous subclonal
disease in ABC. One landmark study by Razavi et al performed prospective targeted
sequencing of tumour samples derived from 1756 patients with metastatic breast cancer®*. This
study was able to identify certain genes that were enriched in ABC compared to early breast
cancer, with gene enrichment associated with prior hormonal therapy treatment (namely, ESR1,
ERBB2 and NF1 alterations®*). Notably, the study identified that mutations occurring in ESR1
and the MAPK pathway are mutually exclusive in the post-treatment tumour biopsy sequencing

data studied, suggesting that these disparate routes to endocrine resistance do not overlap in
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sequencing data derived from single-site tumour biopsies®*. This phenomenon has also been
noted in the development of resistance to PI3K inhibition, whereby disparate metastases in the
same patient developed various PTEN alterations in parallel, which led to the same treatment-
resistant phenotype??. This suggests that, through the evolutionary pressure exerted by
anticancer therapy, individual tumour cells preferentially evolve a single route to treatment

resistance, rather than multiple routes in parallel.

Further insights into the drivers of tumorigenesis in advanced disease have been gained from
mutational signature analysis. With the advent of massively paralleled sequencing, genomic
sequencing is increasingly economically viable leading to broad acquisition of a significant
amount of data from large cohorts of patients. This has enabled broader analysis of mutational
profiles of cancer samples outside of regions of interest that were previously focused on by
necessity of limited sequencing. With this, it is now understood that mutations occurring
outside of driver genes are not simply occurring by chance but are the result of specific
biological mutational processes which leave distinctive ‘scars’ in the DNA??2, Study of the
scars, or mutational signatures, can give insight into the mutational processes which have been
active in the development and evolution of the cancer??2. Currently, 32 single base substitution
signatures, 11 doublet base substitution signatures and 18 indel signatures have been
described??®. In primary breast cancer, these mutational signatures are not thought to relate to
breast cancer subtype???. Genomic sequencing studies, however, have identified that the
mutational signatures present tend to shift from early to metastatic breast cancer®®3, Of
particular note in breast cancer is an association with mutational signatures 2 and 13224, which
are associated with APOBEC enzymatic activity. This signature has been found to be enriched
in metastatic breast cancer relative to primary breast cancer, and in hormone positive breast
cancer3>38, APOBECs are a family of cytidine deaminases that use single stranded DNA as a
substrate to deaminate cytosine to uracil??2. There is some evidence to suggest that APOBEC-
related mutagenesis is related to endocrine resistance?®, and is associated with worse clinical
outcomes®, which makes exploration of this mutational signature in breast cancer particularly

interesting.

It is increasingly understood that ctDNA analysis may not only have the potential to
characterise the genomic landscape of a patient’s ABC, but may indeed be superior in terms of
detecting subclonal metastatic-clade disease®®. In 2015 Murtaza et al demonstrated, through

exome and targeted sequencing of multiple tumour sites and ctDNA samples from a single
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patient over a three-year course of treatment, that the mutation allele frequency in the plasma
reflects the clonal hierarchy inferred from multiregional tumour sequencing®. Furthermore,
serial changes in the allele frequency of subclonal mutations correlated with the different
treatment responses of the spatially distinct metastatic sites. This early finding underlines the
potential of ctDNA analysis in being able to delineate the genomic landscape of a patient’s

cancer.

A major limitation to the use of ctDNA in assessing a patient’s genomic landscape is the limited
data available on the landscape of ABC according to ctDNA analysis derived from large
cohorts of patients with ABC. This characterisation is required to contextualise patient results
in the broader spectrum of advanced disease. Smaller studies, of 100 and 255 patients
respectively, have made some progress??>226, This chapter describes the landscape of the ABC
in a large cohort of 800 patients according to analysis of ctDNA, allowing the exploration of
clonal architecture and mutational processes that shape clonal diversity.

5.2. Hypotheses

The landscape of ABC can be defined through analysis of ctDNA

5.3. Aims

1) Establish the incidence of SNVs, indels and copy number alterations according to breast
cancer phenotype

2) Compare the incidence of alterations to that identified in tumour sequenced-cohorts in
primary and ABC

3) Investigate patterns of clonal dominance and polyclonality in ctDNA

4) Investigate patterns of co-mutation and mutation mutual exclusivity

5.4. Results

5.4.1.Advanced breast cancer landscape

Between 21st December 2016 and 26th April 2019 1,051 patients enrolled into
plasmaMATCH, of which 800 had available baseline pre-treatment ctDNA targeted
sequencing results. Of the patients with available targeted sequencing, 64.4% (n=515) had HR+
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HER2- disease, 9.1% (n=72) were HER2+, and 17.3% (n=138) had TNBC. Overall, 92.9% of

patients had at least one alteration identified following ctDNA targeted sequencing.

5.4.2.Incidence and phenotype enrichment of SNVs and indels

Overall, the genes most frequently altered were TP53 (44.1%), PIK3CA (34.9%), ESR1
(33.1%), GATA3 (11.0%), ARID1A (7.8%) and PTEN (6.9%, Figure 5.1)
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Figure 5.1. Mutational landscape of ABC defined by targeted sequencing of baseline ctDNA samples derived
from 800 patients enrolled in plasmaMATCH. Each vertical column represented one patient. Pathogenic
mutations (Methods section 2.2.2.1) are summarised by gene per patient. Top, total count of pathogenic mutations

per patient. Right, variant classification of alterations for each gene. FS, frameshift; IF, in-frame.

The mutation incidence of TP53, PIK3CA, ESR1 and GATA3 varied across breast cancer
subtypes (Figure 5.2). ERBB2 mutations were more frequent in HER2+ disease compared to
HR+ HER2- (g=0.05) and TNBC (q=0.005) disease (Figure 5.2). ERBB2 mutations were more
common in HER2+ breast cancers with increasing lines of prior HER2-directed therapy
(Chapter 4, section 4.4.3).
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Figure 5.2. Incidence of gene mutations by breast cancer subtype (HR+ HER2- n=515, HER2+ n=72, TNBC
n=138). Comparison with false discovery corrected Fisher’s Exact tests (TP53: HR+ HER2- vs HER2+ q=0.003,
HR+ HER2- vs TNBC <0.0001, HER2+ vs TNBC =0.04; PIK3CA: HR+ HER2- vs TNBC <0.0001, HER2+
vs TNBC g=0.0008; ESR1: HR+ HER2- vs HER2+ <0.0001, HR+ HER2- vs TNBC <0.0001, HER2+ vs TNBC
g=0.008; GATA3: HR+ HER2- vs TNBC (<0.0001; ERBB2: HR+ HER2- vs HER2+ q=0.05, HER2+ vs TNBC
g=0.005). ns, not significant.
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5.4.2.1.Incidence and phenotype enrichment of copy number alterations

The incidence of copy number alterations was compared across different breast cancer subtypes
(Figure 5.3). TNBC was enriched for copy number alterations in MYC, PIK3CA, EGFR,
CCNE1, CDK6, BRAF and MET (g=0.01, g<0.0001, q=0.001, g<0.0001, q=0.0003, q=0.0002
and g=0.01, respectively, Figure 5.3). In HR+ HER2- disease, copy number alterations in
FGFR1 and CCND1 were more common (g=0.01 and g<0.001, respectively). HER2
amplification was detected in ctDNA of 1.7% of patients with HR+ HER2- and TNBC disease,
potentially identifying the acquisition of HER2 amplified disease in these patients.
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Figure 5.3. Copy number increase incidence by breast cancer subtype (HR+ HER2- n=515, HER2+ n=72, TNBC
n=138). Comparison with false discovery corrected Chi-squared tests (MYC q=0.01, PIK3CA g<0.0001, FGFR1
g=0.01, EGFR g=0.001, ERBB2/HER2 g<0.0001, CCNE1 g<0.0001, CCND1 ¢<0.001, CDK6 gq=0.0003, BRAF
g=0.0002, MET g=0.01).
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5.4.2.2.Comparison of the plasmaMATCH plasma ctDNA landscape with advanced

and primary breast cancer sequencing datasets

Large datasets of genomic sequencing data are publicly available for review and analysis via
the online depositories, Genomic Data Commons Data Portal and cbioportal. We were able to
access the genomic sequencing data of patients with early and ABC, respectively, gained from
tissue sequencing. This sequencing data underwent the same bioinformatic pipeline as the
Guardant360 data to remove germline mutations and identify pathogenic alterations (Chapter
2, section 2.1.12.5 and 2.1.12.6).

When compared to primary breast cancer, PIK3CA alterations were less common in metastatic
HR+ HER2- disease (0g<0.0001) in agreement with large metastatic tissue sequencing
datasets®*3. Conversely, ESR1 alterations and alterations in the epigenetic regulator ARID1A
were enriched (4<0.0001 and q=0.04, respectively)®®-3.204 Additionally, AKT1 alterations were
enriched (q=0.006) within HR+ HER2- metastatic disease (Figure 5.4)?%,
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Figure 5.4. Comparison of mutation incidence identified in the plasmaMATCH cohort via ctDNA sequencing,
and primary breast cancer (TGCA) via tissue sequencing, by breast cancer subtype. Red dots indicate genes that

were significantly different in their mutation incidence after correction for multiple testing.
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When compared to a large metastatic sequencing dataset* derived from tissue biopsy samples,
mutations in ESR1 and TP53 were more common in HR+ HER2- disease within the
plasmaMATCH dataset (g<0.0001 and g<0.001, respectively, Figure 5.5). Otherwise, the
mutational profile identified in ctDNA and tissue across different breast cancer phenotypes was

broadly similar (Figure 5.5).
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Figure 5.5. Comparison of mutation incidence identified in the plasmaMATCH cohort via ctDNA sequencing,
and MSKCC via tissue sequencing, by breast cancer subtype. Red dots indicate genes that were significantly
different in their mutation incidence after correction for multiple testing. Genes with an incidence of >1.5% in

both datasets are presented.

5.4.3.Clonal architecture in ctDNA

Given the potential for ctDNA analysis to spatially dissect metastatic disease, the architecture
of breast cancer according to ctDNA analysis could differ from that identified in tissue. To
further investigate this, the clonal dominance of mutations and the tendency to occur as single

or multiple mutations within a gene was interrogated.

5.4.3.1.Patterns of clonal dominance

The cancer fraction of a mutation describes the clonal dominance of the mutation relative to

the mutation with the highest AF in that patient sample. Mutations occurring at a high cancer
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fraction are predicted to occur within a greater proportion of a patient’s cancer cells than those
that occur at a lower clonal fraction, and are more likely to be truncal mutations that could
represent a driver mutation. Conversely, subclonal mutations, occurring at a lower cancer

fraction, are more likely to be metastatic-clade.

The cancer fraction, or clonal dominance, of mutations within the most frequently altered genes
in the cohort were calculated with reference to the alteration with the highest allele frequency
in the sample (Chapter 2, section 2.1.12.8). Alterations in AKT1, PIK3CA and GATA3 were
significantly more clonally dominant (q<0.0001, g<0.0001 and q=0.0003, respectively, Figure
5.6). Conversely, alterations in ESR1, SMAD4 and KRAS were significantly more subclonal
(g<0.0001, g=0.02, and g<0.0001, respectively, Figure 5.6).
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Figure 5.6. Cancer fractions of mutations in the most frequently altered genes, ordered by mean cancer fraction
(n=1974 mutations with assessable cancer fractions). The mean value is indicated with a blue line. *indicates
significant difference in cancer fraction compared to remaining cases, false discovery corrected two-sided
Wilcoxon signed-rank test (AKT1 g<0.0001, PIK3CA ¢<0.0001, GATA3 g=0.0003, ESR1 g<0.0001, SMAD4
g=0.02, KRAS g<0.0001).

The clonal dominance of individual alterations within the targetable genes was next assessed.
Alterations within ESR1 and PIK3CA showed significant variance in the clonal dominance
according the specific mutation (p<0.0001 and p<0.0001, Figure 5.7). In ESR1, alterations
p.D538G and p.Y537S tended to be clonally dominant. In PIK3CA, alterations in p.N345K,
p.H1047R and p.G1049R tended to be clonally dominant. In contrast, the PIK3CA hotspot

mutations p.E545K and p.E542K tended occur at relatively lower cancer fractions.
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Figure 5.7. Cancer fractions of individual pathogenic hotspot mutations in the indicated targetable gene. The
analysis includes hotspot mutations with a minimum of three mutations in the overall data set or for any indel. p
value from two-sided Kruskal-Wallis test for variation in cancer fraction across mutations in gene (ESR1

p<0.0001, PIK3CA p<0.0001).

5.4.3.2.Patterns of single versus multiple mutation

Mutations were assessed for whether they occurred as the sole, or single gene mutation present
or whether there were multiple mutations, per patient. Mutations in AKT1, CDH1 and GATA3
were significantly more likely to occur as single mutations. Conversely, alterations in ESR1
were significantly more likely to occur as multiple ‘hits’ compared to alterations within other

genes (Figure 5.8).
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Figure 5.8. Proportion of mutations that occur as a single versus multiple mutations per patient in indicated genes.

*indicates significant difference in proportion to single to multiple mutations in the gene compared to remaining
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cases, false discovery corrected Fisher’s exact test (AKT1 gq=0.0009, CDH1 g=0.05, GATA3 ¢<0.0001, ESR1
g<0.0001).

5.4.4.Use of ctDNA to identify polyclonal genomic features

Gene alterations that significantly co-occur may arise through the combination of gene
alterations providing the cancer cell an evolutionary advantage such as providing a mechanism
of resistance to therapy. Conversely, gene alterations which do not tend to co-occur may
represent a combination of cell alterations that produces a redundant or actively deleterious
effect on the cell. Tissue biopsy studies have interrogated the co-enrichment and mutual
exclusivity of gene alterations®*#?1%22". However, due to being limited to the mutations
occurring at a single metastatic site, tissue biopsy studies may not fully delineate patterns of
gene co-enrichment and exclusivity. Gene co-enrichment and exclusivity was therefore

investigated via ctDNA analysis of the plasmaMATCH cohort.

5.4.4.1.Gene co-enrichment and mutual exclusivity

Within the cohort, several gene pairs showed mutual exclusivity. PIK3CA and AKT1 alterations
(9=0.001)%°, and ESR1 and TP53 alterations (q<0.0001) were mutually exclusive (Figure 5.9).
Significant co-occurrence was identified in NF1 and TP53 (p=0.05), and PIK3CA and ERBB2
(p=0.02, Figure 5.9).

TP53 | PIK3CA| ESR1 | GATA3 | ARID1A| PTEN | ERBB2| NF1 AKT1
AT o |
NF1 0.047 0.023 0.032
ERBB2 0.015 0.034
PTEN 0.005
ARID1A
GATA3 | 0.004 0.044 0.003

ESR1 0.015 Mutually Exclusive Co-occurent
PIRSA qualue<0.05  |qvalue<0.05
TP53

p value <0.05 p value <0.05

Figure 5.9. Gene association analysis for the most frequent mutated genes (n=800) with overall Fisher’s exact test
p values. Green genes showing mutual exclusivity, and purple showing co-occurrence with dark colours indicating

significance following false discovery correction.

In HR+ HER2- disease a tendency for mutual exclusivity was identified in PIK3CA and GATA3
(p=0.03) and ESR1 and TP53 (p=0.002)*%, Co-enrichment was identified in PIK3CA and
KRAS alterations (p=0.02), and PTEN and NF1 (p=0.02) alterations (Figure 5.10).
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Figure 5.10. Gene association analysis for most frequent mutated genes in HR+ HER2- breast cancer (n=515
patients) with Fisher’s exact test p values. Green genes showing mutual exclusivity, and purple co-occurrence

with dark colours indicating significance following false discovery correction.

5.4.4.2. MAPK pathway and ESR1 alterations in HR+ BC

Ravazi et al previously demonstrated in a database derived from tissue sequencing that MAPK
pathway alterations (Chapter 2, section 2.1.12.7) and ESR1 mutations, both of which confer
resistance to hormone therapy, tended to be mutually exclusive in HR+ breast cancer3*. The
association of these two was therefore investigated in this dataset derived from ctDNA
sequencing. The analysis revealed that, in all patients and in patients with HR+ HER2- breast
cancer, MAPK pathway alterations were more common in patients with an ESR1 mutation
(p=0.001 and p=0.02, respectively, Figure 5.11). Furthermore, patients with polyclonal ESR1
mutations were more likely to harbour a MAPK pathway alteration than those who had a single
alteration (p=0.02, Figure 5.11).
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Figure 5.11. Incidence of MAPK pathway alterations in ESR1 mutant and wild type populations. A comparison
of the incidence in, Left, ESR1 mutant (77/265) vs ESR1 wild type cancers overall (100/535), Middle, ESR1
mutant (66/226) vs wild type (59/289) in HR+ HER2- cancers, and Right, within ESR1 mutant cancers between
patients with single (27/138) and polyclonal ESR1 mutations (50/127). p values from Fisher’s exact test.

The overall survival of patients with HR+ HER2- disease who entered a treatment cohort in
plasmaMATCH was investigated according to whether they had an ESR1 mutation, a MAPK
pathway alteration, or both. Patients with HR+ HER2- disease (n=515) and concurrent MAPK
and ESR1 alterations (n=32) had a shorter median overall survival than patients wild type for
both (n=26, Figure 5.12).
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Figure 5.12. Overall survival (OS) in patients with HR+ HER2- disease who entered a treatment cohort in
plasmaMATCH divided by combined ESR1 and MAPK pathway mutation status. ESR1 WT and MAPK WT,
median 18.5 months, hazard ratio (HR) -. ESR1 mt and MAPK WT, median 17.7 months, HR 0.82, 95%
confidence interval (CI) 0.40 to 1.69. ESR1 WT and MAPK mt, median 10.1 months, HR 1.65, 95% CI 0.56 to
4.88. ESR1 mt and MAPK mt, median 7.9 months, HR 1.65, 95% CI 0.84 to 3.23. p value from log-rank test. HR

> 1 indicates worse OS for that group. WT, wild type; mt, mutant.

5.4.4.3.PIK3CA double mutants in HR+ BC

PIK3CA alterations were common, occurring in 34.9% of the plasmaMATCH cohort and
enriched in HR+ HER2- disease (39.2%). Analysis of patients with PIK3CA-mutant HR+
disease revealed that having more than one PIK3CA mutation was frequent, occurring in 23%
of patients.

Particular alterations within PIK3CA showed significant variation in their clonal dominance
(Figure 5.7 and Figure 5.13). PIK3CA alterations occurring at low mean cancer fraction were
frequently coincident with hotspot PIK3CA mutations, which themselves were commonly
clonally dominant. PIK3CA mutations which occurred at low clonal dominance were
frequently one of a number of PIK3CA mutations for the patient, and more likely to occur at
sites associated with APOBEC mutagenesis (Figure 5.13, Chapter 2, section 2.1.12.10).
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Figure 5.13. PIK3CA mutagenesis in HR+ breast cancer. Analysis of individual recurrent hotspot mutations in
HR+ HER2- PIK3CA mutant disease (n=202) with mean cancer fraction, proportion of mutations detected as a
single PIK3CA mutation, and indication of whether the mutation occurs at an APOBEC consensus site (dark blue).
Mutations occurring at least 3 times in the HR+ HER2- disease dataset are included. Cancer fraction and

proportion single mutations is lower at APOBEC sites, p<0.001, Fisher’s exact test both comparisons.

In HR+ HER2- PIK3CA-mutant disease, subclonal PIK3CA alterations were significantly more
likely to occur at an APOBEC mutagenesis site (p<0.0001), while the same pattern did not
occur in PIK3CA-mutant TNBC disease (not significant, Figure 5.14).

. APOBEC site non-APOBEC site
19 HR+HERZ2- TNBC
' p < 0.0001 ‘ , ns
0.94
0.6+
0.31
0.04

dominant subclonal dominant subclonal

Figure 5.14. Proportion of PIK3CA mutations that occur at APOBEC consensus sites, by cancer subtype (HR+
HER2- n=197, TNBC n=21), and clonally dominant (n=194 mutations within HR+ HER2- breast cancers and
n=16 within TNBC breast cancers) versus subclonal PIK3CA mutation (n=82 mutations within HR+ HER2- breast

cancers and n=9 within TNBC breast cancers). p value from Fisher’s exact test. ns, not significant.

Patients who entered cohort A for treatment with fulvestrant were compared for progression
free survival (PFS) according to PIK3CA mutation status. Cohort A patients with polyclonal
PIK3CA disease (n=7) had a shorter median PFS on fulvestrant than patients with WT (n=49)
or one PIK3CA mutation (n=22) (p=0.0036, Figure 5.15).
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Figure 5.15. Progression free survival (PFS) in patients on fulvestrant in treatment cohort A in plasmaMATCH
by PIK3CA mutation status (n=78). PIK3CA WT, median 2.4 months, HR -. PIK3CA single mt, median 2.4
months, HR 0.71, 95% CI 0.41 to 1.22. PIK3CA multiple mt, median 1.6 months, HR 3.15, 95% CI1 0.88 to 11.33.

p value from log-rank test. HR>1 indicates worse PFS for that group. WT, wild type; mt, mutant.

5.5. Discussion

Through baseline genomic sequencing of patients enrolled prospectively into plasmaMATCH,
delineation of the landscape of ABC according to ctDNA analysis has been achieved. The
incidence of the most commonly mutated genes, TP53, PIK3CA, ESR1 and GATA3, varied
between breast cancer subtype similarly to that identified in large published tissue sequencing

datasets®+35219,

The incidence of gene alterations was also broadly similar to both primary and metastatic tissue
sequencing datasets (Figures 5.4 and 5.5). The plasmaMATCH dataset was enriched for AKT1
mutations compared to primary disease. Prior data suggests AKT1 mutations may be more

frequent in relapsed breast cancer than primary breast cancer3-38:161,

In ABC, the HR+ HER2- plasmaMATCH cohort was enriched for alterations in ESR1 and
TP53 compared to the MSKCC tissue sequencing dataset (Figure 5.5). As demonstrated in
Figures 5.6 and 5.8, ESR1 alterations are frequently subclonal and polyclonal, and more likely
to be metastatic-clade. Secondary to this, ESR1 mutations maybe ‘missed’ by single-site tissue
biopsies whilst identified by ctDNA analysis. This supports the use of ctDNA sequencing to
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circumvent the issue of tumour heterogeneity which limits tissue biopsies. Another possibility,
however, is that there was enrichment for ESR1 alterations within plasmaMATCH secondary
to preferential recruitment to the trial of patients with prior aromatase inhibitor therapy
exposure, in whom ESR1 mutations are selected.

The second enriched mutation in the dataset, TP53, is a marker of poor prognosis??’?8, and the
higher incidence of these mutations may reflect that this cohort of patients have more
aggressive disease. Other than these exceptions, the mutation incidence in the plasmaMATCH
set was similar to that of primary and metastatic sequencing datasets, increasing confidence in
the approach of ctDNA analysis in profiling the breast cancer landscape.

Analysis of the clonal dominance of alterations per gene (Figure 5.6) demonstrated that
alterations in AKT1, PIK3CA and GATA3 tend to be clonally dominant, which concurs with the
generally accepted role of these gene alterations in being breast cancer drivers!61204219.229
while mutations in ESR1, SMAD4 and KRAS were more likely to be subclonal. As identified in
this cohort, ESR1 mutations are known to be generally subclonal®®"2, Mutations in SMAD4 are
less well characterised and, alongside KRAS mutations, may arise as a result of clonal

haematopoiesis®*°

, which would align with their subclonal tendency identified here.
Additionally, there is evidence to suggest KRAS alterations can arise as a mechanism of
resistance to hormonal therapy®*’2. If correct, then similarly to alterations within ESR1 these
mutations are highly likely to arise by chance in individual cancer cells and be selected through
the evolutionary advantage conferred by the therapeutic resistance to become subclonal
resistance mutations. Overall, this analysis demonstrates that analysis of ctDNA can elucidate

the subclonal architecture of ABC, enabling greater understanding of the landscape of ABC.

Analysis of ctDNA also identified a number of genomic features with important therapeutic
implications. Firstly, the increased incidence of ERBB2 mutations within HER2+ disease
(Figure 5.2) is a significant finding, and as identified in Chapter 4, could arise as resistance
mechanism to prior HER2-directed therapy*#2%°. Prior work has demonstrated that ERBB2-
mutant HER2+ disease remains sensitive to neratinib?!%2'!, suggesting an alternative treatment

strategy for these patients.

A second major finding was that, converse to what has been identified in a large tissue
sequencing study**, ESR1 and MAPK pathway mutations were found to be co-enriched (Figure
5.11). Both ESR1 and MAPK pathway mutations are known to confer resistance to hormonal
therapy®, and it is understood that they are mutually exclusive mechanisms of resistance®*. The
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finding of enrichment in the ctDNA dataset suggests that these mechanisms of resistance may
be metastatic-clade, and that single-site tumour biopsy sequencing may have ‘missed’ the
divergent routes of hormonal resistance present in the same individual. The potential for
tumour biopsies to miss resistance mutations occurring in parallel could have significant

therapeutic implications, and supports a role for ctDNA assessment of genomic resistance.

A third genomic feature identified was the presence of a high number of polyclonal PIK3CA
mutations in HR+ breast cancer. Recent work by Vasan et al demonstrated that double PIK3CA
mutations are common in breast cancer, and lead to increased signalling via the PI3K pathway
with resulting increased downstream activity®!, The rate of double PIK3CA mutation
identified here was higher than was identified in multiple large tissue sequencing datasets (23%
versus 8-13%)2L. Similarly to the ESR1/MAPK pathway co-occurrence in ctDNA, this could
be a result of ctDNA being better able to identify global heterogeneity. In support of this, Vasan
et al found a similar phenomenon when they investigated the incidence of double PIK3CA
mutation in the SANDPIPER trial using ctDNA analysis, again finding a higher rate of double
mutation of 19%2!. Importantly, these double mutants were found to predict for poorer
treatment outcome on subsequent fulvestrant as demonstrated here (Figure 5.15), while,
conversely, exhibited enhanced sensitivity to PI3K inhibition with alpelisib®*! demonstrating

the clinical relevance of establishing PIK3CA polyclonality.

The data presented here demonstrates that in HR+ disease subclonal PIK3CA mutations
commonly occur at sites that could be consistent with APOBEC mutagenesis (Figure 5.13 and
5.14). This suggests a possible mechanistic role of APOBEC in driving the development of
polyclonal PIK3CA disease in HR+ HER- breast cancer®® as a mechanism to enhance signalling
via the pathway. Prior work has identified enrichment of APOBEC mutagenesis in HR+ HER2-
advanced disease relative to primary disease®=2¢28, APOBEC mutagenesis has additionally

been associated with endocrine resistance?®®

, with PIK3CA mutations occurring within the
helical PIK3CA domain?®22% and in subclonal disease?**. The finding here of enrichment for
PIK3CA mutations at APOBEC sites specifically within the subclonal mutations of HR+
HER2- disease supports the hypothesis that APOBEC is activated later in carcinogenesis and
is a driver of tumour evolution in this breast cancer subtype. It should be noted, however, that
this investigation is much limited by the nature of the sequencing data it was derived from.
Mutational signature analysis normally requires broad sequencing data including reads
covering intronic areas in order to identify the classes of mutational signatures present. This

data was derived from targeted sequencing data which is limited to regions included in the

136



panel and therefore may be biased in identifying the signatures present, yet concurs with

previous data derived from broader sequencing approaches®322%,

Analysis of ctDNA demonstrated that variants within ESR1 and PIK3CA show significant
variation in their clonal dominance (Figure 5.7). The therapeutic implications of this are
unclear. To date, clonality and allele frequency of ESR1 has not be found to relate to response
to fulvestrant®®!'t, Similarly, strong evidence of PIK3CA clonality correlating with PI3K

inhibition response is lacking®®®

, albeit most PIK3CA mutations are clonally dominant (Figure
5.6), precluding this analysis. Further investigation into importance of targetable mutation

clonal dominance is required to establish if this is a clinically relevant parameter

A limitation of this analysis is highlighted by the finding of subclonal SMAD4 and KRAS
mutations, which may arise as a result of clonal haematopoesis (CH, discussed in Chapter 1,
section 1.3.6). Importantly, patient germline samples were not sequenced, precluding the
ability to remove mutations caused by CH from the analysis. These mutations may confound
the analysis if they are falsely attributed to being cancer derived, and represent a significant
limitation to the project. It is thought that there is little overlap in the genes involved in CH
and breast cancer, which mitigates the risk of confounding here. On a patient level, however,
if germline sequencing has not been undertaken in parallel, the possibility of mutations arising
from CH must be considered. Increased understanding of the occurrence and relevance of CH
mutations is required in the future, with a view to creating criteria to enable confident and

systematic removal of such mutations from any diagnostic report.

5.6. Conclusion

In this Chapter, the landscape of ABC has been defined in a large cohort of patients. The
landscape described here broadly fits with that identified in tumour sequencing, with a few
notable exceptions. In particular, ESR1 mutations were enriched, and co-mutation of ESR1 with
MAPK pathway signalling and a high incidence of PIK3CA mutations. Taken together, these
findings support the hypothesis that ctDNA analysis is able to sample intratumoral
heterogeneity in a way that is not possible by tissue sequencing. The analysis of cancer fraction
and polyclonality also demonstrates that it is possible to elucidate the clonal architecture of
ABC through differentiating cancer driver mutations and identifying potential subclonal
resistance mechanisms. This data supports the role of ctDNA analysis in genomically profiling

ABC. Furthermore, ctDNA analysis has revealed several important and clinically relevant
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findings that advance our understanding of breast cancer heterogeneity and, ultimately, has the

potential to influence breast cancer management.
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6. Chapter 6. CtDNA as a predictive and prognostic biomarker

6.1. Introduction

Predictive biomarkers predict a patient’s outcome on a specific therapeutic intervention, while
prognostic biomarkers give information on a patient’s overall expected cancer outcome
regardless of the therapy given®3. Biomarkers of both types are increasingly being sought to
enhance and optimise patient treatment in a personalised-medicine approach. The concept of
biomarker driven therapeutic choice is not a new one in breast cancer, where anti-oestrogen
therapies have, for many years, been directed to patients with hormone positive disease in the
knowledge that these patients have a high rate of response. The established prognostic and
predictive biomarkers in breast cancer are generally related to clinico-pathological
characteristics such as disease stage and grade, and immunohistochemical features of the
tumour such as breast cancer subtype, oestrogen and progesterone receptor positivity and
HER?2 staining. With increased accessibility of genomic sequencing coupled with advances in
the understanding the prognostic and predictive genomic biomarkers, we are increasingly able
to personalise therapeutic choices and prognosticate at the level of a patient’s tumour genomic

profile.

Tumour profiling is frequently used in other tumour types to identify molecular alterations that
predict for response to a subsequent targeted therapy. The FDA has approved several such
therapies, including inhibitors of EGFR, ALK and ROSL1 in patients with NSCLC with
alterations in the respective genes®#"2%® inhibitors of the MAPK signalling pathway in
patients with BRAF mutated melanoma?3%-2*!, and EGFR-directed therapies in patients with
KRAS or NRAS mutated colorectal cancer?*?. The use of plasma-based genomic profiling using
CtDNA analysis is less well established. The first FDA approval for a plasma-based assay was
in NSCLC, where the cobas EGFR mutation test v2 was approved to identify EGFR mutations
when considering treatment with erlotinib?*. Importantly though, in the case of a negative
result a tumour biopsy is indicated?*. Subsequently, the therascreen PIK3CA assay has been
licenced by the FDA to identify PIK3CA mutations in ABC when considering treatment with
PI3K inhibitor alpelisib®’. Again, the same caveat of requirement of a tumour biopsy in the
situation of a negative test was specified® due to the risk of a false negative result.
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It is now established that the concentration of ctDNA in the blood is prognostic?®48.244245 \What
is not well established is how to measure the ‘volume’, or purity of ctDNA in the plasma
sample. Further research is needed to identify general prognostic and predictive biomarkers to
specific therapies, which will greatly enhance our ability to direct therapy to patients who will
respond whilst avoiding futile therapy in patients who might be best treated with an alternative

therapy.

The plasmaMATCH trial investigated the utility of plasma ctDNA testing in identifying
targetable alterations, bringing together the two questions of whether baseline genomic
alterations can act as biomarkers to select subsequent therapy, and whether ctDNA analysis
can be used to identify these genomic changes®. Through correlating the patient’s baseline
genomic features with response on treatment and overall survival, it may be possible to identify
further prognostic and predictive biomarkers in ctDNA for the three targeted treatments in the

trial.

6.2. Hypothesis

ctDNA analysis can be used to identify prognostic and predictive biomarkers.

6.3. Aims

1) Investigate ctDNA purity as a biomarker of response and prognostic marker by
comparing two different approaches of ctDNA purity assessment.

2) Associate baseline genomic features of patients in cohort A with response to fulvestrant
to identify predictive biomarkers.

3) Associate baseline genomic features of patients in cohort B with response to neratinib
+/- fulvestrant to identify predictive biomarkers.

4) Associate baseline genomic features of patients in cohorts C and D treated with

capivasertib +/- fulvestrant with response to identify predictive biomarkers.

6.4.Results

6.4.1.ctDNA purity as a predictive and prognostic marker

CtDNA purity refers to the volume of ctDNA relative to the total volume of genomic DNA

present in the plasma. The ctDNA purity of a sample can be measured in a number of different
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ways, and there is no universally accepted approach. The adopted approach depends very much
on the sequencing strategy employed. Specifically, where a more limited approach has been
taken such as ddPCR or targeted sequencing, the allele frequency of a truncal mutation may be
used to denote the purity. This approach is not without limitations. Specifically it relies on the
assumptions that 1) there is a truncal mutation, 2) this truncal mutation has been identified by
the sequencing strategy, 3) there is no copy number alteration influencing the allele frequency
of this truncal mutation, and 4) this truncal mutation is present in every cancerous cell in the
body. A second approach is to sequence and analyse heterozygous single nucleotide
polymorphisms (SNPs). Cancer cell DNA exhibits frequent loss and gain of regions of DNA?%,
The proportion of DNA exhibiting this pattern of loss and gain of the SNPs (deviation away
from 50% incidence of both alleles of the heterozygous SNP), can be distinguished and used
to estimate the purity of the sample’®. Finally, using a broad sequencing approach such as whole
genome sequencing (WGS), the proportion of DNA demonstrating deviation away from a
diploid copy number can be established to give an estimation of purity®. Adalsteinsson et al
developed iChorCNA, a software program capable of quantifying the ctDNA content of cell
free DNA using sequencing data derived from 0.1x (low pass, Ip) WGS®. The benefit of this
approach is that it avoids many of the assumptions made when using maxVAF to estimate

purity, such as reliance on a truncal mutation to be present.

Two of the ctDNA purity assessment approaches, maxVAF and IpWGS, were compared to
identify if either, or both, approaches could be used to calculate the purity-adjusted clonality
of a targeted mutation. Patients enrolled into cohort A who had available targeted sequencing
data and remaining DNA from the same sample had the DNA sample undergo library
preparation followed by low pass (0.1x) whole genome sequencing (IpWGS) (n=67), with both
approaches used to estimate sample purity. There was reasonable correlation between the two
purity measurements, with a rho of 0.68 (p<0.0001, Figure 6.1). The general pattern was for
IPWGS to estimate a higher purity than the maxVVAF approach.
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Figure 6.1. Correlation of the low pass WGS purity estimate and targeted sequencing maximum VAF (maxVAF)
in 67 patients in cohort A, rho = 0.68, p<0.0001. The dot colour represents the gene within which the alteration

with highest allele frequency was identified. Correlation by Spearman’s Rank method.

Under the assumption that patients with clonally dominant mutations will respond to a greater
degree to targeted therapy than those with subclonal alterations, we aimed to ascertain whether
the purity-adjusted ESR1 allele frequency represented a predictive biomarker of response to
subsequent fulvestrant therapy. This analysis was undertaken in cohort A due to the higher
number of patients enrolled compared to cohorts B-D. The two methods of purity estimation,
maxVAF or IpWGS, were compared to ascertain if either demonstrated a superior approach
with which to adjust the ESR1 clonal dominance when correlating with response to targeted
therapy. The cumulative ESR1 allele frequency (sum of the allele frequency of all pathogenic
ESR1 mutations present at baseline for each patient) was adjusted for the purity to estimate
ESR1 clonality using the following formula:

Adjusted ESR1 clonality=_Cumulative ESR1 allele frequency

Purity

Where the purity estimate was provided by the maxVAF from targeted sequencing, or
iIChorCNA software from IpWGS. Patients were grouped according to whether they had clonal
(adjusted clonality >=0.5) or subclonal (<0.5) ESR1-mutant disease. This calculation is made

under the assumption that activating ESR1 mutations do not occur in the same clones but in
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separate clones as mechanisms of resistance arising in parallel. In this situation, the summed
allele frequency of the ESR1 mutations would reflect all the ESR1-mutant positive disease.
This assumption may not be biologically true, in which case this would not be an accurate
method to assess ESR1 clonality. A further assumption is that all of the included ESR1
mutations are truly pathogenic rather than passenger mutations, which again may not be

accurate.

Progression free survival (PFS) was not significantly different in either group when ESR1
clonality was adjusted using either maxVVAF or iChorCNA (Figure 6.2). Thus neither approach
appeared to demonstrate that purity-adjusted ESR1 clonality was predictive of response to

fulvestrant.
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Figure 6.2. Progression free survival in patients in cohort A on fulvestrant according to their adjusted ESR1
clonality. A, mVAF-adjusted and B, iChorCNA-adjusted ESR1 clonality. Patients are grouped according to
whether the ESR1 mutations combined represent clonally dominant (clonality >=0.5) or subclonal disease (<0.5).
A, Dominant median 2.0 months, hazard ratio (HR) -. Subclonal median 3.5 months, HR 1.04 (95% CI 0.6 to 1.9).
B, Dominant median 2.6 months, HR -. Subclonal median 2.4 months, HR 1.04 (95% CI 0.6 to 1.9). p value from

log-rank test. HR > 1 indicates worse PFS for that group.

The predictive value of ctDNA purity for progression free survival on fulvestrant was next
established using the two purity assessment methods of mVAF and iChorCNA. For each
approach, the percentage purity which identified the most significant prognostic differentiator
was identified for both approaches. For mVAF, a ctDNA purity of 5.6% was most
differentiating, compared to 16% for iChorCNA (Figure 6.3). Although there was a trend for
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patients with low purity to have longer median PFS on fulvestrant, neither approach

significantly predicted response to fulvestrant based on baseline ctDNA purity.
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Figure 6.3. Progression free survival in cohort A patients (n=67) according to ctDNA purity as calculated by A,
mVAF, ‘High Purity’ = mVAF >5.6 and B, IpWGS, ‘High Purity’ >16.0. A, High purity median PFS 2.2 months,
Low purity median PFS 3.6 months, HR 0.71 (95% C1 0.39 to 1.27). B, High purity median PFS 2.0 months, Low
purity median PFS 3.7 months, HR 0.73 (95% CI 0.41 to 1.28). p value from log-rank test. HR > 1 indicates worse
PFS for that group.

The prognostic value of purity for overall survival (OS) was next established by comparing the
two purity assessment methods. For each approach, the purity percentage which produced the
most significant differentiation in prognosis was identified. An allele frequency of 5.6%
represented mVVAF with the greatest differentiator of prognosis (p=0.011, Figure 6.4).
Meanwhile an iChorCNA purity estimate cutoff of 10.9% provided the strongest differentiator
of prognosis (p=0.023, Figure 6.4).
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Figure 6.4. Overall survival in cohort A patients (n=67) according to ctDNA purity as calculated by A, maxVAF,
‘High Purity’ = mVAF >5.6 and B, IpWGS, ‘High Purity’ >10.9. A, High purity median OS 9.7 months, Low
purity median OS 25.8 months, HR 0.39 (95% C1 0.19 to 0.80). B, High purity median OS 9.6 months, Low purity
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median OS 21.7 months, HR 0.42 (95% CI 0.20 to 0.89). p value from log-rank test. HR > 1 indicates worse OS
for that group.

6.4.2.ctDNA as a biomarker of response to targeted therapy

Within the plasmaMATCH trial there are three targeted therapies utilised within cohorts A to
D. This presents an opportunity to identify biomarkers of response for each targeted therapy.
As cohort A enrolled the most patients this cohort would have the greatest power to identify
significant findings, and will be focussed on here.

6.4.2.1.plasmaMATCH Cohort A

Of 84 patients enrolled into cohort A, 80 started treatment and 74 had on treatment RECIST-
assessable imaging (Figure 6.5). Patients were treated with extended-dose fulvestrant (500mg
fulvestrant (IM) on Cycle 1 Days 1, 8 and 15 and Cycle 2 onwards Days 1 and 15). Baseline
targeted sequencing data was available for 79 patients, and 69 patients had both baseline and
end-of-treatment (EOT) sequencing. Three patients did not have detectable ESR1 mutations by
genomic sequencing, but had detectable targetable ESR1 mutations by ddPCR. ESR1
alterations were commonly subclonal, occurring at low allele frequencies, with 49.4% of

patients having more than one plasmaMATCH targetable ESR1 alteration (Figures 6.5 and 6.6).
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Figure 6.5. Waterfall plot for cohort A annotated with genomic sequencing availability, baseline and EOT

genomic data.
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Figure 6. 6. Allele frequency and clonality of ESR1 mutations within cohort A (n=185 pathogenic ESR1 alterations

with assessable clonality).

The most frequent ESR1 alteration in the cohort was p.D538G (n = 44, 55.7%), followed by
p.Y537S (n = 34, 43.0%), p.E380Q (n = 22, 27.9%), p.Y537N (n = 22, 27.9%), p.Y537C (n =
11, 13.9%), p.L536R (n = 7, 8.9%) and p.S463P (n = 4, 5.1%) (Figure 6.7A). Analysis of
change in clonal dominance from baseline to EOT demonstrated that p.E380Q, p.Y537C and
p.S463P most frequently lost clonal dominance by EOT relative to baseline (p=0.002, p=0.046
and p=0.046, respectively), while p.D538G and p.Y537S most frequently gained or maintained
clonal dominance (p=0.001 and p=0.030, respectively, Figure 6.7B). While targetable ESR1
mutations were frequently polyclonal (Figure 6.5), mutations in p.D538G, p.Y537S and
p.Y537C were significantly more likely to occur as monoclonal activating ESR1 alterations
than alongside other activating ESR1 alterations (p=0.03, p=0.0003 and p=0.03, respectively,
Figure 6.7C).
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Figure 6.7. Targetable ESR1 alterations and response within cohort A. A, incidence of baseline ESR1 alterations
within cohort A (n=79 assessable patients). B, Change in ESR1 mutation clonality from baseline to EOT (n=69
assessable patients). For each ESR1 mutation, the clonal dominance at baseline was compared to the clonal
dominance at EOT. Those that lost clonal dominance had a clonal dominance ratio (EOT clonal
dominance/Baseline clonal dominance) of <0.8. Those with a stable clonal dominance had a clonal dominance
ratio of >0.8 and <1.2. Those gaining clonal dominance had a ratio >1.2. ESR1 mutations that are the truncal
mutation with the highest allele frequency at both time points are identified. p.D538G p=0.001, p.E380Q p=0.002,
p.Y537S p=0.030, p.Y537C p=0.046, p.S463P p=0.046. Comparison by Chi-square tests: combined
increased/stable/truncal maintained versus reduced, for each ESR1 variant versus all the others combined. C,
Incidence of each activating ESR1 mutation within the dataset and the incidence of the alteration amongst patients
positive for another ESR1 activating alteration. Mutations p.D538G, p.Y327S and p.Y537C occurred at a
significantly higher incidence in the overall dataset than alongside another activating ESR1 alterations.
Comparisons by Fisher’s Exact test, p.D538G p=0.03, p.Y537S p=0.0003, p.Y537C p=0.03.
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Durable PFS was not consistently ascribed to a particular baseline ESR1 genotype, with the
infrequent durable PFS noted in patients with a range of baseline alterations (Figure 6.8A).
Survival analyses demonstrate that patients with baseline p.Y537C alterations had a longer
median progression free survival (5.6 versus 2.0 months, HR 2.8 (95% CI 1.3 to 5.9), Figure
6.8B). Conversely, patients with a baseline p.Y537S mutation had a shorter median PFS (1.8
versus 3.5 months, HR 0.53 (95% CI 0.33 to 0.86), (Figure 6.8B). Number of baseline
targetable ESR1 variants and cumulative ESR1 clonality did not associate with response (Figure
6.8C)M1L
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Figure 6.8. Baseline genomic status and response in cohort A. A, Patient progression free survival annotated with
baseline ESR1 status (n=79 patients). A black dot denotes patient censored at the time of data cut off. B,
Progression free survival in patients within cohort A, divided by baseline p.Y537S mutation status (left) and
p.Y537C mutation status (right). left, p.Y537S wild type, median 3.5 months, hazard ratio (HR) -; p.Y537S
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mutant, median 1.8 months, hazard ratio 1.67 (95% confidence interval (CI) 1.00 to 2.78). right, p.Y537C wild
type, median 2.0, HR -; p.Y537C mutant, median 5.6 months, HR 2.13 (95% CI 1.20 to 3.79). p values from log
rank test. HR >1 denotes worse PFS for that group. WT, wild type; mt, mutant. C, Progression free survival in
patients within cohort A, divided by left, ESR1 mono/polyclonal status and right, clonally dominant versus

subclonal baseline ESR1 mutation status.

PIK3CA!! and TP53 mutation status at baseline does not appear to associate with response
(Figure 6.9).
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Figure 6.9. Progression free survival according to baseline PIK3CA and TP53 mutation status. Left, PIK3CA
mutation status. Right, TP53 mutation status. PIK3CA-mutant median 1.9 months, PIK3CA wild type median 3.5
months (p=0.93). TP53-mutant median 3.6 months, TP53 wild type median 2.0 months (p=0.79). wt, wild type.

mt, mutant.

It was noted that there was a high incidence of PIK3CA double mutagenesis in patients with
HR+ disease in the plasmaMATCH dataset of 800 patients (Chapter 5, section 5.4.4.3). It was
postulated that this may be as a result of APOBEC-induced mutagenesis. To investigate any
association of double PIK3CA-mutagenesis with response to subsequent fulvestrant treatment,
the progression free survival of patients with wild type disease was compared to patients with
a single mutation and those with more than one mutation (Chapter 5, section 5.4.4.3). Patients
with multiple PIK3CA mutations had a significantly shorter PFS on fulvestrant than patients
with wild type or single PIK3CA mutations (p=0.0036, Chapter 5, section 5.4.4.3).

6.4.2.2.plasmaMATCH Cohort B

Cohort B enrolled 21 patients with ERBB2 mutations, of whom 20 started treatment (17 patients
with HR+ HER2- disease, 1 patient with HR+ HER2+, 2 patients with HR- HER2+ disease).
Patients were treated with neratinib (240mg PO OD), with the addition of fulvestrant (500mg

151



IM on Cycle 1 Days 1 and 15 and Cycle 2 onwards Day 1) in hormone receptor positive

patients. Of the patients who started treatment, all had baseline sequencing available.

The small number of patients enrolled within the cohort precludes detailed analysis of the
baseline genomic correlates of response. Nevertheless, there was some evidence that ERBB2
targeted alteration may be an important factor in response to neratinib (Figure 6.10). Three of
four patients with p.VV777L responded particularly well to neratinib, and were censored at the
time of data cut off (Figure 6.10).
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Figure 6.10. Progression free survival for patients enrolled into cohort B. Left, swimmer plot of progression free
survival for each patient enrolled into cohort B, coloured by targeted ERBB2 mutation. Censored patients are
denoted by a black dot. Right, progression free survival in patients divided by targeted ERBB2 mutation (median
PFS: p.V697L undefined, p.V777L undefined, p.G778_P780dup 18.5 months, p.L755S 5.4 months, p.S310F 4.6
months, p.Y772_AT775dup 1.9 months, p=0.0021). p value from log-rank test.

Clonal dominance of the targeted mutation and whether the patient had a single pathogenic
ERBB2 mutation (monoclonal) or multiple (polyclonal) did not appear to associate with
response (Figure 6.11). However this analysis was limited by the small number of patients in

the cohort, with most patients having clonally dominant monoclonal mutations.
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Figure 6.11. Progression free survival in cohort B according to baseline ERBB2 mutation characteristics. Left,
progression free survival in patients with clonally dominant targeted ERBB2 mutations compared to those with
subclonal alterations (clonal median PFS 5.4 months, subclonal median PFS undefined). Right, progression free
survival in patients with monoclonal pathogenic ERBB2 mutations compared to those with polyclonal disease

(Monoclonal median PFS 5.7 months, polyclonal median PFS 4.6 months). p values from log rank test.

Baseline PIK3CA and TP53 mutation status also did not appear to associate with response
(Figure 6.12). Converse to what has been identified in a trial of neratinib in ERBB2 mutant
positive breast cancer elsewhere’’, patients with a TP53 mutation at baseline had a numerically
longer PFS than those wild type.
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Figure 6.12. Progression free survival in cohort B according to baseline PIK3CA and TP53 mutation status. Left,
PIK3CA mutation status. Right, TP53 mutation status. PIK3CA mutant median PFS 5.6 months vs PIK3CA wild
type median PFS 4.6 months, HR 1.07 (95% CI 0.39 to 3.0). TP53 mutant median PFS 12.2 months vs TP53 wild
type 4.2 months, HR 1.9 (95% CI 0.7 to 5.3). mt, mutant; wt, wild type.

Following prior data suggesting that activation of the TORC1 pathway (genes included in the
panel: PIK3CA, KRAS, AKT1, PTEN and TSC1) drives resistance to neratinib'®, this was
investigated in cohort B. There was no evidence to suggest that patients with baseline mutations
involved in the TORC1 pathway exhibited resistance to neratinib (Figure 6.13). Baseline
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mutations involved in the MAPK pathway were also investigated for conferring resistance to
treatment, with no evidence suggesting this was the case (Figure 6.13). It would be noted that
this analysis is limited both by the small numbers of patients and the nature of a targeted panel
sequencing, which limits the ability to assess all genes involved in the pathways.
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Figure 6.13. Progression free survival in patients divided by baseline mutations in the TORC1 and MAPK
pathways. Left, TORC1 pathway. Right, MAPK pathway. TORC1 mutant median PFS 5.6 months, TORC1 wild
type median PFS 4.6 months. MAPK mutant median PFS 3.7 months, MAPK wild type median PFS 5.6 months.

6.4.2.4. plasmaMATCH cohorts C and D

Cohort C enrolled 18 patients (16 HR+ HER2-, 1 HR+ HER2+, 1 HR+ HER2 unknown) based
on the presence of a plasma AKT1 mutation (p.E17K in 17 and p.L52R in one), all of whom
started treatment. Patients were treated with capivasertib (400mg PO BD 4 days on, 3 days off
within 28 day cycles) with the addition of fulvestrant (500mg IM on Cycle 1 Days 1 and 15
and Cycle 2 onwards Day 1). Cohort D enrolled 19 patients, 13 with HR+ HER2- disease and
6 with TNBC disease all with activating AKT mutations (identified in plasma or tissue), all of
whom started treatment. Overall, 6 patients were enrolled into cohort D based on an AKT1
mutation (5 with p.E17K and 1 with p.L52R) and 13 based on a PTEN alteration (12 HR+
HER2-, 1 TNBC). Enrolled patients were treated with capivasertib 480mg PO BD 4 days on/3
days off within a 28 day cycle. All patients in cohort C had baseline sequencing, and 18/19
patients had baseline sequencing in cohort D.

Median PFS was significantly longer in the patients enrolled based on an AKT1 mutation
compared to those enrolled based on an AKT-activating mutation (in all cases, a PTEN variant;
p=0.0029). Of patients enrolled with an AKT1 mutation, 21% (5/24) had TNBC while the

remainder had HR+ disease. Of the 13 patients enrolled based on PTEN alterations, one patient
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(8%) had TNBC. The patient with TNBC enrolled with a PTEN alteration had a relatively long

PFS of >22 weeks (Figure 6.14).
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Figure 6.14. Progression free survival for patients enrolled into cohorts C and D. Left, swimmer plot of progression

free survival for each patient enrolled into cohorts C and D, coloured by targeted gene (AKT1 = blue, PTEN =

pink) and annotated with breast cancer phenotype. Censored patients are denoted by a black dot. Right, progression
free survival in patients divided by targeted gene (median PFS: AKT1 5.7 months, PTEN 2.3 months, p=0.0029).

p value from log-rank test.

Of the 24 patients who entered cohorts C and D based on an AKT1 mutation, 19 had an AKT1
mutation detected by targeted sequencing, of which all were monoclonal and 17 were clonally

dominant. Patients with a clonally dominant AKT1 mutation at baseline had a significantly

longer PFS than those with subclonal alterations (p=0.014, Figure 6.15).
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Figure 6.15. Progression free survival in patients enrolled into cohorts C and D with an AKT1 mutation, divided
by clonal dominance of the AKT1 mutation. Clonally dominant median PFS 10.2 months, subclonal median PFS
3.2 months, HR 3.1 (95% CI 0.9 to 10.5). p value from log-rank test.

No genes showed a significant difference in their baseline incidence in AKT1-positive patients

who received clinical benefit versus those that did not (Figure 6.16).
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Figure 6.16. Baseline incidence of gene alterations in patients enrolled based on an AKT1 mutation who achieved

clinical benefit (n=11) versus those that did not (n=13). Comparison by Fisher’s exact test.

As a pathway within which alterations can occur that confer resistance to other therapies®, the
association between baseline MAPK pathway alteration and response was assessed in the
AKT1-positive patients. Although there was a trend towards patients who gained clinical
benefit from capivasertib to be MAPK wild type at baseline, this was not significant (Figure
6.17A). There was no significant difference in PFS in patients MAPK mutant positive at
baseline versus wild type (Figure 6.17B).
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Figure 6.17. Association of MAPK alteration and response to capivasertib in patients enrolled based on an AKT1

mutation. A, Incidence of baseline MAPK alteration in patients who gained clinical benefit from capivasertib
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(n=11) versus those that did not (n=13). Comparison by Fisher’s exact test. B Progression free survival of patients
treated with capivasertib, divided by baseline MAPK alteration status. Median PFS MAPK altered 10.6 months,
median PFS MAPK wild type 5.7 months, HR 1.3 (95% CI 0.45 to 3.47). p value from log rank test.

6.5. Discussion

In this Chapter the use of ctDNA as a prognostic and predictive biomarker was examined.
CtDNA abundance is known to correlate with overall survival?®24’ but the method of ctDNA
purity assessment is not yet established. Here, two methods were compared to investigate their
association with PFS and overall survival. mVAF and iChorCNA were both found to be
prognostic for overall survival using different allele frequencies to denote high versus low
purity (Figure 6.4). iChorCNA tended to estimate a higher purity in samples than mVVAF. There
are two potential reasons for this. Firstly, for heterozygous mutations that are present in every
cancer cell where there is no copy number change, the mVAF would, at maximum, be 50% as
there is a second un-mutated allele present. As iChorCNA purity is calculated in a different
way, it is not limited to 50%, and could be anything up to 100%. Thus, it is to be expected that
the differentiating mVAF cutoff is approximately half the value of iChorCNA, as it is based
on data from a single allele. A second reason for the lower mVVAF estimates is that use of
mVAF to denote purity is based on the assumption that there is a truncal mutation and that this
has been identified. If the truncal mutation is outside of the targeted panel utilised, mMVAF
would underestimate the purity. Nevertheless, both approaches appeared to be prognostic for
overall survival. This data, and the respective purity cut-offs identified, require validation in a

second dataset.

Conversely, ctDNA purity-adjusted ESR1 clonal dominance did not appear to be a predictive
biomarker of response to subsequent fulvestrant therapy (Figure 6.2). However there are
important limitations of this analysis. Firstly, a major assumption was made regarding the
biology of ESR1 mutations when the mutations were summed together. The assumption here
is that patients with polyclonal ESR1 mutations most likely do not have activating ESR1
mutations occurring in the same cell, creating redundancy, but instead develop activating ESR1
mutations in parallel within separate clones. However, this may not be true, and it is possible
that ESR1 mutations co-exist within the same cell which would make summing the ESR1 allele
frequencies an erroneous approach. Secondly, this analysis relies upon there being a clonality-
response relationship with ESR1 mutations and response to fulvestrant. However this may not

be true, and clinical data to date has not identified such a relationship't. Thus while no
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association was identified here, this does not mean one does not exist either for ESR1 mutations

and fulvestrant or for other genomic alterations and targeted therapies.

The predictive value of baseline genomic alterations to specific targeted therapies within
plasmaMATCH was next examined. In patients treated with fulvestrant within cohort A,
several notable features were identified in the patterns of baseline ESR1 mutations that
associate with response. ESR1 alterations exhibit patterns of mono- or polyclonality.
Specifically, p.D538G, p.Y537S and p.Y537C appeared to be significantly more likely to occur
in isolation than with other activating ESR1 mutations (Figure 6.7C). In vitro data has
demonstrated that these specific ESR1 mutations are the most highly constitutively activating
mutations in the absence of oestrogeni*2% potentially promoting the growth and clonal
expansion of clones harbouring these mutations. Theoretically, cells harbouring alterations that
are less constitutively active, such as p.L536R, may expand at a slower rate, supporting the
outgrowth of a range of ESR1 alterations within separate subclones which may have led to a
heterogeneous ESR1 mutant population and frequent co-mutation identified here. Given there
are likely different underlying biological mechanisms for the development of certain ESR1

mutation patterns, the drivers for this and clinical relevance is an area for further research.

Survival analysis demonstrated that patients with baseline p.Y537C alterations had a longer
median progression free survival on fulvestrant (5.6 versus 2.0 months, HR 2.8 (95%CI 1.3 to
5.9), in agreement with in vitro data demonstrating a high sensitivity of cells harbouring this
mutation to fulvestrant relative to other activating ESR1 alterations®®. Conversely, patients with
a baseline p.Y537S mutation had a shorter median PFS (1.8 versus 3.5 months, HR 0.53 (95%
C10.3310 0.86) (Figure 6.8B). This concurs with prior data demonstrating p.Y537S is the most
constitutively active variant, and exhibits greatest resistance to fulvestrant treatment in vitro
and in vivo'%110126 and in clinical trial data™. The change in clonal dominance patterns for the
separate ESR1 variants from baseline to EOT supports this data, with clones harbouring
p.Y537S (and p.D538G) mostly gaining clonal dominance while those with p.E380Q, p.Y537C
and p.S463P mostly losing clonal dominance (Figure 6.7B). This suggests that p.E380Q,
p.S463P, and p.Y537C, may be in highly sensitive to fulvestrant therapy, however due to their
tendency to co-occur with other ESR1 alterations (Figure 6.7C) this may not translate into being

a baseline predictive factor for response to fulvestrant therapy.

Double PIK3CA mutations were found with a high incidence within the wider plasmaMATCH
dataset (23% of patients with PIK3CA-mutant HR+ disease). Patients with double PIK3CA
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mutations had a significantly shorter median survival on fulvestrant than those wild type or
single-mutant positive (p=0.0036). Vasan et al identified that double PIK3CA mutations lead
to increased PI3K activity and enhanced pathway signalling®!. Ultimately, this leads to cell
proliferation and tumour growth?, Interestingly, patients with double PIK3CA-mutant disease
were found to demonstrate enhanced sensitivity to subsequent PI3K inhibition?3. The data
presented here, conversely, suggests double PIK3CA mutations predict a worse response to
subsequent fulvestrant. Thus, establishing PIK3CA mutation status appears to be an important

clinical parameter that can predict response to subsequent therapy in hormone positive disease.

The baseline genomic features in cohort B were investigated for predictive biomarkers for
response to neratinib. The small patients number reduces the power of the analysis to identify
significant findings. Nevertheless, the data here indicated that baseline ERBB2 variant targeted
may be an important predictor of response, with patients with p.\V777L having a longer median
PFS (Figure 6.10). While responses have been noted in a basket study of ERBB2-mutant
cancers®®®, and in breast cancers specifically’’, patients with this baseline alteration were not
identified as having a higher rate of response associated with it. One set of in vitro data
demonstrated that MCF-7 cells harbouring a p.VV777L mutation had a lower 1C50 for neratinib
than MCF-7 harbouring p.L7555°, however this was not recapitulated elseware**. Whether
this translates into greater sensitivity of patients with this alteration to neratinib in the clinic is

not established.

There was no supporting evidence here to suggest that ERBB2 mutation clonality was an
important factor in response to neratinib (Figure 6.11), but the analysis was limited by the
number of patients. Within the SUMMIT trial cohort of ERBB2-mutant positive patients treated
with neratinib plus fulvestrant, Smyth et al identified that none of the four breast cancer patients
(of 44) with subclonal ERBB2 alterations gained clinical benefit from neratinib therapy’’.
Similarly, there was no signal detected here to suggest that dual ERBB2 mutation enhanced
response to neratinib therapy (Figure 6.11), which is supported by data from the SUMMIT trial
demonstrating that none of the four patients with dual concurrent ERBB2 mutations gained

clinical benefit’’.

Cohorts C and D were combined to investigate for biomarkers of response to capivasertib
therapy. It is clear that the patients enrolled based on an AKT1 mutation gained greater benefit
from capivasertib than those enrolled based on a PTEN aberration (Figure 6.14). These two

groups are not directly comparable, with the patients in cohort C also receiving fulvestrant as
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part of the regimen and also having a higher proportion of patients with TNBC who inherently
have a more aggressive breast cancer subtype (21% versus 8%, respectively). However, the
distinctly different median PFS demonstrated by the two groups prompted them to be

considered separately.

For AKT1-directed patients, clonal dominance of the mutation was found to be a predictor of
response to therapy, with patients with clonally dominant AKT1 mutations having a
significantly longer median PFS (Figure 6.15). This would concur with data published
previously, which suggested that AKT1 allelic imbalance (which can manifest as high allele
frequency) is a predictor of response to capivasertib®®. Analysis of a subset of patients within
a phase 1 basket trial of capivasertib in AKT1-mutant cancer revealed that 57% of patients
expressed allelic imbalance of AKT1 p.E17K, of whom 48% had copy neutral loss of
heterozygosity!®. Patients demonstrating allelic imbalance of AKT1 p.E17K had a significantly
longer PFS on treatment than those without evidence of allelic imbalance (median PFS, 8.2 v
4.1 months, respectively; HR, 0.41; p=0.04). Most of the patients (92%) in the study had clonal
AKT1 alterations, precluding analysis of the relationship between clonality and response.
However interestingly the authors analysed the genomic profile of eight separate metastatic
sites in a patient with subclonal AKT1 alteration prior to capivasertib treatment. They found
that the lesion displaying the highest allele frequency of AKT1 p.E17K also displayed the
greatest response, suggesting p.E17K clonality is a predictor of response to capivasertib*®®.
This supports the hypothesis that AKT1 clonal dominance is a predictor of response to
capivasertib.

The background rational for inclusion of patients with PTEN aberrations centres on the
knowledge that PTEN is a negative regulator of the PI3K/AKT pathway, with loss of PTEN
expression leading to increased proliferation through enhanced signalling via the pathway".
In randomised phase Il and 111 trials in metastatic prostate cancer, patients with PTEN-altered
tumours had significant benefit from the addition of AKT-inhibitor ipatasertib to hormonal
therapy compared to those in the overall intention-to-treat cohort, in which there was no
significant benefit?*>2%0, However this benefit does not seem to consistently translate to breast
cancer. In HR+ breast cancer, the FAKTION trial identified that the benefit of the addition of
capivasertib to fulvestrant was seen in the overall population but not in a subgroup which
combined patients with PTEN-altered and PI3K-pathway altered tumours®®!, albeit the analysis
may have been underpowered to detect a benefit in this group. A later phase I trial of
capivasertib and fulvestrant HR+ patients with PTEN-altered tumours demonstrated a 24-week
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clinical benefit rate of 17% in fulvestrant-naive and 42% in fulvestrant-pretreated patients®’®.
In TNBC, data has been consistent for the application of capivasertib in PIK3CA/AKT1/PTEN-
altered subgroups, with both the PAKT and LOTUS trials identifying enhanced response in
patients with baseline PIK3CA/AKT1/PTEN-altered subgroups!’?2°2_ although it’s not possible
to differentiate the response rate based on PTEN-mutant groups specifically. The LOTUS trial
did have a cohort of patients identified as ‘PTEN-low’ based on IHC criteria, but this group
did not demonstrate a significant benefit from the addition of capivasertib?2. In a preclinical
study in gastric cancer, PTEN-null PDX models did not show any sensitivity to capivasertib
unless treated in combination with taxotere where upon there was a synergistic effect®, It is
notable that the one patient enrolled based on a PTEN alteration with TNBC had a relatively
long response rate (>22 weeks).

A further factor to consider with PTEN alterations is that not all PTEN alterations result in loss
of expression of a functional PTEN protein. Indeed, in the LOTUS trial, only 29% (14/48) of
the patients who were PTEN-low on IHC had PTEN-alterations identified by NGS
sequencing®?2. This would argue against the use of NGS to identify PTEN alterations as a
biomarker for targeted therapy, even if the case for PTEN loss as a biomarker for response for

capivasertib therapy was compelling.

Despite the aforementioned lack of data supporting the use of capivasertib in patients with
PTEN aberrations, there are case reports and a small pilot study to suggesting that patients with
germline PTEN alterations with the phenotypic changes associated with this, including cancers,
exhibit high sensitivity to PI3K/AKT pathway inhibition?>*?%, Notably, two patients with
Cowden’s disease with associated breast cancers experienced exceptional responses to
capivasertib?®. This is despite the lack of data supporting the use of PTEN as a biomarker for
AKT-directed therapy. However, these tumours have arisen due to the pro-tumorigenic
environment created by a PTEN-null environment?°2%, with the germline mutation being a
fundamental clonal driving mutation. The tumour cells are therefore are likely to have
hyperactive, and be dependent on, PI3K/AKT signalling®®*2%°, underlying their sensitivity to
the downstream AKT-inhibition. Thus, the evidence for PTEN alterations as a biomarker of
response for capivasertib therapy is lacking, and likely depends upon the breast cancer subtype,
treatment regimen, PTEN phenotype, and biological reliance of the cancer cell on PI3K/AKT

signalling.
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6.6. Conclusion

In this Chapter, ctDNA has been used to explore the predictive biomarkers of response to
targeted therapies and prognostic markers. This analysis was limited by the small numbers of
patients within each cohort, although the larger number in cohort A allowed for wider analysis
of potential biomarkers. A further limitation is the immature dataset, with many patients being
censored, which will inevitably have led to a higher number of type Il errors.

Despite this, some interesting findings were made. Firstly, the purity of the ctDNA, as assessed
through low-pass whole genome sequencing and maxVAF, was able to differentiate patients
with a poorer prognosis. In cohort A, the baseline ESR1 mutation being targeted was predictive
of response, while the greater number of patients allowed for more in depth scrutiny of the
patterns of co-mutation, with a suggestion that different ESR1 mutations demonstrate disparate
responses to fulvestrant treatment. Finally, in cohorts C and D, patients with clonally dominant
AKT1 mutation had significantly longer PFS on treatment than those with subclonal alterations.
Meanwhile PTEN did not appear to be a biomarker for capivasertib therapy, while the data
suggests that patients with a germline PTEN mutations with highly active PI3K/AKT signalling
will benefit from therapy.
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7. Chapter 7. Use of ctDNA to investigate targeted therapy resistance

mechanisms

7.1. Introduction

Treatment resistance is a major issue in oncology, ultimately preventing cure of patients with
ABC. Resistance arises in part due to the selective pressure applied by therapy, and can be
considered as occurring early or late. Early resistance measures can arise from non-genomic
cell modifications such as disruption in signalling feedback pathways and epigenetic
changes?®!. Meanwhile prolonged treatment exposure may give rise to late, or acquired,
resistance which can manifest as genomic changes affecting either the drug target itself or

down/upstream of the target®*.

Acquired resistance can arise through the evolutionary selection pressure applied by
therapy’22%2, This pressure favours the survival of clones which either already harbour a
mutation that confers treatment resistance®*?%3, or supporting the acquisition and propagation
of newly acquired resistance alterations’>2%*, In the presence of the applied therapy, these
resistance mutations confer a survival advantage to the subclones harbouring the mutation,

supporting clonal expansion and, ultimately, progressive disease.

Tissue biopsy sequencing studies have helped to elucidate genomic mechanisms of resistance.
The use of ctDNA analysis to identify novel mechanisms of resistance, however, is less well
defined. One major reason for this is that discovery of novel resistance mechanisms generally
requires a broad sequencing approach such as whole exome sequencing. This approach requires
a high purity of the sample, and given 65% of ABC patients have a purity below 10%°%°,
considered to be the threshold at which one can perform ctDNA exome sequencing’®®, this
makes novel mutation discovery by this method challenging. Furthermore, the cost involved in

the depth and breadth of sequencing mean that this approach is not commonly used.

Increasingly, commercial targeted sequencing panels are becoming available which include
genes commonly involved in cancer. Through a targeted sequencing approach, which is better
able to cope with low purity samples as is frequent with plasma-derived ctDNA samples, it
may be possible to identify putative resistance mechanisms, albeit discovery limited to the

genes and genome regions included in the panel.
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One potential benefit of using ctDNA analysis in resistance discovery is the ability of ctDNA
to dissect spatial heterogeneity and sample heterogeneous metastatic sites for subclonal
alterations®. Given that resistance mutations often arise subclonally, an approach which is not
limited to sampling a single site of biopsy may, theoretically, have a greater chance of

identifying emerging resistance mutations.

This Chapter describes the use of baseline and end-of-treatment (EOT) ctDNA testing using a
targeted sequencing approach with the aim of identifying novel putative resistance mechanisms

to a range of targeted therapies.

7.2. Hypothesis

Analysis of ctDNA using targeted sequencing can reveal putative resistance mechanisms.

7.3. Aims

1) Compare baseline and EOT sequencing to identify resistance mechanisms for each of
the targeted therapies in plasmaMATCH

2) Further investigate any putative resistance mechanisms

7.4. Results

7.4.1.Cohort A: extended dose fulvestrant

Cohort A enrolled 84 patients for treatment with extended dose fulvestrant (500mg fulvestrant
(IM) on Cycle 1 Days 1, 8 and 15 and Cycle 2 onwards Days 1 and 15). The majority of patients
had HR+ HER2- disease (n=80, 95.2%), with two patients having HR+ HER2+ disease (3.6%)
and one patient (1.2%) with HR+, HER2 unknown disease. Of the 84 patients, 80 commenced
treatment and 74 had on treatment RECIST-assessable imaging (Chapter 6, Figure 6.5). 79
patients had baseline plasma sequencing results, and 69 had both baseline and end-of-treatment
(EOT) sequencing (Chapter 6, Figure 6.5).

The majority of patients (n=50, 72.5%) maintained their poly- or monoclonal ESR1 mutation
pattern following fulvestrant treatment, with 5.8% (n=4) acquiring polyclonal disease and 4.3%
(n=3) becoming ESR1 wild type/having undetectable ESR1 mutations. In PIK3CA, TP53 and

GATA3-mutant disease, the majority of patients maintained monoclonal disease (Figure 7.1).
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Figure 7.1. Baseline to EOT changes in gene mutation polyclonality in cohort A

Overall, 50.7% of patients (n=35) acquired alterations at the EOT time point, with 27.5%
(n=19) acquiring more than one alteration. Acquired alterations occurred in genes involved in
a range of signalling pathways, but most markedly in oestrogen and PI3K/AKT signalling
pathways (Figure 7.2A). The genes most commonly found to have acquired alterations were
ESR1 (n=14 patients), GATA3 (n=5 patients) and TP53 (n=4 patients) (Figure 7.2A). The gene
variant loci most frequently acquiring pathogenic alterations following treatment were all
found within ESR1, namely p.L536P/H/R (n=9 alterations), p.Y537C/N/S (n=8 alterations),
p.F4041/L/V (n=5 alterations), p.D538G (n=4 alterations) (Figure 7.2A). The maximum VAF
(maxVAF) was not significantly different from baseline (mean 20.2 +/- SD 14.3) to EOT (mean
18.1 +/- SD 13.1) in patients with acquired ESR1 alterations (Figure 7.2B). Potentially
targetable alterations were identified in 24.6% (n=17), with 4.3% (n = 3) patients acquiring
potentially targetable PTEN and BRCA1/2 alterations, respectively (Figure 7.2C). Incidence of
acquired alterations was not different in the patients gaining clinical benefit versus those not
(Figure 7.2D).
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Figure 7.2. Acquired alterations in cohort A. A, all acquired mutations in cohort A, annotated with targetability
(legend as per 7.2C) and signalling pathway involvement. B, Change in the maximum VAF (maxVVAF) in patients

with acquired ESR1 alterations from baseline to EOT. Each coloured line represents the change in mVVAF from
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baseline to EOT in one patient. Comparison by paired t-test. C, Incidence of acquired gene mutations, coloured
by targetability (Chapter 2, section 2.1.12.6). Excludes ESR1 acquired mutations. D, Number of acquired

mutations in patients gained clinical benefit (CR/PR/SD >= 24 weeks) vs not. Comparison by Chi-squared test.

7.4.2.Investigation of ESR1 p.F404 as a potential resistance mechanism
7.4.2.1.ESR1 p.F404 background

The number of alterations acquired at the ESR1 p.F404 locus prompted further investigation to
ascertain whether these alterations represent putative resistance mechanism to fulvestrant
therapy. Within cohort A, three patients (3/69, 4.3%, or 3/26, 11.5% of patients with PFS >=16
weeks) developed one or more base changes at this locus to achieve an amino acid change of
phenylalanine to one or more of isoleucine, valine and leucine. The latter three amino acids

differ from phenylalanine in that they lack an aromatic ring (Figure 7.3).
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Figure 7.3. Amino acid structure of the wild type amino acid at ESR1 p.F404, phenylalanine versus mutant variants

isoleucine, valine and leucine.

Review of the alteration location identified the p.F404 locus as being within the ligand binding
domain of ESR1 (Figure 7.4). Furthermore, structural studies of oestrogen binding suggest that
there is a Pi-Stacking bond (attractive, noncovalent interaction between aromatic rings)
between the aromatic ring of p.F404 and an aromatic ring on oestrogen. As fulvestrant has
similar in structure to oestrogen, this prompted the hypothesis that an alteration at this locus to
an amino acid lacking an aromatic ring may alter the binding efficiency of fulvestrant, and

represent a mechanism of resistance to the drug.
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Aromatic ring of F estradiol

Pi stacking bond

Figure 7.4. lllustration of the ligand binding pocked of oestrogen receptor alpha bound to oestrogen (estradiol).
The light green dotted line represents a Pi-Stacking bond. Illustration from https://www.rcsb.org/3d-
view/1A52?preset=ligandinteraction&sele=EST, PBD ID 1A522%, F, fulvestrant.

Review of the alteration incidence within the plasmaMATCH dataset revealed that one further
patient within the cohort of 800 patients with targeted sequencing results had an ESR1 p.F404
mutation (p.F404V). This patient had previously received fulvestrant. Of the three patients in
cohort A with an ESR1 p.F404 mutation, all had available baseline and EOT sequencing
demonstrating that the mutation was acquired at the EOT time point (Chapter 6, Figure 6.5).
In total, five different base changes were found to occurr at locations 1 and 3 within the codon
to create three different amino acid changes (Figure 7.5). All the mutation instances were

subclonal.
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Figure 7.5. ESR1 p.F404 base changes. The base changes occurred at location 1 and 3 (illustrated with green
circles) within the ESR1 p.F404 codon (illustrated with the red box).

The patients in cohort A who acquired the mutation all had a relatively good response to
fulvestrant, with a minimum PFS of 17 weeks. Of note, all four patients demonstrated a co-
mutation with ESR1 p.E380Q (one of the in-cohort patients only had this additional ESR1
mutation at baseline, not at EOT), and three patients were co-mutant with ESR1 p.D538G. Due
to their close genomic location and resulting likelihood of appearing on the same read, it was
possible to assess whether the p.F404 variant/s occurred in cis or trans in the three patients
with the co-existing p.E380Q mutation. Of the 7 different variants occurring in the 3 different
patients, 6 occurred in cis with p.E380Q while one occurred in trans (Figure 7.6). All four

patients had multiple activating ESR1 variants which may have been in cis or trans with p.F404.

Patient 1 Patient 2 Patient 3

Clone 1 Clone 2 Clone 3 Clone 4 Clone §

PEIBIQ  Lesgng pFa0aV pE380Q p.E380Q pE380Q pE380Q p.E380Q
p.F4041 (€.1210T>G) p-Fao4l p.F404L pFaoav p.F404L p.F404L
(c1210T=A) (C1210T>A) (€1210T>C) (21210T>G) (c.1212T>A) (€1212T>G)

Cis Trans Cis Cis Cis Cis Cis

Figure 7.6. Cis/trans analysis of the ESR1 p.E380Q and p.F404 variants.

7.4.2.2.Transient transfection of ESR1 p.F404L

To further investigate the ESR1 p.F404 variant, a transient transfection approach was taken.
Plasmids, or oestrogen receptor constructs (ERC), carrying the open reading frame of ESR1
were custom designed to harbour wild type ESR1, ESR1 single mutant for D538G, E380Q or
F404L, or compound mutations D538G_F404L or E380Q_F404L, or the backbone empty
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vector (Chapter 2, section 2.3.2.1). MCF-7 were co-transfected with the ERC alongside an
ERE-luciferase (ERE-Luc) and beta-galactosidase (B-gal) plasmids (Chapter 2, sections 2.3.2.2
and 2.3.2.3). The ERE-Luc plasmid (Methods section 1.6.2.2) consists of the open reading
frame of an oestrogen-response element linked to luciferase gene, which allows quantification
of the oestrogen response activity of the cell through luciferase assay. The B-gal plasmid is a
control plasmid allowing normalisation for factors such as number of cells and transfection

efficiency.

Prior to assessment of ERC activity in oestrogen and drug-treated conditions, the activity of
the ERCs in oestrogen-deprived conditions compared to oestrogen-containing was established.
MCF-7 were cultured in an oestrogen-deprived media for 7 days prior to transfection. The cells
were subsequently transfected in the absence of oestrogen. The transfection protocol described
in Chapter 2, section 2.3.4 was followed, but with one set of transfected MCF-7 being changed
into oestrogen-containing media 24 hours prior to harvesting, while a second set was
maintained in oestrogen-free conditions. Cells were harvested for lysates, and the p-gal and
oestrogen-treated empty vector normalised ERE-luciferase activity of each transfected
condition compared (Figure 7.7). Results demonstrated suppression ERE-luciferase in
maintained oestrogen-deprived conditions across all ERCs. D538G and E380Q demonstrated
higher ERE-luciferase activity in oestrogen-deprived conditions than empty vector or wild type
transfected MCF-7, in concordance with their known constitutively activating
nature®0-195110126 "\while F404L demonstrated lower activity in oestrogen deprived conditions
compared to wild type (Figure 7.7). Notably this data is derived from just one replicate repeat

assessment is required, and conclusions cannot be drawn from this data.
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Figure 7.7. Activity of ESR1 mutant variants in oestrogen-deprived compared to oestrogen-containing conditions,
following prolonged oestrogen deprivation. Normalised ERE-luciferase activity (y-axis) of MCF-7 transfected
with each respective ERC (x-axis) in maintained oestrogen deprived conditions compared to oestrogen-containing
conditions. ERE-luciferase activity is normalised to beta-galactosidase, and then to the ERE-luciferase activity of

E2-treated MCF-7 transfected with empty vector. n=1 replicate. E2, oestrogen

Next, to confirm that the transfected MCF-7 demonstrated the expected pattern of proteins
according to the ERC transfected, western blot was undertaken. This confirmed that all the
transfected MCF-7 expressed both DY K-tagged ESR1 and the endogenous ESR1 alpha (Figure
7.8). To verify these findings, this experiment requires repeating with two control conditions:
non-transfected MCF-7 and MCF-7 transfected with empty-vector.

DYK-tagged ESR1

beta tubulin Control

Figure 7.8. Western blot of transfected MCF-7, stained for ESR1 alpha, DYK-tagged ESR1 and beta-tubulin

(control).
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The comparative activity of each ERC in oestrogen compared to oestrogen plus fulvestrant was
next established. Results demonstrate that the compound mutations (D538G-F404L and
E380Q-F404L) confer relative resistant to fulvestrant, as assessed using the activity of the
ERE-luciferase reporter, while the single mutations D538G, E380Q and F404L mutations do
not demonstrate resistance to fulvestrant (Figure 7.9). Interestingly, the F404L transfected
MCF-7 demonstrated relatively low activity in oestrogen compared to MCF-7 transfected with

wild type or mutant ESR1 (Figure 7.9).
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Figure 7.9. Activity of ERC transfected MCF-7 in oestrogen and fulvestrant compared to oestrogen alone. MCF-
7 were transiently transfected with each oestrogen receptor construct (ERC), as annotated. ERE-luciferase activity,
normalised to beta-galactosidase and ERE-luciferase activity of oestrogen-treated empty vector, is illustrated for
each transfected ERC. Following transfection, cells were treated in oestrogen containing media +/- fulvestrant
(500nM) for 24 hours before harvesting of the cell lysates. ERE-luciferase activity is then normalised to the ERE-
luciferase activity of oestrogen-treated MCF-7 transfected with empty vector. Oestrogen-containing versus
oestrogen plus fulvestrant ERE-Luc activity: D538G p<0.0001, E380Q p=0.0006, F404 p=0.0443, D538G_F404
p=ns, E380Q_F404 p=ns, wild type p=0.0001. Comparison of normalised ERE-luciferase activity with and
without fulvestrant for each ERC was achieved using a 2-way ANOVA. Results are derived from three biological

replicates.

Finally, the activity of the individual and compound mutations in a range of anti-oestrogen
drugs was assessed. Novel SERDs AZD98332% and elacestrant?®” were selected for testing
following promising clinical trial data. Activity was also assessed with tamoxifen, as activating
ESR1 mutations do not tend to arise following treatment with tamoxifen suggesting that the

compound mutation may equally not be effective in producing resistance to this drug.
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To ascertain the correct experimental doses of AZD9833, elacestrant and tamoxifen cell

viability assays were undertaken at a range of drug concentrations (Figure 7.10).
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Figure 7.10. Cell viability curves for fulvestrant, AZD9833, tamoxifen and elacestrant, respectively. On the y-
axis is luminescence, indicative of the quantity of ATP present enabling quantification of the number of viable

cells present.

From the drug viability assays, drug concentrations were selected for use in MCF-7 ERC
transfection (Table 7.1).

Drug Concentration (nM)
Fulvestrant 500
AZD9833 50
Elacestrant 500
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Tamoxifen 250

Table 7.1. Drug concentration for ERC transfection experiments.

Transfected MCF-7 were maintained in oestrogen with or without drug treatment. The lysates
were harvested and compared for ERE-luciferase activity. MCF-7 transfected with the
compound mutations D538G_F404L and E380Q_F404L, and single F404L demonstrated a
significantly higher level of ERE-luciferase activity in fulvestrant-treated conditions relative
to their activity in oestrogen alone compared to wild type transfected MCF-7 (p=0.02, p=0.003
and p=0.02, respectively, Figure 7.11). Tamoxifen-treated E380Q F404L transfected MCF-7
demonstrated marginally higher ERE-luciferase activity in tamoxifen compared to wild type
transfected tamoxifen-treated MCF-7 (p=0.02), which concurs with prior in vitro data showing
that p.E380Q mutants demonstrate relative resistance to tamoxifen compared to the parental
line®. No other single or compound mutant transfected MCF-7 demonstrated significantly
different drug-treated ERE-luciferase activity compared to the activity in wild type transfected
MCF-7 treated with the same drug, demonstrating that the resistance of the compound

mutations was singular against fulvestrant and not present to other tested therapies.
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Figure 7.11. ERE-luciferase activity of each ERC in drug treated conditions relative to its activity in oestrogen
alone. Activity in each of fulvestrant, AZD9833, elacestrant and tamoxifen was assessed. The activity of each
ERC was compared to activity in ESR1 wild type transfected MCF-7. D538G_F404L, E380Q_F404L and F404L
alone all demonstrated significantly higher ERE-luciferase activity in fulvestrant-treated conditions than
fulvestrant-treated wild type (p=0.02, p=0.003 and p=0.02, respectively). E380Q_F404L also demonstrated
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significantly higher activity in tamoxifen then wild type (p=0.02). Results are derived from three biological

replicates.

7.4.3.Cohort B: neratinib +/- fulvestrant

Cohort B enrolled 21 patients, of whom 20 started treatment (17 patients with HR+ HER2-
disease, one patient with HR+ HER2+ disease, and two patients with HR- HER2+ disease).
Patients were treated with neratinib (240mg PO OD), with the addition of fulvestrant (500mg
IM on Cycle 1 Days 1 and 15 and Cycle 2 onwards Day 1) in HR+ patients. Of the patients
who started treatment, all had baseline sequencing available and 19 had EOT sequencing

available.

The majority of patients (18/19, 94.7%) maintained a monoclonal or polyclonal pathogenic
ERBB2 alteration status throughout treatment (Figure 7.12). Two patients (2/19, 10.5%, both
with HR+ HER2- disease) acquired polyclonal PIK3CA disease from monoclonal disease at
baseline, one of whom developed three further pathogenic PIK3CA alterations additional to
their baseline p.H1047R mutation. One patient maintained their polyclonal PIK3CA status.
Five patients (26.3%) maintained polyclonal TP53 mutation positive disease, while one further
patient (5.3%) acquired polyclonal TP53-mutant disease and two patients (10.5%) lost their
pathogenic TP53 mutant status altogether (Figure 7.12).
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Figure 7.12. Baseline to EOT changes in gene mutation polyclonality, per gene, in cohort B.

Alterations were acquired in genes involved in a number of signalling pathways, but most
markedly in the PI3K/AKT signalling and MAPK signalling pathways (Figure 7.13A). The
most commonly acquired alteration was in TP53, with 26.3% of patients (n=5) gaining a non-
targetable pathogenic alteration in the gene (Figure 7.13A and C) while the same number lost
a TP53 alteration. One patient appeared to have highly mutagenic TP53 gene, acquiring 10
pathogenic TP53 alterations in the course of neratinib treatment. Three patients (15.8%) gained
pathogenic alterations in ERBB2 and ESR1, respectively. The three patients who gained ERBB2
mutations did not have a significantly different baseline to EOT change in maxVAF, albeit all
were numerically higher suggesting higher purity samples at EOT (Figure 7.13B). Two patients
gained potentially targetable alterations in PIK3CA, while one patient gained a potentially
targetable alteration in BRCAL (Figure 7.13C). There was no significant difference in the
number of acquired alterations between patients who received clinical benefit in cohort B
(SD/PR for at least 24 weeks) compared to those who did not (Figure 7.13D).
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Figure 7.13. Acquired alterations in cohort B. A, List of acquired pathogenic alterations in Cohort B, annotated
with level of evidence supporting targetability (key as per legend within 7.13C), and pathway association in red.
B, Baseline to EOT maxVAF change in the three patients who acquired ERBB2 mutations, p=0.74. Comparison
by paired t-test. C, Incidence of acquired alterations within cohort B, coloured by level of evidence supporting
targetability (Chapter 2, section 2.1.12.6). D, Comparison of number of acquired alterations between patients who

gained clinical benefit in cohort B and those that did not. Comparison using Chi-squared test.

As copy number amplifications are common in the HER2 gene, the incidence of copy number

gains within this gene and other assessable genes within the cohort was assessed. Purity
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adjusted gene copy numbers within cohort B were numerically higher at the EOT time point in
ERBB2, EGFR and MYC, and numerically higher at baseline in CCND1 (Figure 7.14).
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Figure 7.14. Baseline and EOT copy number within cohort B. Copy number for each patient was adjusted for
purity of the sample (Chapter 2, section 2.1.12.9). Comparison with paired Wilcoxon signed rank test did not

reveal and significant difference in baseline to EOT copy number values.

In total, 26.3% of cohort B (5/19 assessable patients) had copy number gains in EGFR and
ERBB2, respectively, by EOT. Of the five patients with an increase in their ERBB2 copy
number from baseline to EOT, three (60%) were known to have HER2 amplified disease,
whilst only one of these three patients had detectable ctDNA assessed ERBB2 copy number
increase at baseline. Of the two patients with ERBB2 copy number gain with HER2 non-
amplified disease, both had detectable ERBB2 amplification at baseline which increased by the
EOT timepoint.

CCND1 copy number gains were also common, with 15.3% (3/19) of the cohort experiencing
a copy number gain from baseline to EOT (Figure 7.15). There was no significant difference
in maxVAF from baseline to EOT in patients with copy number gains in EGFR, ERBB2,
CCND1 and CCNE1 (Figure 7.15), but many patients did have a numerical increase in their
maxVAF, which would facilitate identification of copy number change in ctDNA.

179



]
(=]

Incidence (%)

—
o

Figure 7.15. Incidence of copy number gain in each gene from baseline to EOT in cohort B. Included are patients
where the copy number at EOT was at minimum >2.2. Copy number for each patient was adjusted for purity of
the sample (Chapter 2, section 2.1.12.9). Inset, change in maxVAF from baseline to EOT in patients with an
increase in copy number by the EOT time point in any of EGFR, ERBB2, CCND1 and CCNE1, p=0.89.

Comparison by paired t-test.

7.4.4.Cohorts C and D: capivasertib +/- fulvestrant

Cohort C enrolled 18 patients (16 HR+ HER2-, 1 HR+ HER2+, 1 HR+ HER2 unknown) based
on the presence of a plasma AKT1 mutation (p.E17K in 17 and p.L52R in one), all of whom
started treatment. Patients were treated with capivasertib (400mg PO BD 4 days on, 3 days off
within 28 day cycles) with the addition of fulvestrant (500mg IM on Cycle 1 Days 1 and 15
and Cycle 2 onwards Day 1).

Cohort D enrolled 19 patients, 13 HR+ HER2- and 6 TNBC patients with activating AKT
mutations (identified in plasma or tissue), all of whom started treatment. Overall, 6 patients
were enrolled into cohort D based on an AKT1 mutation (5 p.E17K and 1 p.L52R) and 13 based
on a PTEN alteration. Enrolled patients were treated with capivasertib 480mg PO BD 4 days
on/3 days off within a 28 day cycle.
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All patients in cohort C had baseline sequencing, and 18 of 19 patients had baseline sequencing

in cohort D. Seventeen patients in each cohort had available baseline and EOT sequencing.

While the overall response rate for cohort C was 22.2% (4/18), the overall response rate for
cohort D was just 10.5% (2/19). However, the rate of response in the patients with an AKT1
mutation in cohort D was higher, at 33.3% (2/6). For this reason, the following combined
analysis of cohorts C and D was grouped according to whether the patients were enrolled based

on an AKT1 or PTEN alteration, and their breast cancer phenotype.

7.4.4.1.Mutation acquisition and loss

The majority of HR+ AKT1-directed patients (11/18 assessable patients, 61.1%) maintained
their monoclonal AKT1 mutation through treatment and three patients (16.7%) lost or had
undetectable AKT1 mutation (Figure 7.16). HR- AKT1-directed patients had similar stability
in the AKT1 mutation status, four of five maintaining a monoclonal AKT1 mutation (80%) and
one patient (20%) losing AKT1-mutant status (Figure 7.16). No patients gained polyclonal
AKT1 disease. Co-mutation with TP53 was common in the AKT1-directed group, with 66.7%
(12/18) of HR+ patients and 80% (4/5) HR- patients having a baseline TP53 mutation. By the
EOT time point, 72.2% (13/18) of HR+ patients and 80% (4/5) HR- patients and had a TP53

mutation.

Acquisition of a monoclonal ATM mutation was relatively common in HR+ AKT1-directed
patients, with three patients (3/18, 16.7%) patients gaining a monoclonal alteration and one
patient (1/18, 5.6%) losing their ATM-mutant status (Figure 7.16).

TP53-mutant disease was also common in patients enrolled for PTEN-directed therapy at
baseline (7/10, 70.0% HR+ and 1/1, 100% HR-) (Figure 7.16). No patients acquired TP53
alterations, while two patients lost TP53 mutation status (one HR+ and one HR-). The only
acquired alterations in the PTEN-directed group (all in HR+ disease) were in ARID1A (1/10,
10%), KRAS (1/10, 10%) and ESR1 (1/10, 10%).
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Figure 7.16. Baseline to EOT changes in gene mutation polyclonality, per gene, in AKT1-directed and PTEN-
directed patients, divided by targeted gene and breast cancer phenotype. AKT1 HR+ n=18, AKT1 HR- n=5, PTEN
HR+ n=10, PTEN HR- n=1.

Mutations were categorised as being involved in a range of signalling pathways (Figure 7.17A).
In the HR+ AKT-directed group, alterations involved in the PI3K/AKT signalling pathway and
cell cycle were the most commonly acquired both with 10 and 12 acquired mutations,
respectively (Figure 7.17A). Acquisitions were also common in the MAPK signalling pathway
(n=9) and oestrogen signalling pathway (n=11). Many of these were driven by acquisition of
TP53 alterations. This analysis should be interpreted with caution however as TP53 is not an
integral part of the MAPK and PI3K pathways. As a transcription regulator, TP53 could be
considered a peripheral element of many pathways. Notably, all patients in cohort C received
fulvestrant in addition to capivasertib, and this may have driven the acquisition of ESR1
alterations, all of which occurred in patients with HR+ disease. Acquisition of mutations in
the RAS and ERBB signalling pathways was also frequent, with six acquisitions respectively

attributable to these pathways (Figure 7.17A).

Acquisition of alterations in patients enrolled for PTEN-directed therapy was infrequent, likely

due to the poor response to the therapy in this cohort and lack of time for the evolution of
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genomic changes. Nevertheless, the acquisitions that did occur grouped mostly into the

oestrogen signalling pathway in patients with HR+ disease (Figure 7.17A).

Acquisition of targetable alterations was infrequent in all groups (Figure 7.17B). The most
clinically relevant acquisitions were in HR+ AKT1-directed group, with two patients (11.1%)
acquiring targetable PIK3CA alterations (Figure 7.16 and 7.17B). Acquisition of potentially
targetable alterations in ESR1 occurred in three patients (16.7%). However, as these alterations
were acquired in HR+ patients receiving fulvestrant, it is unlikely that these alterations are
clinically targetable. Two patients (11.1%), both with HR+ disease on AKT1-directed therapy,
gained GATA3 mutations (Figure 7.17A and B). All three GATA3 mutations were stop-gain
mutations. Overall, there was no significant difference in the number of acquired alterations in
the patients who gained clinical benefit from capivasertib +/- fulvestrant versus those that did
not (Figure 7.17C and D).
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2.1.12.6). Top, patients enrolled based on an activating AKT1 mutation with HR+ disease (n=18 assessable
patients). Middle, patients enrolled based on an activating AKT1 mutation with HR- disease (n=5 assessable
patients). Bottom, patients enrolled based on a deleterious PTEN alteration with HR+ disease (n=10 assessable
patients). No patients enrolled with a PTEN deleterious mutation and HR- disease acquired mutations. C,
comparison of number of acquired alterations between patients who gained clinical benefit and those that did not
in cohorts C and D who entered based on an activating AKT1 mutation (n=23 assessable patients). Comparison
using Chi-squared test. D, number of acquired alterations in the patients enrolled based on a deleterious PTEN

alteration, none of whom gained clinical benefit (n=11 assessable patients).

7.5.Discussion

In this chapter the baseline and EOT plasma sequencing has been analysed to investigate for
the acquisition of genomic changes that may represent resistance mechanisms. A novel putative
resistance mutation ESR1 p.F404 has been identified, while a number of other genomic
acquisitions were identified which merit further investigation as potential mechanisms of

resistance.

7.5.1.Putative resistance mechanisms to fulvestrant

Investigation of baseline to EOT ctDNA changes within cohort A revealed a number of
interesting findings. The main finding was the identification of frequent acquisition of novel
mutations at the ESR1 p.F404 locus. This mutation was further investigated by transient
transfection into MCF-7, with results suggesting that cells harbouring both an activating ESR1
mutation alongside the p.F404L variant demonstrate resistance to fulvestrant (Figure 7.9).
Importantly, the results suggest that presence of the p.F404L mutation alone is not sufficient
to induce resistance, and indeed cells transfected with p.F404 alone appear to have lower
activity in oestrogen than those transfected with wild type ESR1 or mutant ESR1 (Figures 7.7
and 7.9). It is hypothesised that the alterations at the p.F404 locus remove a pi-stacking bond
between oestrogen and the ESR1 receptor. In this scenario, in isolation, this mutation may
reduce binding affinity of oestrogen and inhibit the receptor activity in oestrogen containing
media. Conversely, in the presence of an activating mutation, the ESR1 receptor exhibits
ligand-independence, being constitutively active without the need for oestrogen binding. Thus,
p.F404 mutations may only arise and propagate on the background of an activating mutation,
where it confers a survival advantage to the cell in reducing the binding efficiency of fulvestrant

whilst maintaining the ligand-independent activity courtesy of the activating mutation.
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To date, p.F404 mutations have not been identified as a resistance mutation to fulvestrant.
There are three reasons that this mutation may have been identified in the plasmaMATCH
dataset. Firstly, patients were recruited to the cohort based on the presence of an activating
ESR1 mutation, and therefore, relative to other studies of fulvestrant, our cohort was enriched
for patients with this genomic background. Secondly, plasmaMATCH was unique in using a
higher dose of fulvestrant alongside a more intensive regimen, which may have added extra
therapeutic pressure encouraging the development of this mutation. Finally, the sequencing
approached used here may have helped identify this mutation. Specifically, this mutation arises
subclonally, and the plasma-based sequencing may be better placed in this situation to identify
subclonal variants than tissue-based sequencing, which would be limited to the tumour area
sampled. The subclonal nature of the resistance mutation also means that it occurs at low allele
frequency, and the targeted nature of the sequencing approach affords greater sensitivity to
identify low allele frequency mutations than a broader sequencing approach such as exome or
whole-genome sequencing. Additionally, the mutation arose in the same gene that was being
targeted by the therapy, and was therefore included in the targeted sequencing panel. Had the
mutation occurred a gene outside of ESR1, and not covered by the targeted panel, only a broader

sequencing approach would have been able to identify it.

It is important to note that the patients who developed the mutation had the common feature of
all harbouring a co-mutation with ESR1 p.E380Q. Relative to other activating ESR1 alterations,
p.E380Q is not as strongly activating, and exhibits greater sensitivity to fulvestrant!!126 |t is
possible therefore that this mutation arose in these patients due to the prolonged progression
free survival time on fulvestrant, allowing time for the genomic resistance mutation to occur
and, through clonal selection, propagate*’. Notably, all three patients who developed the

mutation had a PFS >4 months, compared to a median PFS in the cohort of 2.2 months.

As patients increasingly have therapeutic choices driven by genomic characterisation, the
number of ABC patients who receive fulvestrant based on the identification of activating ESR1
mutations may increase. Therefore this putative resistance mechanism may be of increasing
clinical relevance with the widespread use of fulvestrant in this patient group. The data
presented in Figure 7.11 demonstrates that, for these patients, treatment with the novel SERDs
AZD9833 and elacestrant, or indeed tamoxifen may circumvent this putative resistance

mechanism and translate into longer progression free survival for patients.
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The reduced ERE-luciferase activity of MCF-7 transfected with p.F404L in oestrogen is an
interesting finding, and suggests that the mutation also disrupts the binding of oestrogen itself
to the receptor. If true, there would only be a selective advantage to the cell of developing the
mutation under two conditions. Firstly, there would also need to be an activating mutation
present which negates the need for oestrogen binding. Secondly, there is the additional
therapeutic pressure exerted by fulvestrant favouring the survival of cells where the binding of
this drug is inhibited and, as a result, the receptor does not undergo fulvestrant-induced
degradation. Of note this data was produced from one replicate and requires repeating to

confirm.

The lack of resistance of the compound mutations to other SERDs and tamoxifen supports a
mechanism of resistance operating through the distinct binding pattern of fulvestrant. However,
structural modelling is required to investigate this further, which is currently underway.
Additionally, this work will be complemented by investigation of the mutation using the
orthogonal approach of CRISPR. The single and compound mutations will be stably expressed
through CRISPR into MCF-7. These cells can then undergo cell viability experiments under
conditions of oestrogen +/- fulvestrant or alternative drug to investigate for resistance. If the
results concur with the transient transfection results, this would provide compelling evidence
that the mutation represents a novel resistance mechanism to fulvestrant, with important

clinical implications. This work is currently ongoing.

Outside of the ESR1 p.F404 mutations, there were a number of other findings in cohort A.
Firstly, we identified a high rate of acquisition of ESR1 alterations (Figure 7.2A). This cannot
be explained by an increased detection rate of existing ESR1 subclones at the EOT time point
secondary to higher disease burden/greater ctDNA purity as the patients who acquired ESR1
alterations did not have significantly higher EOT mVAF (Figure 7.2B). Analysis of baseline
and EOT sequencing within the PALOMA-3 trial (fulvestrant +/- palbociclib) also identified a
higher incidence of ESR1 mutations at EOT compared to baseline®. In particular, it was noted
that p.Y537S appeared to be positively selected for through treatment’®. Similarly to what was
identified here (Chapter 6, Figure 6.8B), the group also found that there was a trend for patients
with baseline p.Y537S to have shorter PFS than those wild type for the variant’®, which is
consistent with its known strong constitutive activity and relative resistance to anti-

oestrogens!® including fulvestrant!0:248,
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The most frequently acquired variant in our dataset was ESR1 p.L536P (n=6 acquisitions).
Interestingly, a trend toward higher incidence of this variant at EOT was also identified in
patients treated with fulvestrant in the PALOMA-3 trial”®, and in patients treated with
fulvestrant + lerociclib in a phase I trial?®®. The p.L536 locus resides in the h11-h12 loop, near
the amino terminus of h12 within ESR1 alpha, and is a component of the ‘spring’ within the

oestrogen receptor®

. This spring consists of hydrophobic residues that keep the spring closed.
Binding of an agonist receptor is required to overcome the hydrophobia and bend the spring
into an agonist conformation. Mutation from a strongly hydrophobic residue to the less
hydrophobic residue p.L536P lessens the strength of the spring and the ability of the ESR1
receptor to remain in an ‘off” conformation'®. The sensitivity of this mutation to fulvestrant is
not established, and it would be an interesting mutation to investigate for a potential role in

fulvestrant resistance.

p.L536P and p.Y537S were just two of the frequently acquired ESR1 mutations identified in
this dataset, and the frequency of acquisition of other ESR1 alterations is not explained. As
demonstrated here and elsewhere!'!, it appears that having mono- versus polyclonal ESR1
disease is not a predictor of response to fulvestrant therapy (Chapter 6, Figure 6.8C), and so
the evidence does not support that the acquisition of these ESR1 alterations is a resistance
mechanism. One possibility is that, despite the increased dose of fulvestrant utilised, the poor
oral bioavailability of fulvestrant did not maximally inhibit the subclones allowing further
propagation of ESR1 mutant subclones, supported by the poor response to fulvestrant overall
in the cohort.

Outside of the oestrogen signalling pathway, within which mutations were frequently acquired
in cohort A mostly due to the acquisition of ESR1 alterations, the PI3BK/AKT pathway also
regularly acquired mutations (Figure 7.2A). In vitro data supports a role for activation of this
pathway in fulvestrant resistance'226%-27* Fuyrthermore, the PALOMA-3 trial demonstrated
enrichment for PIK3CA mutations at the EOT time point in patients treated with fulvestrant +/-
palbociclib™. While just two PIK3CA alterations were acquired in this cohort (Figure 7.2A), a
large number of mutations implicated in the PI3K/AKT pathway were acquired, supporting a

role for activation of this pathway in fulvestrant resistance.

7.5.2.Putative resistance mechanisms to neratinib

Analysis of baseline and EOT sequencing within cohort B revealed a number of findings. One

striking finding was the frequent acquisition of alterations within the PISK/AKT pathway
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(Figure 7.13A). In particular, two patients gained pathogenic PIK3CA mutations, with one of
these gaining three additional alterations. It is understood that mutations in ERBB2
constitutively activate the tyrosine kinase receptor, leading to enhanced signalling via PI3K
and MAPK2 (Chapter 1, Figure 1.4). It would seem plausible, therefore, that activating
mutations in the PISBK/AKT pathway circumvent the inhibition of mutant ERBB2 afforded by
neratinib to generate a neratinib resistant phenotype. Prior in vitro work has demonstrated that
ERBB2-mutant MCF-7 cells have enhanced signalling via the MAPK pathway, and that co-
mutation with an activating PIK3CA mutation enhances this signalling®*4. Subsequent in vitro
work has implicated activation of the TORC1 pathway in neratinib resistance®®. The TORC1
pathway is downstream of the PI3K/AKT pathway, and activation via the PI3K/AKT pathway
IS expected to enhance signalling via the TORC1 pathway. The group performed knockdown
of RAS, which modulates the activity of both the PI3BK/AKT and MAPK pathways, finding
that this reversed the neratinib resistant phenotype®3. This is supported by the finding that
patients with activating mutations within the mTOR pathway did not derive clinical benefit
from neratinib®®3. Conversely, though, there was no apparent trend for acquisition of alterations
activating the PIBK/AKT pathway in 16 patients analysed in the SUMMIT trial, which
investigated the use of neratinib in patients with ERBB2-mutant cancer’’. Additionally, in
patients with early breast cancer treated with adjuvant neratinib in the ExteNET trial, patients
with PIK3CA-mutated disease had a longer median absolute disease-free survival than those
with PIK3CA-wild type disease, albeit the difference was not significant?’?. This does not

support the hypothesis that PIK3CA alterations represent a mechanism of resistance.

A second finding was the frequent acquisition of additional ERBB2 alterations within the
cohort, with three patients (15.8%) acquiring ERBB2 mutations and five patients (26.3%)
having an increased purity-adjusted copy number at EOT compared to cohort (Figures 7.13
and 7.15). The three patients who acquired ERBB2 mutations all had numerically higher
maxVAF at EOT (albeit not significantly, Figure 7.13B), raising the possibility that clones
carrying these mutations were pre-existing at baseline but became detectable with raised purity
of the sample. If correct and not an artefact if increased purity at EOT, 42.1% of the cohort
acquired an ERBB?2 alteration (mutation or copy number increase) that was additional to their
baseline ERBB2 mutation that they were recruited into the trial with. The SUMMIT trial
similarly identified that 36% of patient’s demonstrated acquisition of an ERBB2 alterations’’.
The ERBB2 mutations acquired in the plasmaMATCH cohort are hotspot mutations in the gene,

but are not known gatekeeper resistance mutations as previously identified for neratinib
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(p.T7981*Y). The plasmaMATCH cohort was also found to have a high rate of acquisition of
raised EGFR copy number (26.3% patients). Mechanistically, ligand binding the EGFR
receptor leads to dimerisation with ERBB2 (amongst other ERBB receptors) to activate
downstream signalling, including via the PI3K pathway?”® (Chapter 1, Figure 1.4). Further
research is required to understand the clinical relevance of second hit ERBB2 mutations and

acquired ERBB2 and EGFR amplifications following neratinib treatment.

7.5.3.Putative resistance mechanisms to capivasertib
7.5.3.1.AKT1-directed patients

Patients with an HR+ disease enrolled with an AKT1 mutation treated with capivasertib had a
notable rate of acquisition of PIK3CA alterations (n=2 patients, 11.1%, Figure 7.17). AKT1
mutations and PIK3CA mutations are normally known for being mutually exclusive®*21%274,
presumably because alterations in these two genes activate the same pathway (with PIK3CA
situated upstream from AKT1) so a second mutation in this pathway would be expected to be
redundant. However, in the situation of AKT1 inhibition, it is mechanistically plausible that a
PIK3CA mutation may enable cells to overcome the AKT1 inhibition by activation of signalling
elsewhere in the pathway. The FAKTION trial, which enrolled HR+ patients with ABC
demonstrated that patients with PIK3CA mutations or PTEN null tumours did not benefit from
the combination of capivasertib and fulvestrant, whereas those that did not have one of these
alterations did significantly benefit?®®. In contrast, patients with a coincidence PI3K pathway
alteration in one phase Il study of single agent capivasertib had a significantly longer PFS than
patients without!®®. Further research is required to understand the clinical relevance of PIK3CA

mutation acquisition in capivasertib resistance.

Mutation acquisition was relatively frequent in the MAPK and RAS signalling pathways
(Figure 7.17A). Prior in vitro data has suggested that signalling via the PI3K pathways and
MAPK pathways occurs in parallel, with inhibition of one causing upregulation in the other?™.
As capivasertib specifically inhibits AKT1 in the downstream segment of the pathway,
theoretically activating mutations of the MAPK/RAS pathways could represent a mechanism
of resistance to the therapy, with signalling upregulated in the complementary pathway. The
data presented in Chapter 6 (Figure 6.17A and B) demonstrates that while there was no
significant difference in the incidence of baseline MAPK alterations in those that benefitted

from capivasertib versus those that didn’t, there was a trend for higher incidence in those with
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no benefit. This theory requires further investigation in HR+ breast cancer cell lines, and

corroboration in clinical data derived from a larger set of patients.

In HR+ patients enrolled for AKT1-directed treatment, alongside frequent acquisition of TP53
(27.8%), ESR1 (16.7%) and PIK3CA (11.1%), ATM mutations were frequently acquired (n=3
patients, 16.7%). ATM is known as a tumour suppressor gene, with a major role in the repair
of double strand breaks?’®

the activation of AKT/PKB activity by stimulating the phosphorylation at Ser473 in AKT

. ATM also has an array of non-canonical modes of action, including

following insulin treatment?’”28, Treatment of cells with two ATP-competitive inhibitors of
AKT, which are similar to capivasertib, led to enrichment of ATM kinase compared to the
change seen when the cells were treated with allosteric AKT inhibitors?’®. Further in vitro data
has demonstrated that treatment of cancer cells known to have hyperactive AKT signalling
with the ATM-inhibitor KU-55933 inhibited the phosphorylation of AKT, which in turn
promoted cell cycle arrest in the G1 phase and apoptosis?’®. This demonstrates the relationship
between ATM and AKT in promoting cell survival. As a tumour suppressor, mutations in ATM
generally promote loss of function of the protein, and it is notable that two of the three ATM
mutation acquisitions in this cohort are truncating mutations which if expressed would be
expected to inhibit protein function, thereby reducing activation of AKT and its downstream

effectors.

7.5.3.2.PTEN-directed patients

Amongst eleven assessable patients who enrolled based on a PTEN aberration who were treated
with capivasertib, there were only four mutation acquisitions (in KRAS, ESR1 and ARID1A).
The poor response rate coupled with small numbers precludes analysis into any potential
resistance mechanisms within this subgroup. Further research is required to understand if
patients with PTEN-loss do benefit from AKT1-directed therapy.

7.6.Conclusion

In this Chapter ctDNA analysis has been used to investigate for putative mechanisms of
resistance to a number of targeted therapies. The most significant finding was that of ESR1
p.F404 as a putative mechanism of resistance. This was further explored with transient
transfection of MCF-7. This mutation was identified at a low allele frequency and was

subclonal, which arguably would have made it easier to identify with a plasma targeted
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sequencing approach over other broader sequencing approaches or from tissue biopsy
sequencing. Further work is underway to investigate the relevance of this mutation. However,
the data presented here suggests that this is a potential mechanism of resistance to fulvestrant
that can be overcome with alternative SERDs or tamoxifen therapy. ldentification of this
mutation in patients would suggest that an alternative anti-oestrogen strategy, such as
tamoxifen or a novel SERD, are indicated, with the aim of extending the progression free

survival of patients on treatment.

Other interesting findings were also identified, which warrant further investigation. Of these,
the acquisition of ERBB2 and EGFR amplification in patients treated with neratinib was
particularly notable. As identified and discussed in Chapter 4, copy number identification in
plasma is specific but not sensitive. It is likely therefore that the patients that had identifiable
copy number changes had true copy number alteration, and that further tissue-based assessment
may identify this changes in more patients. The clinical relevance of the copy number gains
requires further investigation, but mechanistically these copy number gains could represent

resistance mechanismes.

A limitation of this work was the lack of response in cohort A and the PTEN-directed subgroup
in cohort D, alongside the small numbers in cohorts B, C and D. This will limit the ability to
identify new mutations or mechanisms of resistance and establish any significant changes. In
particular, genomic mechanisms of resistance would be expected to take time to develop, and
where patients have not responded to therapy these mechanisms may not have had time to arise
and propagate. A further limitation is the use of a targeted panel for novel resistance mutation
discovery. This approach will have been limited to identification of alterations within genes
included in the panel. Conversely, the benefit of this approach is the ability to identify
mutations at a low AF, which may be the case in resistance mutations that arise subclonally. A
broader sequencing approach, such as exome sequencing, would enable a broader identification
of genomic resistance mechanisms. Despite these limitations, ctDNA analysis using data from
targeted sequencing has revealed a number of interesting findings, supporting the use of ctDNA

analysis for this application.
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8. Chapter 8. Conclusion and Future Directions

At the time of writing, ctDNA analysis is not funded by the NHS for use within ABC, and,
consequently, it has not entered routine clinical practice. This is despite there being several
potential clinical applications, a few of which have been explored and investigated within this
thesis. There are a multitude of barriers preventing the routine clinical use of ctDNA analysis

which must be overcome before adoption of the approach.

In 2018 The American Society of Clinical Oncology and College of American Pathologists
published a joint review on the use of ctDNA analysis in patients with cancer®. The review
proposes three categories with which to assess the utility of ctDNA analysis. The first is
analytical validity, which describes the ability of a test to accurately and reliably detect variants
of interest. The second term is clinical validity, which describes the ability of the test to
differentiate patient groups according to their test results. The third term is clinical utility,
which describes the presence of high levels of evidence demonstrating that the test improves
patient outcomes. This thesis investigates a number of features within these parameters.

Firstly, Chapter 3 investigated the analytical and clinical validity of ctDNA analysis. Here, two
orthogonal techniques of ctDNA analysis were compared, finding high levels of agreement
particularly for binary gene-mutation status. This was supported by a high level of agreement
between tissue and plasma for targetable alterations, particularly for clonally dominant/driving
alterations such as those in PIK3CA. Although the data presented here are supportive of the
analytical and clinical validity of ctDNA analysis, the analysis presented here may not be
generalisable. The clinical validity of ctDNA analysis is dependent on a multitude of pre-
analytical variables. As discussed in the ASCO/JCP joint review, there is much variation and
lack of consensus regarding important factors including how blood is drawn and into what
collection tube, the isolation of DNA from serum or plasma, sample transport, DNA
purification, and bioinformatic analysis, all of which will have a significant impact upon the
results of the test®. This highlights the question of whether the data presented here, which were
gathered in the relatively tightly managed environment of a clinical trial, can be extrapolated

into clinical practice and real-world scenarios.

To provide robust data supporting analytical and clinical validity and enable new technologies
to move from research use to clinical practice, supportive data must be derived from several

different sources arising within varied contexts. In the case of ctDNA testing, cross-platform
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validatory testing has not provided strong evidence of analytical validity. In one comparative
test of four commercially available next generation sequencing (NGS) platforms, 41 of 56
unique variants identified (68%) were discordant®”. Sources of error included low allele
frequency calls (<1%), mutational biases, novel somatic variants, background noise,
bioinformatic filtering thresholds and germline variant calls®. In a further comparative study
of two NGS platforms, including Guardant Health’s Guardant360, only 33% patients (12/36)
had totally concordant NGS results, while 17% patients were partially concordant®®. A further
consideration is that the cross-platform approach to validation is also liable to systematic errors
producing erroneous results in all the tested assays which will falsely inflate performance
metrics. This theoretically is less of an issue when orthogonal approaches have been used, such

as presented here in Chapter 3 with targeted sequencing compared to ddPCR.

Most recently, the SEQC2 Oncopanel Sequencing Working Group published a rigorous
assessment of the analytical performance of five commercially available ctDNA sequencing

assays?30

. Through parallel analysis of the performance of multiple assays undertaken in a
number of different laboratories with multiple replicates and multiple experimental conditions
including DNA input, mutation allele frequency and DNA isolation method, the group were
able to thoroughly interrogate the performance of NGS assays to account for pre-analytical and
analytical factors. Reassuringly, at allele frequencies >0.5%, ctDNA mutations were detected
with high sensitivity, accuracy and reproducibility by all the assays tested. Below this limit,
sensitivity fell, and was highly dependent on the locus specific coverage and input DNA
amount?°. Reassuringly, false positive rates were low across all tested assays and pre-
analytical variables such as variation in laboratory plasma extraction procedures and workflow

were not found to be a significant cause of discordant results?®,

Whilst the SEQC2 Oncopanel Sequencing Working Group analysis provides reassurance
regarding the analytical validity of ctDNA analysis, it does highlight the poor performance of
assays at allele frequencies <0.5%. Depending on the intended application of ctDNA analysis,
this has varying implications. For clonal architecture assessment, such as undertaken in Chapter
5, there will not be sufficient resolution to define clonal architecture for low purity or
significantly subclonal alterations. For novel resistance mutation discovery, as undertaken in
Chapter 7, where mutations tend to arise subclonally, there may not be sufficient sensitivity to
detect new mutations. It is notable that of the seven ESR1 p.F404 mutations identified at the
EOT time point, five were identified at an allele frequency <0.5%. Thus, it is possible that more
patients in the cohort developed this particular alteration, and other resistance mutations that
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were undetectable by NGS, highlighting the limitation of sequencing when it comes to

resistance mutation discovery.

Future research needs to focus on increasing the sensitivity of NGS below 0.5%, which would
vastly increase the applications of ctDNA analysis, both within metastatic disease, and more
broadly to earlier disease settings or indeed to cancer screening, where allele frequencies are
expected to be lower. Current NGS methods are fundamentally limited by the issue of purity,
or amount of ctDNA within the cell-free DNA (cfDNA), and the technical approach of NGS
that is based upon the random sampling of amplified fragments, leaving rare mutations prone
to being missed through the effect of stochastic sampling. Potential methods include selective
enrichment of ctDNA over cfDNA, which may be achieved by size selection?!282 methylation

283

status?®® or other biological features?34,

The data presented in Chapter 4 highlights that certain patient groups are less well suited to
ctDNA testing. This is likely due to these patients having less advanced/a smaller burden of
disease or disease that ‘sheds’ less ctDNA due to biological processes not fully characterised
and/or fully understood yet. Again, this will mean that ctDNA purity is the primary issue, and
research to improve detection at low allele frequency may resolve this. However, there may
still be tumours that do not shed ctDNA, such as those confined to the central nervous system,
and for these patients analysis of ctDNA derived from the systemic circulation may not be the
best approach that can be adopted. Enhanced understanding of the likelihood of a patient having
detectable ctDNA would enable physicians to make more informed choices based on the results
of the ctDNA test, and highlight the patients who are more at risk of a false negative result.
One approach could be to routinely estimate and state the purity of the sample, perhaps through
whole genome sequencing (Chapter 6, section 6.4.1), and to provide a percent confidence in

the clinically important negative mutation calls.

The data in Chapter 4 also highlights that ctDNA testing is not sensitive in identifying HER2
amplification status in breast cancer. It is understood that ctDNA testing is not yet sensitive
enough at identifying copy number alterations and other important cancer-associated DNA
changes such as translocations and structural variations?®. This may be more pertinent in
phenotype subsets in which these alterations are more frequent, such as TNBC, where copy
number changes are common. Further research is needed to improve and validate the

identification of these features in ctDNA.
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As discussed in the ASCO/JCO joint review, once the analytical validity of ctDNA testing is
addressed, the clinical validity and utility must be established. The clinical validity of ctDNA
testing with reference to a number of targeted therapies in ABC was explored in Chapter 6,
with the retrospective analysis of baseline prognostic and predictive factors and their
association with response. Whilst a number of interesting findings were identified for each
respective targeted therapy, with some warranting further investigation, this analysis also
highlighted some important barriers to establishing the clinical validity and utility of ctDNA
testing in selecting patients for targeted therapy.

Firstly, in a somewhat circular argument, the targeted therapy being retrospectively assessed
must have a reasonable response rate in the cohort tested. Furthermore, there must be enough
patients to provide the power to detect differences between certain patient groups based on
CtDNA characteristics. Between these two elements, the analysis here was limited in its ability
to detect biomarkers given the low response rate in cohort A and the small sample size in
cohorts B-D. These challenges are not unique to plasmaMATCH, and data supporting the use
of ctDNA to identify biomarkers of response to subsequent therapy in ABC is lacking. The
most robust data to date comes from the SOLAR-1 trial, where a retrospective analysis
established that patients who were ctDNA positive for PIK3CA mutations gained benefit from
alpelisib whilst those that were negative did not®. Overall, for retrospective analyses such as
the one undertaken in Chapter 6, targeted therapies with a good response rate, in a cohort large

enough to detect differences, must be analysed.

A further consideration in the adoption of ctDNA testing to identify biomarkers for subsequent
treatment is that there must also be a good understanding of both the pathogenicity and
‘targetability’ of alterations. Currently there is little consensus surrounding the assignment of
pathogenicity and targetability, and for this thesis an approach was taken to combine the
annotation provided by the publicly available annotation tools OncoKB!®® with Cancer
Hotspots'®®, cross referenced against known recurrent mutations in the COSMIC online
database®®. This is a constantly developing field, however, with new data changing our
understanding of which patients may benefit from a given targeted therapy. This poses
challenges for the development of trials to investigate the efficacy of targeted therapies in
patient groups defined by ctDNA results, which maybe be specifically targeted to narrow
cohorts of patients with rare alterations, such as the case in plasmaMATCH?®, Thus the clinical
validity and utility of ctDNA testing as a biomarker of response to subsequent therapy is not
yet established, and further research is required in this area.
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Finally, to establish the clinical utility of ctDNA testing for guiding therapeutic choices, data
from large clinical trials are needed. plasmaMATCH was a phase |1 trial and not randomised®,
so is limited in its ability to contribute to demonstrating the clinical utility of ctDNA testing.
There are an increasing number of retrospective cohort studies (often single site) describing the
use of real-time ctDNA testing to direct patient care outside of the clinical trial settings, which
demonstrate the feasibility of the approach?®¢-28, However, phase 111 randomised trials with
randomisation of patients to ctDNA driven choices versus standard care are lacking, and trial
design and undertaking in the area of targeted therapy has proved challenging*2%. As a first
step, such a trial would need to ethically satisfy the criteria that the clinical outcome on the
targeted therapy could be expected to equal or exceed that of standard care. At the present time,
there are few targeted therapies in ABC with validated biomarkers!2%2% that satisfy this criteria.
With time, as new targeted therapies are developed and there is greater understanding of the
biomarkers that support the use of these therapies, the design and undertaking of these trials
will be able to validate the utility of ctDNA testing. Furthermore, if large-scale studies currently
enrolling or directing patient care based on tumour sequencing results for matched targeted
therapy such as NCI-MATCH?!, AURORA?*?, IMPACT 11%° and TAPUR?® are positive, the

confidence in the approach of genomic personalisation of therapy will increase.

Outside of establishing the analytical and clinical validity and clinical utility, there are other
important considerations around the application of ctDNA analysis highlighted by this thesis.
Firstly, Chapter 5 explored the use of ctDNA analysis to dissect patterns of clonal dominance
and subclonality. Notwithstanding the aforementioned issues with reduced sensitivity at low
allele frequencies, the data presented here demonstrates compelling evidence that ctDNA can
be used to dissect clonal architecture and sample subclonal disease at a cohort level. Confident
differentiation of this at a patient level requires a broader sequencing approach with high depth,
such as exome sequencing. The analysis presented here identified important subclonal features
which have potentially large clinical repercussions. Firstly MAPK pathway mutations were
found to frequently occur alongside ESR1 mutations, and harbouring mutations in both
predicted for shorter overall survival (Chapter 5, Figures 5.11 and 5.12). Secondly, dual
PIK3CA mutations were frequent in HR+ disease and predict for shorter progression free
survival on subsequent fulvestrant therapy (Chapter 5, section 5.4.4.3). Thirdly, in Chapter 7 a
targeted sequencing approach was able to identify a putative resistance mechanism to
fulvestrant, with the mutations arising being subclonal and below the limit of detection for

many tumour sequencing panels. These observations support the use of ctDNA analysis over
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the use of tumour biopsy analysis through facilitating the identification of clinically relevant
mutations existing in parallel but, due to tumour heterogeneity and the metastatic-clade nature

of subclonal resistance mutations, may not be identifiable by single-site tumour biopsy.

A second major observation in Chapter 5 is that targetable mutations tend to occur with distinct
clonal dominance patterns (Chapter 5, Figure 5.7). The clinical relevance of this, however, is
not clear. Within AKT1-directed therapy, Hyman et al demonstrated that response of a patients
AKT1 p.E17K mutant disease was proportional to allele frequency of the mutation within each
metastatic deposit tested®®. Within the SUMMIT trial of HER2 directed therapy with neratinib
in ERBB2-mutant breast cancer, no responses were seen in patients with subclonal ERBB2
alterations’”. The association of clonal dominance and response within other targetable

mutations has not yet been well defined, and again this is an area that warrants further research.

There is one potential application of ctDNA analysis in ABC that this thesis has not explored,
namely the predictive and prognostic association of early ctDNA dynamic changes and
response to targeted therapy. Changes in ctDNA early on treatment have been demonstrated to
be predictive for response in several studies?*42%, This information could be used to potentially
stratify patients into expected response groups, with the possibility of escalating therapy in
patients with poor predicted response whilst de-escalating therapy in those with good predicted
response, in a personalised medicine approach. This approach has not yet been tested in clinical

trials, and so the clinical utility has yet to be established.

There are several findings presented in this thesis that require further investigation. Firstly, the
finding of MAPK pathway/ESR1 co-mutation enrichment and its association with overall
survival was novel and has potentially significant clinical implications. Interrogation of ctDNA
sequencing-derived datasets from other patient cohorts would increase confidence in the
clinical finding, whilst sequencing of sequential ctDNA samples alongside primary and
metastatic tissues would shed light on the temporal and spatial pattern of mutation acquisition
and allow analysis of RNA expression patterns of the oestrogen and MAPK pathways. In vitro
experiments could include MAPK pathway knockdown in cells with activating ESR1 mutations
followed by clonogenic assays. Finally, patient derived models, if available, could be used to
investigate whether dual inhibition with a combination of fulvestrant and a MAPK pathway
inhibitor such as trametinib (MEK-inhibitor) can reverse the adverse phenotype associated with

the compound mutations.
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Secondly, the high rate of ERBB2 mutation and copy number gain and EGFR copy number
gain acquisition at the EOT of patients in cohort B on neratinib therapy is an interesting finding.
Given the poor sensitivity of copy number identification in plasma, the finding of copy number
changes needs validation in tissue sequencing datasets at baseline and on progression from
neratinib therapy. In conjunction, in vitro experiments could examine whether copy number
changes in EGFR and ERBB2, and additional acquired ERBB2 mutations, represent resistance
mechanisms. A clinical trial in patients with these additional alterations to tackle any putative
resistance could examine the effect of dual HER-2 blockade, or enhanced EGFR blockade such

as with the addition of cetuximab.

Finally, while the work presented in this thesis is supportive that ESR1 p.F404 represents a
novel resistance mechanism to fulvestrant, there are limitations of the data presented that
require addressing, and further investigation is required. Specific areas that require further
experiments including repeating the prolonged oestrogen deprivation transient transfection
experiment (Chapter 7, Figure 7.7) to confidently define the behaviour of each ERC in the
oestrogen deprived conditions, with a minimum of three replicates. The western blot (Chapter
7, Figure 7.8) also requires undertaking with a non-transfected ‘control’ condition to confirm
that the exogenously transfected ESR1 is expressed as expected. The presence of the mutation
in the ctDNA of patients within whom it was identified should also be confirmed with an
orthogonal ctDNA analysis approach, such as with ddPCR. To this end, ddPCR probes are
currently being designed which will allow testing of the plasma for the ESR1 p.F404 variant
using a ddPCR approach. Finally, consideration could also be given to testing the transiently

transfected mutation in other ER+ cell lines.

Outside of these further experiments, the findings would be significantly strengthened if they
were confirmed through an orthogonal technique. As such, at the present time work is ongoing
utilising CRISPR to stably introduce ESR1 p.F404 +/- activating ESR1 mutations into MCF-7
cells. This will allow for, at minimum, cell survival assays to establish whether these models
also show resistance to fulvestrant and other therapies. Structural modelling may help define
how the mutation interrupts the binding of oestrogen, fulvestrant and other therapies. This
structural modelling, through defining how different therapies interact with the mutant ER,
may highlight therapeutic approaches which would be expected to overcome the resistance that
is seen with fulvestrant. Finally, interrogation of the baseline and EOT sequencing data from

other clinical cohorts following treatment with fulvestrant would define whether this mutation
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is found in cohorts outside of plasmaMATCH, and, as such, the clinical relevance of the finding

to the broader population.

In summary, this thesis has explored the use of ctDNA analysis within ABC, making several
clinically important observations in the course of the investigation. Following validation of
CtDNA analysis (Chapter 3), several important findings were identified that have the potential
to improve patient care. Firstly, the patient groups the technology was suited to best were
defined, alongside the clinico-pathological characteristics of targetable alterations (Chapter 4).
In the largest cohort studied to date, the clonal architecture and landscape of ABC was defined,
with novel findings in the arena of the clonal architecture of resistance mutations that have
direct clinical implications (Chapter 5). Prognostic and predictive biomarkers of selected
targeted therapies were explored, with a number of findings that warrant further investigation
(Chapter 6). Finally, ctDNA analysis was utilised to investigate resistance mechanisms, with
the novel finding of a putative resistance mechanism, ESR1 p.F404 mutations, further
investigated and validated using in vitro techniques (Chapter 7). Importantly, the data presented
here demonstrates that the resistance caused by this mutation may be overcome by alternative
therapies, with direct implications for clinical practice and the potential to prolong patient’s

response to hormonal based therapies, delaying the commencement of chemotherapy.

While this thesis has demonstrated the wide utility of ctDNA analysis in ABC, the
aforementioned broader limitations to the approach necessitate further research. This research
needs to encompass both improving techniques around ctDNA analysis itself, with particular
focus on improving sensitivity at low allele frequencies and identification of alterations outside
of SNVs and indels, but also in related fields with the development and validation of new
targeted therapies, identification of biomarkers of response, and greater understanding of the
pathogenicity and targetability of mutations. With further development in these areas, ctDNA

analysis shows great potential in changing the way ABC is managed in the clinic.
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