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Abstract

Neoadjuvant chemotherapy has become standard practice in patients with high-risk early
breast cancer as it improves rates of breast conservation surgery and enables prediction of
recurrence and survival by using response to treatment as a surrogate. Previous studies have
focused on generating molecular datasets to develop prediction models of response, though
little is known on how tumours and their microenvironments are modulated by neoadjuvant

chemotherapy.

The thesis aims at molecularly characterising tumour changes during neoadjuvant chemother-
apy in a cohort of 168 patients. Serial tumour samples at diagnosis, and, when available,
midway through chemotherapy and on completion of treatment were profiled by shallow
whole genome sequencing, deep exome sequencing and transcriptome sequencing, resulting
in the generation of an unprecedented genomics dataset with tumours in situ while patients

received chemotherapy.

Molecular predictors of response to chemotherapy were inferred from the diagnostic biopsy.
Several novel observations were made, including previously undescribed associations be-
tween copy number alterations, mutational genotypes, neoantigen load, HLA genotypes and
intra-tumoural heterogeneity with chemosensitivity. Possible mechanisms of chemoresis-
tance included LOH at the MHC Class I locus, decreased expression of MHC Class I and 11
genes and drug influx molecules, as well as increased expression of drug efflux pumps. A
complex relationship between proliferation, tumour microenvironment composition (TME)
and response to treatment was explored by deconvoluting bulk RNAseq data and performing
digital pathology orthogonal validation.

Clonal and microenvironment dynamic changes induced by/associated with chemotherapy
were then modelled. Two types of genomic responses were identified, one in which the
clonal composition was stable throughout treatment and another where clonal emergence
and/or extinction was evident. Validation by multi-region deep sequencing confirmed the
dynamics of the clonal landscape. Clonal emergence was shown to be associated with higher
proliferation and decreased immune infiltrate, with an increase in genomic instability and
homologous recombination deficiency during treatment. The immune TME composition
and activity mirrored response to treatment, with cytolytic activity and innate and adaptive
immune infiltrates linearly correlating with the degree of residual disease remaining after
chemotherapy.
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Finally, the circulating tumour DNA (ctDNA) genomic landscape was explored by using
shallow whole genome sequencing and targeted sequencing of plasma DNA. Tumour muta-
tions detected on exome sequencing were also detected in ctDNA in plasma, supporting the
use of liquid biopsies as a biomarker for monitoring response to therapy and detection of
minimal residual disease.



Table of contents

Acronyms

1

Introduction
1.1 The dawn of adjuvant chemotherapy . . . . . . . . ... ... ... ....
1.2 Downstaging with neoadjuvant chemotherapy . . . . . ... ... ... ..
1.3 Assessment of response to neoadjuvant therapies . . . . . ... ... ...
1.4 Prediction of response to neoadjuvant therapies . . . . . . ... ... ...
1.4.1 Genomic predictors . . . . . . . .. ...
1.4.2  Transcriptomic predictors . . . . . . .. .. ... ...
1.5 Characterising tumour changes during chemotherapy . . . . ... ... ..
1.6 Scopeofthisthesis . . . . . .. ... ... ... ... ...

Generation of a comprehensive neoadjuvant dataset

2.1 Introduction . . . . . . ... L
2.1.1 Establishing a neoadjuvant molecular study . . . . . ... ... ..
2.1.2 Patientdemography . .. ... ... ... ... ... .. ... ..

2.2 Tissue collection and processing . . . . . . . .. ... ...
2.2.1 Plasma and buffy coat collection and processing . . . . ... ...
2.2.2  Tumour tissue collection and processing . . . . . . . .. ... ...

2.3 Nucleicacid processing . . . . . . . . . ..
2.3.1 Tumour and buffy coat DNA extraction . . . . ... .. ... ...
2.3.2  Tumour RNA extraction . . . .. ... ... ... .........
2.3.3 Cell-free DNA processing . . . . . . . . . . .. ... ...

2.4 Genomic and transcriptomic library preparation . . . . . .. ... ... ..
2.4.1 Whole genome and whole exome library generation . . . ... ..
2.4.2 Targeted sequencing library generation . . . . ... .. ... ...
2.4.3 Whole transcriptome library generation . . . . ... .. ... ...

2.5 Bioinformatic analysis . . . . . . .. ..o

xiii

11
16
16
17
25
28



Table of contents

2.5.1 Exome and shallow whole genome analysis . . . . . ... ... ..
252 RNAanalysis . . . . . ...
2.5.3 Statistical testing . . . . . ... L
2.6 Dataset summary . . . . . . . ... u e e e e e e e

Molecular predictors of response to neoadjuvant chemotherapy
3.1 Introduction . . . . . . . . ... L
3.2 Clinical phenotypes and association withresponse . . . . . . . . ... ...
3.3 Genomic predictors of response . . . . . ... ...
3.3.1 Mutational landscape . . . . . . . .. ...
3.3.2 Copy number landscape . . . .. ... ... ... ... ......
3.3.3 Genomic immune landscape . . . . . .. ... ... ...
3.4 Transcriptomic predictors of response . . . . . ... ...
3.4.1 Differential gene expression analysis . . . . ... ... ... ...
3.4.2 Tumour proliferation . . . . . . . ... ...
3.4.3 Tumour immune microenvironment . . . . . . . . . . . . .. ...
3.4.4 Mapping transcriptomic differences across ER / HER2 subtypes . .
3.4.5 Validation of established metagenes . . . . . . ... ... ... ..
3.4.6 Derivation of a response metagene . . . . . . . .. ... ... ...
3.5 Anintegrated approach to predicting response . . . . . . . ... ... ...
3.6 Discussion. . . . .. ...

Modulation of tumour clonal architecture by neoadjuvant chemotherapy
4.1 Introduction . . . . . . .. . . . . . . ...
4.2 Quantification of response to treatment . . . . . . . . ... ... ... ...
4.3 Early genomic landscape alterations . . . . . .. .. ... ... ......
4.3.1 Mutation dynamics . . . . . . . ...l
4.3.2 Clonal structure deconvolution . . . . . . .. ... ... ......
4.3.3 Clonal phylogeny reconstruction . . . . . . . ... ... ......
4.4 Late genomic landscape alterations . . . . . . .. .. ... ... ......
4.4.1 Mutationdynamics . . . . . . . ... Lo
4.4.2 Clonal structure deconvolution . . . . . . . ... ... .......
4.5 Deep sequencing validation . . . . . . ... ...
4.5.1 Validation on fresh frozentissue . . . . . ... ... ... .....
4.5.2 Multi-region deep sequencing . . . . . . .. .. .. .. .. ...
4.6 Genomic architecture of relapse . . . . . . . .. .. ... ...
477 DISCUSSION . . . . . . .. e e



Table of contents xi
5 The expression landscape during chemotherapy 193
5.1 Introduction . . . . . . . . . ... 194

5.2 Early expression changes induced by chemotherapy . . . . . . ... .. .. 195
5.2.1 Mapping MRI dynamics to early expression changes . . . . . . . . 195

5.2.2  Transcriptomic changes associated with response . . . . . . . . .. 200

5.2.3 Tumour immune microenvironment dynamics . . . . . . . . . . .. 209

5.2.4 Integration of clonal and expression dynamics . . . . . . ... ... 214

5.3 Late expression changes induced by chemotherapy . . . . ... ... ... 218
5.3.1 Mapping MRI dynamics to late expression changes . . . . . . . .. 218

5.3.2 Transcriptomic changes associated with therapy . . . . . . . .. .. 220

5.3.3 Metastatic pathway reprogramming . . . . . . . . . . . ... . .. 227

54 Discussion . . . . ... e e 230

6 The circulating tumour genomic landscape 233
6.1 Introduction . . . . . . . ... 234

6.2 Somatic variant detection and tracking using deep sequencing . . . . . . . 236

6.3 Estimating ctDNA fraction through CNA analysis . . . . .. ... ... .. 241

6.4 Conclusion . . . . . . . .. ... 245

7 Summary and Perspective 247
References 255
Appendix A Clinical Tables 285






Acronyms

AC
AC—T
AF
ATP
AUC

BAF
BAM
BCR

CCF
cDNA
CDR3
cfDNA
CI
CIN
CMF
CNA
CpP
CTA
CTC
ctDNA
CYT

DCE MRI
DFS
DLDA

Doxorubicin, Cyclophosphamide

Doxorubicin, Cyclophosphamide, followed by Docetaxel
Allelic Fraction

Adenosine Tri-Phosphate

Area Under Curve

B Allele Frequency
Binary Alignment
B Cell Receptor

Cancer Cell Fraction

Complementary DNA
Complementarity-Determining Region 3
Circulating Free DNA

Confidence Interval

Chromosomal Instability
Cyclophosphamide, Methotrexate and 5-Fluorouracil
Copy Number Alterations

Cellular Prevalence

Cancer/Testis Antigens

Circulating Tumour Cells

Circulating Tumour DNA

Cytolytic activity

Dynamic Contrast Enhanced MRI
Disease Free Survival

Diagonal Linear Discriminant Analysis



xiv Acronyms

DNA Deoxyribonucleic acid

E—CMF  Epirubicin, followed by Cyclophosphamide, Methotrexate and 5-Fluorouracil

ER Oestrogen Receptor

FC Fold Change

FDR False Discovery Rate

FEC 5-Fluorouracil, Epirubicin, Cyclophosphamide

FEC—T 5-Fluorouracil, Epirubicin, Cyclophosphamide, followed by Docetaxel
FFPE Formalin Fixed and Paraffin Embedded
FPKM Fragment Per Kilobase Millions

GATK Genome Analysis Toolkit

GGI Genomic Grade Index

GO Gene Ontology

GSEA Gene Set Enrichment Analysis
GSVA Gene Set Variation Analysis
GTF Gene Transfer Format

GVCF Genomic VCF

H&E Haematoxylin and Eosin

HER2 Human Epidermal growth factor Receptor 2
HLA Human Leukocyte Antigen

HR Hazard Ratio

HRD Homologous Recombination Deficiency
iC Integrative Cluster

IEDB Immune Epitope Database

IPS Immunophenogram Score

LOH Loss Of Heterozygozity

Mb Megabase

MCMC Markov Chain Monte Carlo

MHC Major Histocompatibility Complex

MRI Magnetic Resonance Imaging



Acronyms

NICE
NPV
NSC

OR
OS

PCR
pCR
PFS
PPV
PR

RCB
RD

REC
RNA
ROC
RPM

SNP
SNV
ssGSEA

T—FAC
T—FEC
TAC

TC
TCGA
TCH
TCR
TMB
TME
TMEM
TMM

National Institute for Health and Care Excellence
Negative Predictive Value
Nearest Shrunken Centroids

Odds Ratio

Overall Survival

Polymerase Chain Reaction
Pathological Complete Response
Progression Free Survival
Positive Predictive Value

Progesterone Receptor

Residual Cancer Burden

Residual Disease

Research Ethics Council
Ribonucleic acid

Receiver Operating Characteristic
Rotations Per Minute

Single Nucleotide Polymorphism
Single Nucleotide Variant
Single Sample Gene Set Enrichment Analysis

Docetaxel, followed by 5-Fluorouracil, Doxorubicin, Cyclophosphamide
Docetaxel, followed by 5-Fluorouracil, Epirubicin, Cyclophosphamide
Docetaxel, Doxorubicin, Cyclophosphamide

Docetaxel, Cyclophosphamide

The Cancer Genome Atlas

Docetaxel, Carboplatin, Trastuzumab

T Cell Receptor

Tumour Mutation Burden

Tumour Microenvironment

Tumour Microenvironment of Metastasis

Trimmed Mean of M-values



Xvi Acronyms
TNBC Triple Negative Breast Cancer

TPM Transcripts Per Millions

VAF Variant Allele Fractions

VCF Variant Calling Format



Chapter 1

Introduction

Contents

1.1 The dawn of adjuvant chemotherapy . ................. 2
1.2 Downstaging with neoadjuvant chemotherapy ... .......... 5
1.3 Assessment of response to neoadjuvant therapies . . . . . ... .. .. 11
1.4 Prediction of response to neoadjuvant therapies . ........... 16

1.4.1 Genomic predictors . . . . . . . . ... .o 16

1.4.2  Transcriptomic predictors . . . . . . . ... ... ... ... 17
1.5 Characterising tumour changes during chemotherapy . . . . ... .. 25
1.6 Scopeofthisthesis . . . . ... ..... ... 0., 28




2 Introduction

1.1 The dawn of adjuvant chemotherapy

Give up all hope oh ye who enter. Such was inscribed on the entrance to Paul Ehrlich’s labora-
tory, an eminent German chemist who is regarded by many to be the father of chemotherapy.
Choosing an inscription found at the entrance to Hell in Dante Alighieri’s Divina Comme-
dia ("Lasciate ogni speranza, voi ch’intrate") [13] to bear greeting to all who entered his
laboratory gives us a profound insight into the pessimism that prevailed in the 1900s: early

chemotherapeutic agents showed little promise in the treatment of cancer.

While the search for effective and safe chemotherapeutic options continued, surgery remained
the mainstay of breast cancer treatment. This was partly driven by the eminent American
surgeon William Halsted, who strongly advocated radical mutilating surgery in order to
increase chances of cure. Indeed, Halsted’s radical mastectomy involved extensive incisions
and tissue ablation to remove the affected breast, the underlying pectoral muscles and all
draining lymph nodes [112]. The popularity of this operation resulted in over 90% of
patients with breast cancer in the United States undergoing this operation until the 1970s and
subsequently suffering from debilitating co-morbidities including profound lymphoedema of
the arm and severe paraesthesia [212]. It was only in 1971 that Bernard Fisher revealed the
unnecessity of such radical surgery by publishing a trial comparing the survival following

the Halsted mastectomy to a more conservative modified radical mastectomy [80].

Despite improvements in surgical techniques and radiotherapy regimens, it rapidly became
apparent that cure rates were limited by micro-metastatic disease and that cytotoxic agents
would be necessary to eradicate distant deposits. In 1976, the combination of cyclophos-
phamide, methotrexate and 5-fluorouracil (CMF) given over 12 two-weekly cycles, was the
first chemotherapy regimen to show a statistically significant reduction in recurrence rates
after radical mastectomy, leading to the birth of the adjuvant post-surgical setting [35]. The
motivation to develop a treatment given over a shorter period that was less emetogenic led to
the investigation of a regimen consisting of doxorubicin and cyclophosphamide (AC), given
over two months. The results of this trial were published in 1990, and showed an identical
outcome for AC and CMF chemotherapy, with significantly less nausea and a shorter duration
of treatment [81].

In the next few years, various permutations of these two keystone regimens were developed
in order to improve efficacy. The most notable change involved substituting methotrexate in
the CMF regimen with an anthracycline (doxorubicin/epirubicin), giving rise to FAC [187]

and FEC [89]. Both of these regimens showed a superior disease-free survival however this
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came at a cost of increased clinical toxicity. In another study, four cycles of epirubicin were
given prior to four cycles of CMF (rather than replacing methotrexate, as had been done
previously). Patients treated with E—CMF had a significantly higher relapse-free and overall
survival (OS) compared to the CMF group, once again at the cost of a higher incidence of
adverse events [227].

The discovery of taxanes in the 1970s, together with their introduction in metastatic and
early-stage breast cancer regimens, proved to be an important advance. In the United States,
AC—T was shown to be more effective than the standard AC protocol, with modest additional
toxicities [120, 184]. Meanwhile, in Europe, taxanes were added sequentially to the already
established FEC regimen: FEC—T showed a 5% additional increase in five-year disease-free
survival (DFS) [238] and is now the mainstay of treatment in node-positive breast cancer in
the UK [210].

Patients with tumours exhibiting amplification of the ERBB2 gene (described as HER2™"
tumours) often had a much poorer prognosis, with significantly shorter overall survival
and time to relapse despite adjuvant therapies [267]. The development of trastuzumab, a
monoclonal antibody targeting the extracellular domain of the HER?2 protein, revolutionised
the way HER2" tumours were treated, with impressive results seen in the metastatic setting,
including longer time to disease progression (7.4 vs. 4.6 months), higher rate of objective
response (50% vs. 32%), longer duration of response (9.1 vs. 6.1 months) and longer overall
survival (25.1 vs. 20.3 months) [268]. Adjuvant trials were rapidly designed to determine
whether such a benefit would also be seen in the adjuvant setting. In 2000, within the space
of a few months, two very similar trials were launched: the National Surgical Adjuvant
Breast and Bowel Project (NSABP) B-31 trial and North Central Cancer Treatment Group
(NCCTG) N9831 trial, both of which assessed the improvement in survival gained by adding
trastuzumab to adjuvant AC—T. A combined analysis of both of these trials [239] showed
a great benefit in adding trastuzumab to chemotherapy regimens in HER2* disease, with
an absolute difference in DFS of 12% in the trastuzumab group and a corresponding 33%

decrease in the risk of death.

As the early clinical studies had shown that both trastuzumab and anthracyclines were
cardiotoxic, the efficacy and safety of non-anthracycline regimens with trastuzumab was
evaluated in the Breast Cancer International Research Group (BCIRG) 006 clinical trial
[266], where 3,222 women with HER2 early-stage breast cancer were randomised to receive
either AC—T, AC—T+trastuzumab or docetaxel, carboplatin and trastuzumab (TCH). The
addition of one year of adjuvant trastuzumab confirmed the significantly improved DFS and
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OS observed in the previous trials, though no difference in DFS or OS was detected between
the two trastuzumab regimens, indicating equal efficiency. The non-anthracycline regimen,
however, had a lower incidence of adverse events, with significantly lower rates of congestive
heart failure and cardiac dysfunction.

Clearly, treatment with trastuzumab conferred an unprecedented survival benefit. However,
until the late 2000s, the optimum duration of therapy was still a subject of great debate. The
HERA (BIG 1-01) trial [269] sought to answer this by assigning 5,102 women to receive
either adjuvant trastuzumab for 1 year, trastuzumab for 2 years or no anti-HER?2 therapy
at all. After a median follow-up of 11 years, the addition of trastuzumab was shown to
significantly increase DFS and reduce the risk of death (hazard ratio: 0.74). There was no
difference between the two-year and one-year arms of the study [45], and subsequently, one
year of adjuvant trastuzumab became standard of care [209]. Clinical trials, including the
Persephone trial [124], have now been set up to determine whether adjuvant exposure to
trastuzumab can be reduced to six months, rather than a year.

In the post-trastuzumab era various efforts were made to create compounds that synergistically
blocked the HER2 pathway. Pertuzumab, a recently introduced anti-HER2 agent which
inhibits HER2 heterodimerisation with other HER receptors was shown to improve survival
in the metastatic setting when administered with trastuzumab and chemotherapy [275].
The APHINITY trial [302] sought to determine whether adjuvant pertuzumab could also
improve DFS, and randomised 4,805 patients to receiving trastuzumab and chemotherapy
with or without pertuzumab. The addition of pertuzumab minimally improved the DFS rates
among patients with HER2" tumours, with three-year rates of invasive DFS of 94.1% in the

pertuzumab group and 93.2% in the non-pertuzumab cohort.
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1.2 Downstaging with neoadjuvant chemotherapy

Following the successes described in the adjuvant post-surgical setting, efforts were under-
taken in the 1980s to determine whether radiotherapy and chemotherapy could be adminis-
tered to downstage locally advanced breast cancer, thereby rendering inoperable tumours
operable. In one of the first published studies [244], 24 patients were assigned to receiving
one of two chemo-radiotherapy regimens, with high objective regression rates (83% and
92%) but high subsequent relapse rates (50% and 58%). Both chemotherapy and radiotherapy
allowed the downstaging of these previously inoperable tumours and were shown to provide
excellent local control [129, 130, 188]. Previously inoperable tumours were now becoming
operable: this was seen as a great triumph in the field.

These successes prompted the usage of pre-surgical (or neoadjuvant) chemotherapy regimens
in the earlier breast cancer setting. Rather than limiting its use to patients with inoperable
tumours, physicians sought to determine whether neoadjuvant chemotherapy could be used
to downstage larger operable tumours. Perhaps, by administering pre-surgical chemotherapy
to patients with larger tumours, less radical surgery might be required. Agents and regimens
that had been explored in the adjuvant setting were rapidly investigated in the neoadjuvant
setting, including CMF [232], VTMF [143], FAC [253, 254], AVCFM [27] and high dose
FEC [54]. The results seen in the inoperable setting were reproduced in patients with larger
operable tumours: neoadjuvant chemotherapy downstaged tumours and allowed for higher
rates of breast conservation surgery.

However, neoadjuvant chemotherapy remained an experimental form of therapy until the
mid-1990s [36]. The fact that neoadjuvant therapies caused a decrease in tumour bulk
and allowed more breast-conserving surgery was incontrovertible, however there was no
solid evidence to support the claim that primary chemotherapy was not inferior to adjuvant
chemotherapy.

The publication of the NSABP-18 trial in 1998 [82] paved the way to increased usage of
neoadjuvant therapies. In this trial, 1,523 women were assigned to preoperative or postoper-
ative AC therapy, and clinical tumour response graded as complete, partial or no response.
No difference was observed in DFS and OS between the adjuvant and neoadjuvant cohorts,
however breast conservation surgery was more frequently performed in the neoadjuvant
group. The trial also reported similar rates of ipsilateral breast tumour recurrence (7.9% in
neoadjuvant cohort and 5.8% in adjuvant cohort) and showed that response to chemotherapy

could be used as a surrogate for overall outcome: women who attained pathological complete
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response (pCR), that is, absence of any residual tumour cells, had relapse-free survival
rates of 85.7%, compared to those with a partial clinical response (68.1%) and no response
(63.9%). For all intents and purposes, the neoadjuvant setting provided many benefits, with
no evidence of decreased efficacy compared to the adjuvant regimens.

Following the publication of this milestone trial, the European EORTC 10902 trial [295]
randomised 698 breast cancer patients to receive FEC either before or after surgery. After 56
months of follow-up there was no statistically significant difference in OS, progression-free
survival (PFS) and time to loco-regional recurrence. Once again, neoadjuvant chemotherapy
was shown to significantly increase the rate of breast conservation surgery. The publication
of these landmark trials resulted in widespread acceptance of the benefits that neoadjuvant
therapies conferred, and became standard of care for downstaging inoperable tumours in

order to increase rates of breast-conserving surgery [210].

Neoadjuvant regimens combining both taxanes and anthracyclines rapidly became standard
of care following the publication of the NSABP B-27 clinical trial, which randomised 2,411
patients to receive either neoadjuvant AC, neoadjuvant AC—T, or four cycles of neoadjuvant
AC and four cycles of adjuvant docetaxel [23, 24]. The results from this trial showed that the
addition of a taxane greatly increased both clinical complete response rate (63.6% AC—T vs.
40.1% AC) and pCR rate (26.1% AC—T vs. 13.7% AC). Hence, combination chemotherapy
with both a taxane and anthracycline conferred a synergistic benefit.

While the standard of care rapidly became treatment with anthracyclines and taxanes, the
optimum sequencing of these therapies was unknown. In the Neo-tAnGo trial [73], 831
women were assigned to receive either epirubicin and cyclophosphamide then paclitaxel
(with or without gemcitabine) or paclitaxel (with or without gemcitabine) then epirubicin
and cyclophosphamide. Treatment with a taxane prior to an anthracycline was shown to
be superior to the reversed regimen, with more patients attaining pCR if a taxane was
administered first (20% vs. 15%). A subsequent meta-analysis confirmed this observation
[32]. Hence not only did the agents that were delivered mattered but so did the sequence in

which they were administered.

It is worth noting that, as the response to chemotherapy was often dramatic with no residual
tumour detectable macroscopically, localisation at the time of surgery or during imaging was
frequently difficult or even impossible. Fiduciary radio-opaque markers were developed for

insertion into a tumour prior to commencing chemotherapy, making localisation at the time
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of surgery much easier, especially if pCR had occurred with no evidence of any residual

disease [21, 62, 109]. This has now become standard practice.

As the benefits of neoadjuvant chemotherapy were being explored in clinical trials, it rapidly
became apparent that the degree of response to chemotherapy differed across breast tumours.
Various meta-analyses concluded that tumours that showed high expression of the oestrogen
receptor (ER™) had very low pCR rates whilst those with low or no expression (ER ™) were
12 times more likely to attain pCR [57, 58]. Classification using the intrinsic subtypes [221]
showed that basal-like and HER2 subgroups were associated with the highest rates of pCR
(45% in both), whilst luminal tumours had a pCR rate of only 6% [243]. Additionally, a meta-
analysis of 9,020 breast cancer patients from nine German neoadjuvant trials showed that
patients with invasive lobular carcinoma had significantly lower rates of pCR (6.2% vs. 17.4%
in all other histologies) with higher mastectomy rates [177]. Markers of high proliferation,
including high histological grade, lymph node positive disease and lymphovascular invasion,
were also associated with increased rates of pCR [84, 91, 136, 172, 243]. Younger age, as
well as lower body mass index, were correlated with higher probabilities of attaining pCR
[85].

Treatment optimisation for triple negative tumours

As discussed above, patients with triple negative breast cancer (TNBC, defined as having low
or no expression of oestrogen and progesterone receptors (ER™, PR™), and lack of HER2
amplification (HER27)) have consistently showed higher rates of pCR following neoadjuvant
treatment with anthracyclines, cyclophosphamide and taxanes, compared to patients with
ER™ tumours. As shown by the GeparTrio study that recruited 2,072 patients to evaluate
treatment with six to eight cycles of TAC or two cycles of TAC followed by four cycles of
vinorelbine and capecitabine, the highest pCR rate (57%) was observed in patients below the
age of 40 with TNBC or grade 3 tumours [136].

Following the observation from preclinical data that triple negative tumours were increas-
ingly sensitive to interstrand cross-linking agents such as platinum salts due to deficiencies
in BRCA-associated DNA repair mechanisms, the GeparSixto (GBG 66) trial [303] was
designed to assess whether the addition of neoadjuvant carboplatin to a regimen containing an
anthracycline, a taxane, and targeted therapy improved rates of complete response in patients
with TNBC and HER2" tumours. 588 patients were recruited to the study and the addition of
carboplatin was shown to improve pCR rates in the TNBC cohort (53.2% vs. 36.9% without
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carboplatin), but not in the HER2" group (32.8% vs. 36.8% without carboplatin). Long-term
follow-up in the GeparSixto study also showed an increased event-free survival in TNBC

patients treated with carboplatin [111].

The Alliance (CALGB 40603) trial [263] further confirmed the GeparSixto findings. 443
patients with TNBC were randomised to receive paclitaxel and dose dense AC with or without
concurrent carboplatin, and the addition of carboplatin was shown to increase the rates of
PCR in the breast and axilla (54% vs. 41% without carboplatin), but was associated with
increased grade 3 and 4 adverse events, such as neutropenia and thrombocytopenia.

I-SPY 2 [245] assessed the benefit of adding carboplatin and the PARP inhibitor veliparib to
standard of care chemotherapy (T—AC). The estimated rates of pCR in the TNBC cohort
were 51% in the veliparib-carboplatin group and 26% in the control group, though significant
additional toxicities were observed in the PARP/platinum group, confirming the toxicity
findings observed in the GeparSixto and Alliance trials. However, it was uncertain whether
the benefit observed was specifically from the PARP inhibitor or the platinum agent, and
therefore the BrighTNess trial [176] was subsequently designed to further investigate this.
634 patients were randomly assigned to one of three groups: paclitaxel+carboplatin+veliparib,
paclitaxel+carboplatin or paclitaxel only. Patients receiving paclitaxel and carboplatin had the
highest pCR rate (58%), with patients receiving paclitaxel, carboplatin, and veliparib having
a pCR rate of 53%, and those receiving paclitaxel alone having a pCR rate of 31%. Hence
there was no superior benefit gained by the addition of veliparib to platinum-based therapies.
Further trials, such as Partner, are now investigating whether other PARP inhibitors are more

effective in this setting.

Treatment optimisation for HER2" tumours

As was repeatedly shown in the metastatic and adjuvant settings, trastuzumab revolutionised
the prognosis of patients with HER2 tumours. In order to assess the efficacy of trastuzumab
in the neoadjuvant setting, the NOAH trial [99] recruited 235 patients with HER2" breast can-
cer and randomised them to receive neoadjuvant doxorubicin, paclitaxel, cyclophosphamide,
methotrexate, and fluorouracil with or without trastuzumab. The addition of trastuzumab was
shown to significantly improve three-year event-free survival (71% in the trastuzumab group
vs. 56% in the non-trastuzumab group). 38% of patients receiving trastuzumab attained pCR,
compared to 19% without trastuzumab, with a similar degree of adverse events. The addition
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of trastuzumab to neoadjuvant regimens rapidly became standard of care for HER2" disease
[210].

Following the approval of pertuzumab in the metastatic setting [275], the NeoSphere trial
[100, 101] randomised 417 HER2" patients between 2007-2009 to receive either trastuzumab
+ docetaxel (group A), pertuzumab + trastuzumab + docetaxel (group B), pertuzumab +
trastuzumab (group C) or pertuzumab + docetaxel (group D). Patients in group B had a
significantly improved pCR rate (45.8%), compared to those in group A (29.0%), group C
(16.8%) and group D (24.0%), showing that the addition of pertuzumab to these neoadjuvant
regimens did increase pCR rate considerably. Five-year follow-up data showed that patients
allocated to group B had the highest five-year PFS (86%) and DFS (84%), whilst those in
group A had a PFS of 81% and a DFS of 81%. Similar findings were reported a year later
by the TRYPHAENA trial [252]: a high proportion of patients attained pCR (57.3-66.2%)
when pertuzumab and trastuzumab were added to neoadjuvant chemotherapy. The impressive
performance of combined pertuzumab and trastuzumab regimens rapidly led to their adoption
by NICE in 2016.

Since the inclusion of anti-HER?2 agents within neoadjuvant regimens showed a dramatic im-
provement in pCR rates, various groups hypothesised that the main benefit was derived from
the targeted therapy, rather than the cytotoxic backbone. The phase III KRISTINE trial [137]
sought to determine whether neoadjuvant chemotherapy could be replaced by neoadjuvant
targeted therapy only. 444 women with HER2™ cancer were randomised to receive either
neoadjuvant docetaxel, carboplatin, trastuzumab and pertuzumab or trastuzumab emtansine
and pertuzumab. A higher rate of pCR was seen in the docetaxel, carboplatin, trastuzumab
and pertuzumab group (56%) compared to the trastuzumab emtansine plus pertuzumab group
(44%), suggesting that cytotoxic chemotherapy should continue to play a key role in the
treatment of HER2™ disease.

Long-term follow-up

Clearly the neoadjuvant setting offers many advantages. Neoadjuvant chemotherapy can (1)
render inoperable tumours operable, (2) allow conservative surgery through down-staging of
the disease [163, 183], (3) improve overall survival by eradicating micrometastatic disease
and (4) allow the in vivo assessment of tumour response to chemotherapy allowing speculation
of prognosis.
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Many trials showed very few or no drawbacks to neoadjuvant therapies when compared
to adjuvant therapies, though these conclusions were made in the absence of mature long-
term follow-up data. A very recent landmark meta-analysis released by the Early Breast
Cancer Trialists’ Collaborative Group (EBCTCG) [74] combined clinical trial data from
4,756 women with breast cancer recruited to ten randomised trials between 1983 to 2002,
with a median follow-up of 9 years, and compared neoadjuvant chemotherapy regimens with
identical regimens administered after surgery. It is worth noting, however, that none of the

recruited patients received anti-HER?2 therapies.

28% of the patients analysed within the EBCTCG study had a complete response, 41%
had a partial response, whilst 31% had stable or progressive disease. Using neoadjuvant
treatment increased rates of breast conservation surgery (65% in the neoadjuvant group vs.
49% in the adjuvant chemotherapy group), and treatment with combined anthracyclines
and taxanes was also associated with greater probability of less radical surgery, compared
to other chemotherapy regimens. There was no statistically significant difference between
neoadjuvant and adjuvant treatment in 15-year distant recurrence (38.2% vs. 38.0%), breast
cancer death (34.4% vs. 33.7%) or death from any cause (40.9% vs. 41.2%), showing that

neoadjuvant chemotherapy was not inferior to adjuvant treatment.

Notwithstanding these benefits, neoadjuvant chemotherapy was associated with a moderately
greater incidence of local recurrence when compared to similar sized tumours treated with
adjuvant treatment, which persisted for at least 10 years. The authors observed that this was
due to an increased use of breast-conserving therapy in women who would have otherwise
had mastectomy in the absence of a good response, and suggested that difficult tumour
localisation, with lack of clearly palpable margins, as well as heterogeneous response
increased the technical difficulty of surgery, making complete tumour removal challenging.
Reassuringly, the authors noted that the increase in local recurrence was not associated with

an increase in distant recurrence or breast cancer mortality.
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1.3 Assessment of response to neoadjuvant therapies

Response to neoadjuvant chemotherapy following its introduction was often assessed clini-
cally or by serial ultrasound assessments, with most trials classifying pathological response
as a dichotomous metric, that is, complete histological response or remaining residual in-
vasive carcinoma, with no quantification of the degree of residual disease (RD) remaining
[24, 37, 54, 82, 126, 153]. The different histological appearances of response have been well
described, with two general morphologies: concentric shrinkage of the tumour mass or scat-
tered foci over an ill-defined tumour bed [40, 246]. Despite these very obvious post-therapy
appearances, early classifications were agnostic to the degree of remaining RD.

Various efforts were made to develop new classification systems of histological RD and
these were often based on the cellularity of a tumour at the time of biopsy. The Miller and
Payne system [217], for example, graded tumours into 5 categories, with Grade 1 tumours
showing no alteration in overall cellularity, and Grade 5 tumours defined as pCR, however
this classification did not take into account the primary tumour bulk. Sataloff and colleagues
[249] developed a histological classification with four response categories: total/near total
therapeutic effect, greater than 50% therapeutic effect, less than 50% therapeutic effect and
little or no effect. In the Honkoop classification [127], two categories of response were de-
scribed, minimal residual disease and gross residual disease. The Kuerer classification [160]
described three categories of response based on volume: pCR, less than 1 cm? of residual
tumour macroscopically and more than 1 cm? of residual tumour. These classifications were
alternative methods of trying to model response as a continuum, rather than a dichotomous
variable, but were never formally universally adopted, with most centres preferring to use the
simplistic classification adopted by the NSABP B-18 trial described previously [82].

The Residual Cancer Burden (RCB) score was published in 2007 [279] and harmonised the
way the degree of residual cancer post-therapy was categorised. This classification brought
together approaches used by other efforts, such as tumour area and cellularity, and added in

other previously unappreciated variables such as the total lymph node disease burden.

The numeric RCB score was defined as the sum of primary tumour bed variables as well as
Iymph node variables, as shown in equation 1.1:

RCB = 1.4(dpsim % fim)*'" + [4(der x (1 —0.755V)]017 (1.1)
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where dpi;, (area of the tumour bed) and f;y,, (overall cancer cellularity as a percentage of
area) were tumour variables and d,,,.; (diameter of the largest lymph node metastasis) and

LN (number of axillary lymph nodes containing carcinoma) were lymph node variables.

The tumour bed area (d;n) was defined as the geometric mean of the largest bidimensional
measurements of the residual primary tumour bed (Equation 1.2):

dprim =V dy X d (1.2)

Whilst the percentage area with invasive cancer ( fi,,) was defined as shown in Equation 1.3:

(1.3)

% In situ cancer 90 Tumour cellularity
Jim=1{1- X
100 100

The numeric RCB score ranged from 0 (pCR) with no upper bounds. Cut-off points were
selected by maximizing the profile log-likelihood of a multivariate Cox model [279]. Tumours
with a score less than 1.36 (but higher than 0) were classified as having RCB-I (minimal)
RD, tumours with scores between 1.36 and 3.28 were classified as having RCB-II (moderate)
RD and tumours with scores above 3.28 were classified as RCB-III (extensive) RD. By
providing a continuous variable, the RCB score moved away from the dichotomization
of response and was able to model a broad range of actual responses from near pCR to
frank resistance to therapy. Tumours attaining pCR or RCB-I disease after neoadjuvant
chemotherapy were subsequently classified as chemosensitive, tumours with RCB-II and
RCB-III disease classified as non-chemosensitive, and tumours with RCB-III RD classified
as chemoresistant [117].

The reproducibility of the score was recently shown in a study performed by the MD
Anderson Cancer Center, where five pathologists were asked to review 100 random cases
and assign an RCB score without any prior coaching [224]. The overall concordance of
agreement in RCB score among all five pathologists was 0.93, with an overall accuracy of
0.989, indicating high reproducibility. Since publication, the RCB score has been adopted as
a primary or secondary endpoint of chemotherapy response in several major trials, including
I-SPY 1 [76, 71, 46], I-SPY 2 [19], GEICAM [258], CALGB 40601 [47], CALGB 40603
[263] and NSABP B41 [25].

Increasing RCB score was shown to correlate with poor prognosis and increased probability

of distant relapse [279]. Patients with RCB-I RD had the same 5-year prognosis as those
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with pCR, whilst extensive RD (RCB-III) was associated with poor prognosis. In a study
by Symmans et al. [279], all patients with RCB-III disease after neoadjuvant chemotherapy
who did not receive adjuvant hormonal therapy were noted to relapse within 3 years. 13% of
patients with ER™ tumours had RCB-III RD after chemotherapy and had a 5-year distant
relapse rate of 40% despite receiving adjuvant hormonal therapies [279].

In a recent update by Symmans et al. [280], 1,158 patients treated with chemotherapy
(T—FAC, FAC and trastuzumab+T—FAC) were recruited to five prospective breast cancer
studies designed to assess the long-term prognostic relevance of the RCB score. The reported
distribution of cases within each RCB class are shown in Table 1.1, with ER"HER2™ or
HER2™" tumours most likely to attain pCR on therapy. As had been shown in the original
reporting publication [279], the RCB score was prognostic across different ER and HER2
subsets, with 10-year relapse-free survival rates in the four response/disease burden categories
across different phenotypes as shown in Table 1.2. Patients with ER"HER2™ or HER2*
tumours had a very poor 10-year relapse-free survival (23% and 21% respectively) if extensive
residual disease was present at the time of surgery despite neoadjuvant chemotherapy, with
all groups having excellent 10-year relapse-free survival if pCR was attained.

Table 1.1: Proportion of patients within each RCB category across ER/HER2 groups, as published by
Symmans et al. [280]

pCR RCB-I RCB-1II RCB-III

ER™ HER2™ 35% 15% 33% 17%
ERT HER2™ 10% 13% 60% 17%
HER2" 45%  19% 29% 7%

Table 1.2: 10-year relapse-free survival rates stratified by RCB category and ER/HER?2 status, as
published by Symmans et al. [280]

pCR RCB-I RCB-1II RCB-III

ER™ HER2™ 86% 81% 55% 23%
ERT HER2™ 83% 97% 74% 52%
HER2™" 95%  T7% 47% 21%
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As shown in Figure 1.1 the RCB classification was prognostic in all treatment cohorts and
ER/HER2 classes [280]. The rate of pCR was highest in HER2" patients treated with
trastuzumab and chemotherapy (Figure 1.1D), where 45% attained a pCR. Patients with
ERTHER2™ disease (Figure 1.1A) had the second highest rate of pCR (35% pCR), and only
10% of ERTHER2 ™ patients (Figure 1.1B) attained pCR, showing that ER™ tumours were
the least chemosensitive.

Additionally, lower RCB categories were associated with longer relapse-free survival and
overall survival across all ER/HER2 subgroups. The hazard ratio (HR) for overall sur-
vival in patients who attained pCR was 0.72 in HER2™ disease (95% CI, 0.63-0.82), 0.76
in ER"THER2™ disease (95% CI, 0.70-0.82) and 0.73 in ERTHER2~ disease (95% CI,
0.67-0.78). Patients who attained pCR had excellent long-term prognoses: this was particu-
larly evident in the ER"HER2~ and HER2™" cohorts, where the presence of RCB-III disease
was associated with a significantly reduced relapse-free survival.
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Figure 1.1: Kaplan-Meier plots of relapse-free survival according to RCB categories in (A) triple-
negative, (B) ERTHER2™, (C) HER2™, not treated with trastuzumab, (D) HER2" treated with
trastuzumab. Reprinted with permission. © 2017 American Society of Clinical Oncology. All rights
reserved. Symmans, W et al. J Clin Oncol, 35 (10), 2017: 1049-1060 [280].
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1.4 Prediction of response to neoadjuvant therapies

Shortly following the introduction of neoadjuvant therapies, efforts were made to identify
molecular predictors of response. Such predictors would allow the stratification of patients
into subsets that would derive the most benefit and others that would not. Patients with
chemoresistant tumours would therefore be spared neoadjuvant therapy and the adverse

reactions associated with it and instead proceed with primary surgery.

1.4.1 Genomic predictors
TP53 mutations correlate with response

Sensitivity assays done on cell lines in the late 1990s showed that treatment with taxanes
was more effective than treatment with anthracyclines on breast cancer cells with mutated
TP53 than in those with wild-type TP53 [216, 304]. Reduced TP53 was shown to correlate
with increased G2