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Abstract

Introduction: Breast Cancer affects approximately 55,000 women in the UK
every year, with the majority (>70%) being oestrogen receptor (ER) positive.
Advancements in screening, imaging and adjuvant therapies mean more
women are diagnosed earlier and undergo breast-conserving surgery (BCS).
There has been a resultant rise in the use of free fat transfer (FFT) to
reconstruct the small to medium volume loss, utilising autologous adipose
tissue. Contemporary scientific studies demonstrate that co-location of breast
cancer and adipose derived stem cells (ADSCs) present in FFT, results in the
conference of a malignant advantage via cytokine release and co-located cell-
to-cell interaction. As these studies predominantly utilise ADSCs isolated from
healthy patients, there is a limit to how these results apply to the clinical patient
group of women with breast cancer. This thesis aimed to create, for the first
time, a clinically representative model by isolating ADSCs from women with
breast cancer undergoing systemic treatment. Thus establishing if patient
selection plays a role in the effects imparted by ADSCs upon the functional
and phenotypic characteristics associated with the cancer hallmarks.
Methods: An optimised ADSC isolation protocol produced a reliable cell
population for the study duration. ADSCs harvested from patients with (n=10)
and without breast cancer (n=6) were isolated and fully characterised using
the Dominici criteria for stem cells. Conditioned media (CM) and non-contact
co-culture models were applied to examine the effect that ADSCs isolated from
breast cancer patients had on the neoplastic traits of MCF-7 and T47D ER+
breast cancer cell lines when compared with their healthy counterparts.
Experiments were designed to measure a range of functional and
morphological endpoints, related to the cancer hallmarks. This included
proliferation, changes in cellular adhesion and migration, invasion, cellular and
nuclei morphology, protein expression and bioenergetics.

Results: Successfully isolated ADSCs demonstrated plastic adherence,
trilineage differentiation and appropriate cell surface markers as confirmed
using flow cytometry. Data showed statistically significant increases (p<0.05)
in proliferation and invasion only when MCF-7 cells were treated with media
conditioned by ADSCs from healthy patients. Significant increases in migration
and invasion, with reduction in adhesion and raised concentrations of
cytokines (IL-6, VEG-F and MCP-1) was only seen when MCF-7 cells were co-
cultured with ADSCs isolated from healthy patients. There was a lack of effect
seen in both CM and co-culture experiments involving ADSCs isolated from
cancer patients, a novel finding, as this patient group had not previously been
a focus of study. Similar results were seen in the second ER+ cell line (T47D)
which was used for experimental validation, with increases in proliferation,
invasion, and an increase in abnormal metabolic activity when co-cultured with
healthy ADSCs only.

Conclusion: Utilising a novel approach to patient selection, it has been
possible to show a divergence in the behaviour of ADSCs isolated from
patients with breast cancer undergoing systemic treatment, when compared
with ADSCs isolated from healthy patients. This study presents a two-part cell-
based model which more accurately represents the clinical population
undergoing FFT. This study recommends an alternative patient group (women
with cancer on systemic treatment) as the primary cell source for research
examining ADSC behaviour in the breast cancer micro-environment.
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Chapter One

Introduction

1.1 General overview

In data recently released by the World Health Organisations (WHO)
International Agency for Research on Cancer (IARC) and Global Cancer
Observatory (GCO), the incidence of breast cancer is rising, and is now the
most commonly diagnosed malignancy world-wide with an estimated 2.3
million cases reported annually (Gu et al., 2021; Sung et al., 2021). In the UK
there are around 55,000 new cases per year, with surgery continuing to prove
an essential cornerstone of treatment (Jeevan et al., 2014; Sung et al., 2021).
With the evolution of radiological imaging, staging and neoadjuvant therapies,
more women are being diagnosed at an earlier stage, resulting in reduced
mortality and the need for less radical resectional surgery (Forman et al., 2014;
Carioli et al., 2017). As emphasised in each of the four national mastectomy
and breast reconstruction audits, breast reconstruction forms an essential part
of the patient’s journey, and should be carefully considered at an early stage
(Jeevan et al., 2011, 2014). The positive impact on patient health and
wellbeing resulting from early discussions regarding suitable reconstruction
options is well documented and is intrinsically linked to the patient journey
(Jeevan et al., 2011; Somogyi et al., 2015; Mokhatri-Hesari and Montazeri,
2020). It is essential to understand therefore what surgical options are
available to patients, the timing of surgery, and impact that any treatment might

have on long term outcomes including recurrence.

The development of breast cancer surgery has evolved significantly since early
advocation of clear operative margins by Galen [120-200 AD] in response to
the ‘crab-like’ projections noted to extend from the primary tumour (Figure 1.1)
(Combellack et al., 2016). Halstead’s radical mastectomy, despite being first
described in the late 1800s, remained the gold standard of resectional breast
cancer surgery well into the 1970s, until trials conducted in the US and Europe
were able to show comparable outcomes using breast-conserving surgery
(BCS) techniques (Hermann et al., 1985; Fisher et al., 2002; Cotlar, Dubose



and Rose, 2003; Asgeirsson et al., 2005; Baum, 2013; Gu et al., 2021). Post-
surgery, the resulting defect must be assessed to determine the most
appropriate reconstruction option to restore the breast mound, in the context
of the available options and with consideration of any further adjuvant

treatment that may be required (e.g., chemotherapy or radiotherapy).
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Figure 1.1: Breast cancer resectional surgery and reconstruction timeline
Timeline representing the surgical developments in breast cancer recognition,
resection and reconstruction over the last 2000 years (Combellack et al., 2016).

Reproduced with permission.

While the gold standard autologous option for large volume defects remains
free tissue transfer, the contour deformity resulting from BCS requires an
alternative approach to produce a reliable reconstruction option for women
who have different volume requirements. Balancing the advantages of
autologous reconstruction with minimal donor site morbidity, free fat transfer
(FFT) or lipofilling for these small to medium volume defects post-BCS has
become significantly more common place since the mid 2000s (Losken et al.,
2011; Biazus et al., 2015; Maione et al., 2015). The relative ease of the
technique, coupled with the option to offer patients the procedure as a local
anaesthetic day case, means that it is significantly more accessible, with
patients able to have the procedure done outside traditional tertiary

microsurgical centres.



Controversies regarding safety however have prompted questions regarding
the suitability of this technique in the context of BCS and the potential
microenvironment of breast cancer. Within the adipose tissue harvested for
transfer are a mesenchymal stem cell (MSC) population termed adipose
derived stem cells (ADSCs) which were initially characterised in 2001 (Zuk et
al., 2001). While thought to have a range of applications from regenerative
therapy to tissue engineering, questions were raised regarding their potential
interaction with breast cancer and co-location in the breast following BCS
(Jotzu et al., 2011; Riggio, Bordoni and Nava, 2013; Wei et al., 2015; Wu et
al., 2019). While there are a number of in vivo and in vitro studies that
demonstrate the pro-tumorigenic effects of ADSCs on a number of breast
cancer cell lines, the clinical studies fail to reflect this in early reviews of small
group patient outcomes (Bertolini, Petit and Kolonin, 2015; Schweizer et al.,
2015; Kronowitz et al., 2016; Wu et al., 2019; T. Li et al., 2020).

The absence of clear clinical guidance on the use of this technique in patients,
demonstrates a lack of consensus between scientific and clinical studies,
which must be better understood to provide a more detailed explanation to
patients. Limitations with regards to clinical applicability of cell line based
models to study the effect of ADSCs interaction with breast cancer are
accepted. In much of the scientific work already published, there is a clear
disparity between primary cell line sources, and the clinical patient group
undergoing reconstruction. It is important to address this when approaching
experimental design ensuring the clinical cohort is appropriately represented
and the effects of ADSCs on the hallmarks of breast cancer are better

elucidated.

1.2 Breast Anatomy

The female mammary glands (breasts) are paired apocrine glands located on
the anterior chest wall between the second and sixth rib, overlying the
pectoralis major and minor muscles (Hicks and Lester, 2016) (Figure 1.2).
Comprised of glandular breast tissue and lobules connected by ducts to
openings within the nipple areolar complex (NAC), the breast is adherent to

the fascia overlying the chest wall and supported by a network of suspensory



ligaments (of Cooper) (Rehnke et al., 2018). The ductal system within the
breast is lined internally by luminal epithelium and an outer myoepithelial layer
which terminates in distally located terminal duct lobular units (TDLUS)
(Gudjonsson et al., 2005). The tissue composition and volume of the breast
changes over time in response to menarche, pregnancy, lactation,
menopause, and ageing, all of which must be considered in the context of
disease development. The synergistic actions of numerous hormones
including oestrogen and progesterone drives the highly dynamic and
specialised glandular tissue to change and develop. Ductal morphogenesis is
initially driven during menarche by oestrogen, with progesterone later playing

a role in ductal branching (Yang, Wang and Jiao, 2017).

Figure 1.2: Anatomy of the breast in cross section

3D cross section of the left breast demonstrating some of the key anatomical features.
(A) Cross section of the rib. (B) Intercostal muscles. (C) Pectoralis minor muscle. (D)
Fascia. (E) Pectoralis major muscle. (F) Breast lobules. (G) Glandular / adipose
tissue. (H) Ducts. (I) Suspensory ligaments (of Cooper) (J) Nipple areolar complex
(NAC). (K) Nipple. (L) Skin. (M) Vessels supplying the breast parenchyma. Important
structures not shown are the lymphatic ducts and lymph nodes which are primarily
located in the axilla. (Open access image adapted from
https://www.turbosquid.com/3d-models/breast-cross-section-3d-model-1237788).



1.3 Breast Cancer Overview

Breast cancer is the most common cancer diagnosed worldwide and is the
leading cancer cause of mortality in women (Akram et al., 2017), with one in
five women (approximately 20%) projected to get disease recurrence, related
to their original tumour stage and grade, as such it presents a complex clinical
challenge (Mayor, 2012; Pan et al., 2017). As previously described (Section
1.1), there are approximately 55,000 new cases diagnosed in the UK each
year, with the majority (estimated 70%) found to be ER+ (Caul and Broggio,
2019; Public Health Scotland, 2020; Public Health Wales, 2021; Sung et al.,
2021). Most breast cancers diagnosed are invasive or no special type (NST)
having previously being labelled invasive ductal carcinoma, with approximately
15% of new diagnosis being ductal carcinoma in situ (DCIS) (Caul and
Broggio, 2019; Public Health Scotland, 2020; Public Health Wales, 2021). The
anatomical location for each varies, and when confined to a single anatomical
region, invasive breast cancer is most commonly found in the upper outer
quadrant. Similarly, the vast majority of DCIS diagnosed is found within the

ducts lined with luminal epithelium (Figure 1.3).
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Figure 1.3: Percentage distribution of Invasive and DCIS cases by anatomical
location

Percentage distribution for DCIS (A) and Invasive breast cancer (B) by anatomical
location. (A) The overwhelming majority of DCIS cancers are found in the ductal
system (85%), with very few found in the lobular structures. (B) The majority of
invasive cancers (52%) are either overlapping or unspecified anatomically. For those
confined to a single anatomical region, the majority are found in the upper outer
quadrant (25%). Sourced with permission (Cancer Research
UK, https://www.cancerresearchuk.org/sites/default/files/cstreamnode/inc_anatomica
Isite_breast.pdf,https://www.cancerresearchuk.org/sites/default/files/cstreamnode/in
c_ anatomicalsite_breastinsitu_0.pdf Accessed November 2021).

Breast tumours originate from cellular hyperproliferation and progression to
neoplastic disease following stimulation and pro-tumorigenic signalling, with
cues from the microenvironment playing a vital role (Sun et al., 2017). The

mechanisms outlining the initiation, development and progression of cancer



are discussed in detail (Section 1.4) and the understanding of breast cancer
biology has evolved significantly over the last two decades beyond the clinical
metrics and pathological markers (Prat et al., 2015). Five intrinsic molecular
subtypes of breast cancer have been identified as; Luminal A and B, HER2
enriched, Claudin-low and Basal-like (Prat et al., 2015; Mesa-Eguiagaray et
al., 2020). These subtypes reflect the diverse biology of breast cancer and are
important clinically as they have been shown to be associated with varied
treatment responses and survival outcomes (Gabos et al., 2010; Voduc et al.,
2010; Millar et al., 2011). The majority of initial pathological assessment aims
to identify the hormone or receptor status (ER, PR, HERZ2) following biopsy as
there is significant evidence that oestrogen plays an important role in the
stimulation and progression of the majority of breast cancers (>70% are ER+),
and receptor status is a key feature in treatment selection (Fragomeni, Sciallis
and Jeruss, 2018).

For those patients with triple negative breast cancer (TNBC), there is an
absence of all hormones and HER2 receptors on pathological examination.
Accounting for approximately 18% of all invasive breast cancer diagnosis, they
include NST along with other variants such as carcinoma with medullary
features and carcinoma with apocrine features, adenoid cystic carcinoma,
secretory carcinoma and metaplastic carcinoma (Tan et al., 2020). The lack of
detectable receptor, resistance to endocrine therapy and difficulty managing
this complex cancer sub-type is illustrated in the high rate of metastatic
progression, propensity to relapse and poor clinical outcome (Yin et al., 2020).
However, as a result of screening programmes, self-examination and the
development of more advanced surgical techniques and (neo)adjuvant
treatment, mortality is declining (Carioli et al., 2017). Despite this considerable
progress, the complex heterogeneity of the disease can make it a challenge to

diagnose, treat and manage with clarity regarding long term prognosis.

1.3.1 Demographics and Incidence of Breast Cancer
As the most common cancer diagnosed worldwide, and with a life time risk of
1 in 7 for women, breast cancer incidence is increasing and accounts for

around 15% of all new cancers in the UK annually (Sung et al., 2021). Cancer



Research UK (CRUK) estimate there are 55,920 new cases of breast cancer
each year and approximately 11,547 deaths, representing a reduction in
mortality of around 38% since the early 1970s (Carioli et al., 2017). The
incidence of breast cancer is related strongly to age, with the highest rates of
cancer in women aged over 75, peaking in the over 90s (Figure 1.4). Although
there are around 300 cases per year diagnosed in men, this accounts for less
than one percent (0.6%) of total cases (Caul and Broggio, 2019; Sung et al.,
2021).
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Figure 1.4: Average number of new cases of breast cancer per year with age
specific incidence rates per 100,000 females (2016-2018 data)

Graph demonstrating the increased incidence of female breast cancer with age. The
brief plateau after the age of 50 is the result of screening program intervention, which
may also account for the plateau noted at age 70 when the programme ends as breast
cancer diagnosis has been brought forward. After which the incidence then continues
to rise. Sourced with permission (Cancer Research UK, https://www.cancerrese
archuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/breastcanc
er/incidence-invasive#heading-One Accessed November 2021).

Studies examining variability in stage of diagnosis and survival have identified
some key disparities within groups that present an opportunity to reduce
mortality. Lower socioeconomic status and advancing age is associated with
reduced relative cancer survival and more advanced stage of disease at

diagnosis (Rutherford et al., 2013, 2015). While some features, which relate to



survival are independent of these factors e.g., cancer sub-type, anatomical
location, patient risk factors, it is essential that preventable causes of mortality

are addressed.

1.3.2 Risk Factors for Breast Cancer Development and Their
Management

Risk factors for developing breast cancer are varied and include both intrinsic
factors which are often out of patients control and extrinsic factors which
individually or in combination can influence the development of breast cancer.
Intrinsic risks include genetic mutations such as BRCA or TP53 which are
associated with the development of various breast cancer sub-types (Holm et
al.,, 2017). Also increasing age, early menarche or late menopause, high
baseline hormone levels, positive family history and the development of benign
breast disease can all contribute to the development of malignant breast
tumours (Dossus and Benusiglio, 2015; Sun et al., 2017). Extrinsic or lifestyle
factors can include the use of hormone replacement therapy (HRT) or the oral
contraceptive pill (OCP), sedentary lifestyle, excessive use of alcohol and
obesity (Dossus and Benusiglio, 2015; Hao et al., 2021; Jiang, Xie and Chen,
2021). Anything which increases the risk of developing the disease is
technically termed a ‘risk factor’, however it is important to clarify that not all
people with risk factors for breast cancer will go on to develop it, and some
patients with relatively few or no risk factors at all may be diagnosed with the
disease. Understanding key risks is essential for stratifying women in resource
limited healthcare settings, and the recent ENVISION consensus reinforces
these opportunities if risk-stratification models are used in conjunction with
resource planning and effective stakeholder engagement (Pashayan et al.,
2020).

Targeted monitoring, patient education and preventative interventions reduce
the likelihood of breast cancer development, or bring forward the stage of
diagnosis which potentially improves patient outcomes (Evans et al., 2016).
First established in 1988, the national breast cancer screening programme
offers routine three-yearly appointments to women between the ages of 50 and

70, and the government estimate that there is a breast cancer detection rate



of around 30% (Massat et al., 2016; Public Health England, 2016). Alongside
the screening programme there are patient information documents available
to explain the process and answer any initial queries, as informed consent
remains an essential part of engagement (Public Health England, 2018). In
addition to picking up de novo cancers, it has been demonstrated that women
participating in these screening programmes can also experience over
investigation of benign disease or false positives, undue worry and additional
procedures with associated morbidity (Getzsche and Jagrgensen, 2013).
Recently the results of the UK Age trial were published which examined the
impact of lowering the age of screening commencement to 40. Findings
demonstrated that although the absolute risk reduction remained constant,
there was a relative risk reduction in cancer mortality and that reviewing the
age screening limit may have value (Duffy et al., 2020). The ongoing AgeX trial
which is also examining extending the screening age range to 47-73 is not

expected to report until sometime in 2026 (Moser et al., 2011).

1.3.3 Diagnosing Breast Cancer

Breast cancer is generally diagnosed following routine breast cancer
screening, patient self-examination resulting in referral to acute breast clinics,
or rarely in routine histological examination of tissue excised for other reasons
(e.g., breast reduction surgery). The gold-standard assessment (Figure 1.5) is
triple-assessment and involves clinical examination, needle biopsy and
appropriate imaging which can be ultrasound, mammography or MRI followed
by discussion at a specialist breast multi-disciplinary team (MDT) meeting
(Public Health England, 2016).
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Figure 1.5: Flow diagram representing the process following screening or clinical assessment of suspected new breast
pathology

Flow diagrams detailing patient pathways following detection of pathology as part of (A) routine breast screening or (B) after self-
examination. Each pathway includes the gold standard triple assessment which involves examination by a qualified medical professional,
imaging and histological assessment following biopsy. Followed by discussion at the breast MDT. Open access images taken from the
clinical guidance for breast screening number 49 (Public Health England, 2016)
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The treatment of breast cancer is largely dictated by the Tumour-Node-
Metastasis (TNM) staging at diagnosis. Following the histopathological
confirmation which provides information on the tumour (T) stage, additional
investigations are required to establish nodal status and the presence of
metastatic deposits. Regional lymph node basins are imaged and either
biopsied or surgically sampled to ascertain the presence of lymphatic spread,
which provides the nodal status. Computed (axial) tomography (CT) or
magnetic resonance imaging (MRI) scans of the head, chest, abdomen, and
pelvis provides additional information regarding tumour extent (volume) and
the presence of metastatic deposits in distant organs or within the skeleton.
The 8" edition of the TNM staging manual was published in 2018 and has
resulted in a stage change for approximately one third of patients with breast
cancer, and compared with previous guidance, attempts to expand beyond the
anatomical extent of the disease to enable a more patient focused
classification to be applied (Cserni et al., 2018; Plichta et al., 2020). Anatomical
staging should only be used where biomarker tests are not routinely available,
as the ER, PR and HER2 status is widely recognised as an important part of

the clinical prognostic staging of patients with breast cancer.

1.3.4 Treatment Overview

As illustrated by the four national mastectomy and breast reconstruction
audits, the primary aim of breast cancer treatment is to remove or ablate the
tumour to reduce the risk of premature death (Jeevan et al, 2011). The
treatment decisions should be made in conjunction with the patient following a
specialist MDT discussion to establish the most appropriate option for
managing the disease, based on the tumour stage, nodal status, and presence
of metastatic spread. The treatment for most breast cancers will involve some
type of surgical treatment, often with adjuvant therapy to enhance the primary
treatment, prolong disease free survival or extend life. Breast mound
reconstruction has also been highlighted as a crucial part of the patient
journey, and a plan for simultaneous or delayed reconstruction should be
discussed with the patient, prior to commencing primary resectional surgery
(Jeevan et al., 2011, 2014).
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1.3.5 Surgery for Breast Cancer

Surgery remains the mainstay of primary treatment for women diagnosed with
breast cancer (Tomlins and Parker, 2016). The choice of surgical procedure
depends on several factors including whether the cancer is invasive or in situ
(DCIS), the size of the primary tumour and position in the breast, and whether
clear margins can be achieved with the surgical procedure of choice. The
radical mastectomy described and popularised by William Halstead in the
1880s, involved removing the breast and overlying skin, pectoralis muscles
and fascia in addition to resecting the axillary lymph nodes, and became the
gold standard for resectional breast cancer surgery until the 1970s (Losken
and Jurkiewicz, 2002; Cotlar, Dubose and Rose, 2003). This en bloc resection,
routinely termed ‘The cancer operation’ due to its adoption by other surgical
disciplines, followed the principle of centrifugal tumour spread into adjacent
anatomical structures that must be controlled with radical tissue resection
(DeVita and Rosenberg, 2012).

Although modified versions of his original operation were described which left
behind more anatomical structures such as the pectoralis muscles, surgery
that conserved the breast mound raised concerns regarding rates of
recurrence. The national surgical adjuvant breast and bowel project (NSABP)
which was commenced in 1971, initiated a randomised clinical trial with the
aim of resolving the controversy surrounding the surgical management of
breast cancer. The published findings demonstrated that over a 25 year follow
up period, there was no statistically significant difference in survival when
comparing Halsted’s radical mastectomy with less extensive resections
(Fisher et al., 2002). Similarly in a second trial (B-06), the concept of breast-
conserving surgery (BCS) was evaluated with and without adjuvant
radiotherapy for early stage (I and Il) breast cancers for tumours less than 4
cm in diameter, with survival comparable to total mastectomy (Fisher et al.,
2002). BCS offered surgeons the opportunity to effectively treat breast cancer
with  significantly reduced morbidity for patients. Lumpectomies or
quadrantectomies are now routinely used in patients found to have early stage
disease, often combined with additional treatment (Public Health England,

2016). The choice of surgical approach depends on several factors (Table 1.1)
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and must follow appropriate discussion by a specialist MDT and the patient.

Regardless of the choice, it is essential to ensure that oncological clearance is

achieved.

Table 1.1: Summary of surgical indications for either BCS or mastectomy

Indications for BCS

Patient preference
Tumours <4cm within an average sized
breast

Multi-focal tumours confined to one quadrant

Tumours >4cm combined with additional
oncoplastic procedures

No patient contraindications to radiotherapy
Following neo-adjuvant therapy to reduce

tumour size prior to resection

Indications for Mastectomy
Patient preference
Tumours >4cm diameter suitable for surgery
Multi-focal tumours in more than one
quadrant
Failed BCS which includes positive margins
and local recurrence
Recurrent breast cancer
Central breast cancer or inability to get clear

margins with good cosmesis

Key indications for choosing either BCS or mastectomy as the surgical modality for
the treatment of breast cancer. Either surgical option can be combined with axillary
surgery, radiotherapy, chemotherapy, or hormone therapy as required. Taken from
open access guidelines (Public Health England, 2016).

Axillary surgery is also important as part of disease management, forming an
essential element of the TNM staging criteria and helping to inform the choice
of adjuvant therapy (Magnoni et al., 2020). There should be consideration of
axillary surgery in all patients who present with invasive breast cancer to
ascertain the presence of disease in the primary breast lymph node basin,
need for additional treatment and provide important staging information
(McDonald et al., 2016). For patients with early breast cancer and clear axillary
nodal basins on clinical exam, sentinel lymph node biopsy (SLNB) is an
alternative option to provide a similar level of information with reduced

morbidity (Krag et al., 2010; Gatzemeier and Bruce Mann, 2013).
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1.3.6 Radiotherapy Treatment for Breast Cancer

The use of external beam or targeted radiation as an adjunct to treat patients
with breast cancer, often in conjunction with surgery and hormone therapy,
has evolved significantly since it was first described in the early 1900s
(Ekmektzoglou et al., 2009; DeVita and Rosenberg, 2012). The use of a more
tightly controlled beam aims to deliver targeted radiation to destroy cancer
cells and prolonging disease free survival, which involves the delivery of a
standard dose of around 40 — 50 Gy in smaller fractions, to reduce toxicity (Liu
et al., 2020). Conventional fractionated or the more targeted hypofractionated
radiotherapy does have drawback for patients, as the surrounding tissue often
absorbs some of the energy resulting in skin and lung toxicity, lymphoedema,
restriction in shoulder movement and delayed cardiac toxicity (Gu et al., 2021).
Serial follow up scans with either CT, MRI, or ultrasound can be used to
monitor remnant breast tissue, the contralateral breast and axilla in addition to

the common sites of metastatic spread to monitor the response to treatment.

1.3.7 Adjuvant and Neoadjuvant Treatment for Breast Cancer

The use of systemic therapy and its timing in relation to surgery, either before
(neoadjuvant) or after (adjuvant), is well described and has become a routine
part of the treatment for breast cancer with the aim to increase disease free
survival (DFS). As our understanding of novel biomarkers and molecular drug
targets develops, the effect these drugs have has improved, enabling clinicians
to select tailored therapy for individual tumour characteristics, alone or in
combination (Shien and lwata, 2020). Broadly classified into chemotherapy,
hormone therapy or molecular targeted therapy, treatment choices are guided
by the MDT, tumour specific hormone receptors, treatment combinations

required, and cost (Shien and lwata, 2020).

1.3.8 Chemotherapy for Breast Cancer

The use of chemotherapy pre-operatively was introduced initially in the 1970s
as a neoadjuvant treatment, designed to reduce the tumour bulk, treat micro
metastatic disease and enable surgical resections to take place (Asselain et
al., 2018). It is now frequently used in early stage or locally advanced breast

cancer to down-stage disease and facilitate the option of BCS (Fisusi and
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Akala, 2019). Cytotoxic chemotherapy targets rapidly dividing cancer cells and
is often delivered intravenously across successive weeks in cycles prior to
surgery. There are numerous drug combinations described in the literature,
e.g., mitoxantrone, methotrexate, and mitomycin-C (MMM)
or cyclophosphamide, methotrexate, and 5-fluorouracil (CMF) which have
been trialled and their efficacy compared (Gazet et al., 2001; Taucher et al.,
2008). If patients have positive nodal disease, a high-grade tumour diagnosed
histologically post resection, or do not have hormone receptor positive cancer,
chemotherapy is a useful adjunct to achieve disease control. For those
patients with metastatic disease at a distant site, chemotherapy is an option
for palliative treatment to improve disease control by targeting the distant
cancer cells with the aim to stabilise the disease and slow the progression
(Maughan, Lutterbie and Ham, 2010; McDonald et al., 2016). As
chemotherapy targets rapidly dividing cells, healthy cells can also be affected
by this systemic treatment, which can result in side effects such as nausea,
diarrhoea and weight loss, and hair loss. Similarly, bone marrow suppression
can leave patients vulnerable to infection and prone to bleeding, easy bruising,
and severe fatigue, all of which can be challenging for patients to manage
(Robiolle et al., 2015; Schmidt et al., 2015; Browall et al., 2018).

1.3.9 Hormone Therapy for Breast Cancer

Breast cancers are heterogeneous in their clinical course, histopathological
appearance, response to treatment and time to recurrence, which is reflected
by the diverse molecular classifications of breast cancer by sub-type (Voduc
et al., 2010; Dai et al., 2016). The contemporary management of breast
cancer, driven by a greater understanding of the cancer hallmarks and genetic
expression of cancer sub-types has resulted in a range of targeted therapies
which interact with cell expressed hormone receptors (ER+ and PR+)
(Fragomeni, Sciallis and Jeruss, 2018). Selective oestrogen receptor
modulator (SERM) Tamoxifen and aromatase inhibitors Letrozole and
Exemestane are generally used to treat ER+ breast cancer patients for a
period of five years (Patel and Bihani, 2018). While Letrozole and Exemestane
are used exclusively in post-menopausal women, the drugs all exhibit anti-

oestrogen effects and have shown to reduce the incidence of recurrence in
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women with ER+ breast cancer (Maughan, Lutterbie and Ham, 2010).
Recurrent ER+ breast cancer drugs such as Fulvestrant are selective
oestrogen receptor degraders (SERDs) and have been shown to slow down
or suspend the progression of metastatic disease for a period of time (Foulds,
2018; Pernas et al., 2018).

1.3.10 Molecular Targeted Therapy for Breast Cancer

Unlike drugs that modulate hormone receptors, targeted cancer drugs focus
on specific cellular elements or pathways to influence the cells behaviour.
HER2 protein receptors on the cancer cell surface can be targeted with a
monoclonal antibody therapy such as Trastuzumab (Herceptin), which induces
an immune response affecting the overexpression of HER2, and has
demonstrated improved patient outcomes (Fragomeni, Sciallis and Jeruss,
2018). They can also be combined with other drugs such as chemotherapy to
address early stage HER2+ breast cancers which did not respond as expected
to radiotherapy, or in combination with aromatase inhibitors for disease which
has metastasised (Cook et al., 2021). Drug resistance does present a specific
challenge in these cancer subtypes, and trials are focusing on additional
downstream receptor expression and the inhibition of CDK4/6 in patients with
HER2 positive breast cancer (Goel et al., 2016; Pernas et al., 2018).

1.3.11 Breast Reconstruction Post Cancer Resection

The importance of breast reconstruction following surgery for women with
breast cancer is well recognised, with successive national mastectomy and
breast reconstruction audits reinforcing the essential element it plays in the
holistic care of patients (Jeevan et al., 2011). As part of the routine discussions
at the earliest stages of diagnosis and management, options for reconstruction
should be clearly identified and explained to allow patients to choose an option
that is right for them. This theme of holistic care and patient prioritisation has
become a more central part of the clinical journey and treatment of breast
cancer. In conjunction with the James Lind Alliance (JLA) priority setting
partnership, 10 essential questions have been identified by surgeons in
Canada, highlighting the importance of patient centred research priorities in

post breast cancer reconstruction (Zhong et al., 2021). The impact on patient
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psychology cannot be underestimated, with studies demonstrating that patient
experience is not necessarily correlated with size of primary resection (Grujic
et al., 2021). Patients who choose to undergo reconstruction, whether
immediate or delayed, demonstrate higher levels of wellbeing and satisfaction
with reduced psychological distress (Jeevan et al., 2014). As more patients
are diagnosed at an earlier stage, and the advancements in detection, non-
surgical treatment and monitoring continue, more women are having less
radical surgical procedures (Asselain et al.,, 2018; Sun et al., 2021). An
increase in BCS with potentially closer surgical margins, highlights the
importance of putting reconstruction in the context of potential recurrence to

ensure the procedures offered are robustly evaluated for safety.

1.3.12 Medium to Large Volume Reconstruction

As previously described in Section 1.1 (Figure 1.1), breast reconstruction
techniques have evolved significantly over the last 110 years (Combellack et
al., 2016). Approximately 40% of patients with breast cancer go on to have a
mastectomy resulting in a significant skin and soft tissue deficit, often in
conjunction with adjuvant or neoadjuvant treatment (Jeevan et al., 2011).
Reconstruction must not only address the volume loss on the mastectomy side
but consider patient priorities such as desire to achieve symmetry with the
contralateral breast. The timing of procedures must also be carefully planned
as radiotherapy has been shown to increase the complication rate of surgery,
so clinicians must be mindful to counsel their patients accordingly (Kronowitz,
2012). Staged procedures enable patients to complete their emergent
treatment prior to undergoing the reconstruction, with key considerations
including volume required, missing structures, and physical activity which may

limit the use of some autologous options.

The use of prothesis for breast reconstruction with a silicone implant, with or
without acellular dermal matrix (ADM) is seen more commonly in younger
patients undergoing bilateral procedures where the skin envelope is preserved
(skin-sparing mastectomy) (Panchal and Matros, 2017). While offering a
shorter operative time with no donor site morbidity, some studies quote a

complication rate of around 34%, with higher rates noted in patients
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undergoing or having undergone radiotherapy (Kalstrup et al., 2021).
Autologous options include pedicled flaps, which remain attached to their
primary blood supply e.g., latissimus dorsi (LD), or free tissue transfer, which
are disconnected from their primary blood supply and re-vascularised in their
new location e.g., deep inferior epigastric perforator artery (DIEP) flap
(Blondeel and Christiaens, 2002; Nano et al., 2004; Sturtz et al., 2005; Masia
et al., 2015). Seen as the gold standard for autologous reconstruction, they
can be lengthy operations that require specialist equipment and skilled
microsurgeons to perform, in addition to trained staff to monitor the flaps post
operatively (Tamai, 2009). There is also the donor site morbidity to consider,
including functional shoulder impairment following LD, or significant abdominal
scar and associated wound healing complications in patients undergoing DIEP
reconstruction (Grotting, Beckenstein and Arkoulakis, 2003; Grlnherz et al.,
2020). While a range of well evidenced options exist for large volume
reconstruction, the small volume deficits created by BCS present an altogether
more complex reconstructive challenge for surgeons aiming to restore the

breast mound.

1.3.13 Free Fat Transfer for Small to Medium Volume Defects

Free fat transfer (FFT) or lipofilling involves the harvesting and processing of
subcutaneous fat (adipose tissue) from one anatomical location (e.g.,
abdomen or thighs), to increase volume at a second anatomical site (e.g.,
breast or face). The use of adipose tissue as an autologous filler was initially
described by Neuber in 1893, however it was not popularised again until the
1980s following published works by Coleman who strongly advocated for this
technique (Neuber, 1893; Mojallal and Foyatier, 2004). In 1987 the American
Society of Plastic and Reconstructive Surgeons (ASPRS) ad hoc committee
on new procedures reviewed the technique in the context of breast cancer.
Transferred fat which does not pick up a new blood supply necroses and
calcifies, raising concerns that the use of FFT in the breast region would
impede the detection of breast cancer, which led to an outright ban on the
technique (ASPRS, 1987). Despite refinements in the 1990s to reduce the rate
of resorption, it was not until a further review by the American Society of Plastic

Surgeons (ASPS) in 2007 regarding the safety and efficacy of the technique
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that the decision regarding its considered use within the breast was reversed
(Gutowski et al., 2009). Concerns regarding breast cancer detection in the
previously lipofilled breast were addressed following papers demonstrating the
efficacy of modern imaging techniques to delineate between cancer and
benign fat necrosis (Veber et al., 2011; Costantini et al., 2013; Noor et al.,
2016). This technique was subsequently adopted back into the surgical
repertoire of surgeons worldwide who felt the primary safety concerns had

been robustly addressed.

Free fat transfer to the breast therefore offered patients an autologous option
for small to medium volume defects, which could be performed as local
anaesthetic day case procedure with minimal down time (Singla, 2016).
Expected rates of resorption are quoted between 10 and 50%, however most
patients find sufficient volume is achieved with one or two procedures (Fitoussi
etal., 2009; Losken et al., 2011). Although complications can include localised
infections, fat necrosis or volume resorption, the procedure is generally well
tolerated with additional evidence suggesting patients undergoing FFT post
radiotherapy report a noticeable improvement in skin quality and pliability
(Losken et al., 2011; Sarfati et al., 2011; Debald et al., 2017). FFT was now
viewed as a suitable reconstructive option with few downsides which was
supported by a recent taskforce review. As expected, following its publication,
the frequency of FFT use increased. Simultaneously in 2001 and 2002 initial
papers were published characterising a group of unique progenitor cells
present in adipose tissue (ADSCs) which held substantial regenerative
potential (Zuk et al., 2001, 2002). Regardless of developments in technique
and imaging technologies, surgical regulatory bodies including the ASPS and
British Association of Plastic, Reconstructive and Aesthetic Surgeons
(BAPRAS) accepted that with limited understanding of the basic science
surrounding ADSCs, formal guidelines were difficult to establish, and further
research was needed to understand how they might influence long term safety
(Gutowski et al., 2009; Fatah et al., 2012).
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1.4 Hallmarks of Cancer

The six well described biological capabilities acquired in the evolution of
neoplastic disease are considered the original ‘hallmarks’ of cancer. The
multistep process of pathogenesis involves a complex interplay between
distinctly separate but intrinsically linked capabilities which facilitate the
growth, progression and metastasis of cancer (Hanahan and Weinberg, 2000).
In the 20 years since their initial description, a broader understanding of the
mechanisms that drive this process have seen the introduction of four
additional hallmarks which alongside the effect of the tumour
microenvironment, expand our understanding of this intricate process
(Hanahan and Weinberg, 2011). The initial six hallmarks set out to establish a
framework to better to understand the fundamental alternations in cellular
physiology and regulatory mechanisms that collectively define the
pathogenesis of malignancy (Hanahan and Weinberg, 2000). This concept
addressed the core commonalities across hundreds of cancers and tumour
subtypes with innumerable genomic variations to identify the six essential
abnormalities in cellular physiology which result in the growth and progression

of cancer (Figure 1.6).

Sustained
Proliferation

Replicative e
immortality angiogenesis

6 original

cancer
hallmarks

Evasion of
growth
suppression

Evasion of
apoptosis

Invasion &
metastasis

Figure 1.6: The six original cancer halimarks

Diagrammatic representation of the six original cancer hallmarks described by
Hanahan and Weinberg encompassing the common properties acquired by the
majority of cancer cells which facilitates the development into cancer (Hanahan and
Weinberg, 2000).
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1.4.1 Sustained Proliferation

The lack of reliance on exogenous growth stimulation and unchecked cellular
proliferation resistant to growth suppressor signals is a key characteristic seen
across tumour cells, common in breast cancer (Dai et al., 2016). Unlike normal
healthy cells which rely on the external mitogenic growth signals to determine
the point of transition into a state of growth, tumour cells seemingly disregard
these external cues, and rather rely on internal signals produced by various
oncogenes (Hanahan and Weinberg, 2000). The ability to circumvent normal
cellular homeostasis is a fundamental trait of cancer cell development and
since its initial description 20 years ago, our understanding of the mitogenic
signalling between cancer cells has expanded and is now better understood
(Hynes and MacDonald, 2009; Lemmon and Schlessinger, 2010; Trenker and
Jura, 2020). Abnormalities in receptor protein expression at the tumour cell
surface have the potential to increase the responsiveness of the cell to
relatively low levels of growth factor ligand, or result in abnormal ligand-
independent function (Hanahan and Weinberg, 2011). Mechanisms for
sustaining unimpeded growth have been suggested which include the
autocrine stimulation of proliferation through the production of growth factor
ligands which bind to the associated receptors on the cancer cells (Cheng et
al., 2005, 2008). Furthermore, in the wider tumour stroma, the induction of
paracrine growth factors, extracellular matrix (ECM) components and
proteolytic enzymes from normal cells (e.g. fibroblasts) which support
dysregulated proliferation, has been described (Bhowmick, Neilson and
Moses, 2004; Tripathi, Billet and Bhowmick, 2012).

Studies focused on breast neoplasia have demonstrated the response of the
leptin receptor Ob-R on ER+ MCF-7 breast cancer resulting in STAT3 and
p42/p44 (MAP)-kinase activations and increased proliferation when exposed
to the hormone leptin produced by healthy white adipocytes (Dieudonne et al.,
2002). The complex influence of growth factor receptors is further illustrated
when examining genomic mutations in breast cancer which result in abnormal
activation of signalling pathways usually triggered by activated receptors
(Foulds, 2018; Moses et al., 2018). Naturally occurring mutations in ER

receptor genes such as ESR1 have been linked with the clinical development
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of oestrogen independent breast cancer proliferation and resistance to the
selective oestrogen receptor modulator, Tamoxifen (Harrod et al., 2017). The
additional resistance to the usual negative feedback loops responsible for
managing cellular homeostasis, also has a role to play and may contribute to
the acquired resistance to breast cancer treatments which target mitogenic
signalling (Hanahan and Weinberg, 2011; Fiorillo et al., 2018). The
development of endocrine therapy resistance in ER+ breast cancer is an
important example as the loss of the oestrogen induced negative feedback
loop is associated with a poor prognostic outcome for patients (Xiao et al.,
2018). Rather than being triggered by a single process, the numerous
components of dysregulated cell function, abnormal signalling, receptor
expression and gene mutations contribute to the uncontrolled proliferation and
disruption of feedback loops which drive breast cancer growth and

progression.

1.4.2 Evasion of Growth Suppression

As a complex multi-step process, success relies on the ability to continue to
proliferate and propagate whilst evading the numerous mechanisms designed
to suppress atypical cellular growth. While numerous tumour suppressors
exist, the two most often implicated in the evasion of growth suppression by
cancer are TP53 and retinoblastoma (RB) (Hanahan and Weinberg, 2000,
2011). TP53 is a critical tumour suppressor gene and the cellular p53 protein
acts as a checkpoint in response to DNA damage (Schon and Tischkowitz,
2018). Mutations in TP53 have been found in 30% of breast carcinomas and
are associated with a high penetrance of breast cancer, with a cumulative
incidence of 85% by 60 years of age in patient cohorts (Bertheau et al., 2013;
Mai et al., 2016). Understanding how these mutations affect cell function is an
essential part of clinical classification and development of therapeutic agents.
TNBC are generally understood to have a poor clinical outcome when
compared with their ER+, (progesterone receptor) PR+, (human epidermal
growth factor receptor 2) HER2+ counterparts (Prat et al., 2015; Yin et al.,
2020). In studies examining TNBC and association with Poly-ADP-Ribose
Polymerase (PARP) proteins found that over 80% express mutant p53, which

as part of a wider stratification, may be useful to guide dual therapy treatment
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with PARP inhibitors and cytotoxic treatment (Xiao et al., 2020). RB similarly
plays a key role in proliferation as a cell cycle gate keeper, loss of which allows
dysregulated cell cycle firing. ER+ breast cancer often retains RB function, and
is underpinned by hyperactivity in the D-type cyclins, cyclin-dependent kinase
4 (CDK4) and CDKG6 axis (Pernas et al., 2018). This preservation of function is
important as the intact axis makes an attractive therapeutic target,
demonstrated by the range of CDK4/6 inhibitors that have been developed
(e.g. Ribociclib) used to treat locally advanced ER+ breast cancer (Hortobagyi
etal., 2016). The loss of expression of the RB protein (pRB) is often associated
with TNBC, reducing their responsiveness to CDK4/6 inhibitors, further
illustrating the key role RB plays in the progression of neoplastic disease and

resistance to growth suppression (Johnson et al., 2016; Pernas et al., 2018).

1.4.3 Evasion of Apoptosis

Cell death by apoptosis is a programmed response to various triggers
including DNA damage, telomere shortening and abnormal oncogene
expression which serves as a mechanism to prevent the development of
neoplastic disease (Evan and Littlewood, 1998; Wesierska-Gadek et al., 2007,
Tompkins and Thorburn, 2019; Yang et al., 2021). Not only is an impairment
in apoptosis critical in the development of neoplastic autonomy, but also in the
developed resistance to treatment with cytotoxic therapies (Adams and Cory,
2007). The complex processes which control apoptosis are balanced between
upstream triggers and downstream effectors, executed by intracellular cystine
proteases (caspases) (Singh, Letai and Sarosiek, 2019). Apoptosis can be
triggered by an intrinsic intracellular ‘stress’ response or by an extrinsic
response to ‘death-receptor’ ligands which bind to the cell surface and trigger
cellular destruction (Adams and Cory, 2007). The careful balance is controlled
by pro- and anti-apoptotic regulatory BCL-2 and associated proteins (Bax and
Bak) which respond to apoptotic signals (Adams and Cory, 2007; Carneiro and
S. El-Deiry, 2020). In breast cancer patients, BCL-2 expression has been
highlighted as a potential predictive factor for chemosensitivity (Yang et al.,
2013), with bioinformatic studies examining abnormalities within this protein as
potential therapeutic targets for future breast cancer treatment (Kgnig et al.,

2019). Abnormalities in cellular function and sensors have been theorised to
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contribute to abnormal apoptotic signals and responses which develop as
breast cancer cells evolve strategies to circumvent cell death, including the
loss of cell cycle arrest enforcer TP53 (Evan and Littlewood, 1998; Evan, Lowe
and Cepero, 2004; Goldar et al., 2015; Yang et al., 2021). Approximately 30%
of ER+ breast carcinomas contain TP53 mutations which is believed to be
linked to both the molecular subtype and as a likely indicator for chemotherapy

response in ER+ tumour types (Bertheau et al., 2013).

1.4.4 Replicative Immortality

The ability of cancer cells to indefinitely replicate is an essential part of the
pathogenic nature of this neoplastic disease. The resistance to senescence
and crisis which normally triggers cell death, results in an immortalised cell
population which seemingly possess limitless replicability (Hanahan and
Weinberg, 2000, 2011). Essential to this process is the upregulation of the
enzyme telomerase, which is responsible for mediating cancer cell immortality
through repeated telomere extension (Rhyu, 1995; Guterres and Villanueva,
2020), a process which in contrast is silenced in most adult somatic cells. In
studies examining pre-malignant breast lesions and established breast cancer,
abnormalities in telomere length were seen early in the acquisition of malignant
transformation, and differentiated cancers from pre-neoplastic lesions
(Raynaud et al., 2010; Yuan, Larsson and Xu, 2019). Therapeutic targeting of
telomere maintenance is one of a number of approaches in the development
of novel therapeutics for treating patients with breast cancer (Yaswen et al.,
2015).

1.4.5 Sustained Angiogenesis

Angiogenesis describes a process through which new blood vessels are
derived from pre-existing vasculature in response to pro-angiogenic signalling.
Tumour angiogenesis is essential for the continued growth of cancer which
requires the rapid delivery of nutrients and oxygen, alongside the ability to
eliminate carbon dioxide and metabolic by-products whilst providing access for
the haematogenous spread of malignant cells. As cancer cell proliferation
increases, the rate of apoptosis diminishes and hyperplastic growth results in

a tumour size which is critical in relation to its existing blood supply. Rather
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than succumb to the resultant sequalae of hypoperfusion, growth restriction
and necrosis, the ‘angiogenic switch’ stimulates the transition of normally
quiescent vasculature to become activated and create new vessels to support
sustained tumour growth (Hanahan and Folkman, 1996; Baeriswyl and
Christofori, 2009). As a discrete component of the multistage development of
cancer, the angiogenic switch occurs when the balance of pro- and anti-
angiogenic factors tips in favour of proangiogenic activities supporting
vascularisation and tumour growth (Tonini, Rossi and Claudio, 2003;
Baeriswyl and Christofori, 2009). Of the plethora of pro-angiogenic growth
factors that have been described, vascular endothelial growth factor-A (VEGF-
A) is a prototypic factor and a major driver of both physiological and pathogenic
angiogenesis and can be upregulated by both hypoxia and oncogene
signalling (Dvorak et al., 1995; Baeriswyl and Christofori, 2009; Ferrara, 2009).

Studies specifically examining the links between proangiogenic factors as
markers of breast cancer tumour burden, have demonstrated raised levels of
VEGF-A and intercellular adhesion molecule-1 (ICAM-1) in patients with
advanced nodal disease, with VEGF-A additionally being raised in patients
with distant metastasis (Rykala et al., 2011). ER+ breast cancer cell lines
utilised for study further illustrate that the progression of tumours closely
depends on the continued pro-angiogenic signalling, driving neoplastic
transformation (Comsa, Cimpean and Raica, 2015). Once activated, neo-
angiogenesis often results in fragile, aberrant and poorly organised
vasculature, with erratic blood flow and abnormal endothelial cell (EC)
signalling and function, which results in leaking and micro-haemorrhaging
(Hanahan and Weinberg, 2011; Aspritoiu et al., 2021). This is often seen
clinically on imaging of breast cancer with radiopaque contrast bleeding from
the convoluted tumour vasculature. Rather than being a phenomena
associated only with advanced cancer, induction of angiogenesis occurs early
in the development of neoplastic disease, often contributing to the pre-
malignant phase of tumour progression, highlighting its importance as a key
cancer hallmark (Hanahan and Folkman, 1996; Hanahan and Weinberg,
2011).

26



1.4.6 Invasion and Metastasis

Cancer invasion leading to metastasis is often the final clinical phase,
overcoming the biological and physical barriers resulting in end-stage
disseminated disease, and significantly limiting treatment options available.
Based on global statistics, approximately 20% of breast cancer patients will go
on to develop metastatic disease, however only 6% have evidence of disease
deposition at distant anatomical sites (lymph nodes, lung, bone, liver) at the
time of diagnosis (Fridrichova and Zmetakova, 2019). Building on the ‘seed’
and ‘soil’ model proposed by Paget in 1889, the concept of cross talk between
the breast tumour cells and the microenvironment still holds true (Fidler, 2003).
The invasion-metastasis cascade describes interlinked processes which
define a range of changes in; cell-cell adhesion, invasion through the
basement membrane into nearby lympho-vasculature, leading to transport and
extravasation of breast cancer cells resulting in distant micro and macro
metastasis, and disseminated disease (Hanahan and Weinberg, 2000, 2011;
Talmadge and Fidler, 2010). Tumour associated macrophages (TAMs) at the
tumour peripheries can additionally release enzymes such as matrix
metalloproteases (MMPs) and cysteine cathepsin proteases which support
local invasion through surrounding structures (Boire et al., 2005; Kessenbrock,
Plaks and Werb, 2010; Macklin et al., 2020).

Malignant invasion requires upregulation of the genes and transcription factors
(e.g., SNAIL, ZEB1/2, TWIST and SLUG), which facilitate the epithelial-to-
mesenchymal transition (EMT) of cancer cells by repressing E-cadherin and
other regulators of cell-to-cell adhesion, thereby increasing motility (Hajra,
Chen and Fearon, 2002; Berx and van Roy, 2009; Fridrichova and Zmetakova,
2019). The function of E-cadherin is altered in most epithelial tumours as part
of their transition to invasive disease, with the functional impairment
responsible for active signalling which support tumour cell invasion and
migration (Cavallaro and Christofori, 2004). However there are exceptions, as
seen in certain types of inflammatory breast cancer which demonstrates
elevated levels of E-cadherin regardless of molecular profile or histological
subtype (Berx and van Roy, 2009). However, the majority of breast cancer

subtypes demonstrate enhanced migration, increased invasion and
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development of metastasis when E-cadherin is downregulated (Berx et al.,
1995; Hajra, Chen and Fearon, 2002). In numerous tumour types, the
‘cadherin switch’ occurs with the loss of E-cadherin resulting in the gain of
mesenchymal cadherins (e.g., N-cadherin) which interact with fibroblastic
growth factors (FGFs) inducing invasion and migration (Hajra, Chen and
Fearon, 2002; Cavallaro and Christofori, 2004; Berx and van Roy, 2009). Pro-
inflammatory cytokines such as interleukin-6 (IL-6) have been shown to play
an essential role in oncogenesis and induction of EMT, increasing migration
and invasive potential (Li et al., 2009; Weng et al., 2019). Clinical studies have
correlated high serum levels of IL-6 in patients with breast cancer, which
reflected more advanced tumour stage and poorer prognosis (Ma et al., 2017).
The significant role played by cytokines such as IL-6 and their influence over
key oncogenes have made them a target for immunotherapy (Weng et al.,
2019).

1.5 Emerging Hallmarks and Enabling Characteristics

In the 20 years since their original description, researchers have contributed
significantly to the understanding of the complexity of cancer and the
processes by which the original hallmarks were acquired. Building on this
foundation (Figure 1.6), a deeper understanding of dysregulated tumour
bioenergetics and the ability of cancer cells to evade immune destruction has
seen these features added to the list of cancer hallmarks (Figure 1.7)
(Hanahan and Weinberg, 2011). The acquired genomic instability which drives
genetic abnormalities and inflammation, altering signalling pathways further
demonstrate the importance of these enabling characteristics and their

influence over disease progression (Moses et al., 2018).

28



Le
O)'\
SO
RS
ISES
wg
~ \\_/
L& Lo
§& §SS
oIS
SO @Sc‘y
<& £3
g &
S IS

Figure 1.7: The emerging cancer hallmarks and enabling characteristics
Research in the 20 years since the original six hallmarks were described have
highlighted the importance of additional factors in the understanding of this complex
disease. The abnormal metabolic pathways and ability to modulate the immune
response are intrinsically linked to growth, progression and establishment of
metastatic deposits at distant sites (Hanahan and Weinberg, 2011).

1.5.1 Genomic Instability

Biological heterogeneity is found in both primary cancers and distant
metastasis which reflects the selective process stemming from the rapid
evolution and diverse phenotype of successful clonal tumour growth (Fidler,
2003). As with many clonal populations of malignant cells there is an inherent
genetic and phenotypic instability, with studies demonstrating metastatic cells
are intrinsically less stable than their benign counterparts (Talmadge and
Fidler, 2010; Valles et al., 2020). The acquisition of the cancer hallmarks which
facilitate the progression of abnormal cells through neoplastic transformation,
relies in part on successful genomic mutations which facilitate sustained
malignant change. The disruption of the normal systems responsible for DNA
and genome surveillance and maintenance (e.g., nucleotide-excision repair,
base-excision repair and homologous recombination end joining) result in an
accumulation of mutations which can accelerate malignant transformation
(Hoeijmakers, 2001; Jackson and Bartek, 2009). Chromosomal instability is
seen in most sporadic solid tumours which may in part be due to the fusion of

critically short telomeres in de novo cancers (Jackson and Bartek, 2009). As
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cancer progresses, intertumoral hypoxia and necrosis can accelerate the
metastatic phenotype secondary to genetic instability, with studies
demonstrating upregulation of the MET protooncogene inducing cell motility
(Pennacchietti et al., 2003). The central nature of the tumour suppressors p53
and RB in the surveillance and regulation of the cell cycle and have been
previously discussed (Section 1.4.2) (Sherr and McCormick, 2002). Mutations
in TP53 are associated with uncontrolled proliferation of abnormal cells with
an increase in genomic instability and rate of mutations (Dai et al., 2016).
Breast cancer with TP53 and associated PR mutations have been found to be
associated with the worst clinical outcomes and prognosis for patients (Olivier
et al., 2006).

Rather than solely being influenced by abnormalities in oncogenes or tumour
suppressor genes responsible for essential maintenance of homeostatic
function, studies examining the influence of epigenetic mechanisms (e.g.,
micro-RNA expression, histone modification and DNA methylation) have
contributed significantly to the understanding of regulatory pathways
influenced by critical gene expression (Berdasco and Esteller, 2010;
Fridrichova and Zmetakova, 2019). When comparing micro-RNAs in human
cancers to those in healthy cells, clear differences in expression are found
(Martin et al., 2014; Fridrichova and Zmetakova, 2019). Accepting there are a
wide range of cancer-associated micro-RNAs which can have dual function,
research has shown that they play a key role in the metastatic spread in breast
cancer (Serpico, Molino and Di Cosimo, 2014). Down regulation of miR-34c
has been found in breast cancer cells which initiate cell renewal, migration and
EMT as a consequence of target gene NOTCH4 expression (Fridrichova and
Zmetakova, 2019). Modelling the complex and multi-step genetic alterations
that must sequentially occur to drive the evolving cancer phenotype has been
essential to interrogate the effect of various gene mutations on the
development of cancer (Moses et al., 2018). Although the influence of genomic
alterations vary widely between cancer types, the developing research
landscape is helping to broaden the understanding of genomic instability as an

enabling characteristic in hallmark acquisition (Hanahan and Weinberg, 2011).
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1.5.2 Tumour-Promoting Inflammation

The inflammatory nature of cancer and the surrounding microenvironment
plays a critical role in its development (Rous and Kidd, 1941; Balkwill and
Mantovani, 2001) with infectious diseases and chronic inflammation estimated
to account for up to 25% of cancer cases (Hussain and Harris, 2007). The link
between inflammation and cancer was initially observed by Virchow who noted
the presence of leukocytes within malignant tumours (Grivennikov, Greten and
Karin, 2010). During injury or infection, part of the natural response to the
ensuing inflammation is the multifaceted cellular and signalling pathways
which drives normal healing. Migration of leukocytes (e.g., neutrophils and
monocytes) have a significant role in the response to inflammation and
recruitment of essential cells to provide an optimised environment to facilitate
restoration of tissue integrity. The multi-step process involves the release and
regulation of a number of chemotactic cytokines (including TNF-a and TGF-
1) which influence the balance of inflammation and repair (Coussens and
Werb, 2002). Whilst normally tightly regulated, disruption in this process
coupled to chronic inflammation can facilitate the development of cancer
(Coussens and Werb, 2002; Murata, 2018). Chronic inflammation results in
the accumulation of reactive oxygen and nitrogen species (ROS and RNS)
which specifically contributes to DNA damage and an accumulation of

mutations, that in turn underpin carcinogenesis (Murata, 2018).

Pro-inflammatory signals resulting in the co-optation of macrophages by
cancer cells (TAM), referred to in the literature as tumour-associated M2
polarisation has been shown to faciltate EMT and drive metastatic
progression. (Solinas et al., 2009; Suarez-Carmona et al., 2017; Coletta et al.,
2021). The recruitment of these macrophages has been hypothesised as
contributing towards up to 50% of the total tumour mass (Hembruff et al., 2010;
Qian et al., 2011). In addition to their assimilation into the tumour, leukocytes
have been shown to secrete numerous growth factors (e.g., VEG-F, TGF-§,
PDGF) which are particularly important in the propagation and progression of
high grade breast cancer (Leek et al., 1996). The secretion of acute pro-
inflammatory chemokines including MCP-1 (CCL2), RANTES and IL-8 by cells
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within the tumour microenvironment further amplify the pro-metastatic
activities observed within tumour stroma, including morphological changes,
angiogenesis and increased tumour migration and invasion (Soria et al., 2008;
Hembruff et al., 2010; Liubomirski et al., 2019). The CCL2/CCR2 inflammatory
signalling pathway has been shown play a vital role in the regulation of TAM
recruitment into the tumour microenvironment, with studies correlating high
levels of CCL2 (MCP-1) with advanced breast cancer invasion and decreased
patient survival (Valkovi¢ et al., 1998; Soria et al., 2008). As with the other
features, understanding the key drivers in the development and perpetuation
of cancer poses an opportunity for the utilisation of anti-inflammatory agents

and their role in cancer treatment and prevention (Coussens and Werb, 2002).

1.5.3 Abnormal Bioenergetics

In the presence of oxygen, normal cells consume glucose as a central
macronutrient for utilisation through mitochondrial oxidative phosphorylation
(OXPHOS). Research in the 1920s demonstrated that even in an oxygen rich
environment, tumour cells undertook aerobic glycolysis, and preferentially
metabolised glucose into lactate, a process which was subsequently termed
the ‘Warburg effect’ (Warburg, Wind and Negelein, 1927b). The shift of ATP
production from OXPHOS to aerobic glycolysis provides energy more rapidly,
however it is significantly less efficient and requires a markedly increased rate
of glucose uptake to support rapid tumour growth (Potter, Newport and Morten,
2016; Sancho, Barneda and Heeschen, 2016). Metabolic dysfunction has
been observed in a number of neoplastic subtypes including breast cancer,
which found an over-expression of glucose transporters (e.g. GLUT) and
associated metabolic enzymes within tumour cells, which facilitated the rapid
transport and consumption of this essential energy source (Shin and Koo,
2021). This metabolic reprogramming was further elucidated as the technology

to examine mitochondrial function in greater detail has been developed.

Warburg originally postulated that the propensity towards excessive lactate
production was related to abnormal mitochondrial behaviour, however a
number of studies have since demonstrated that functional mitochondria have

been found across a range of tumour types (Martin et al., 1998; Guppy et al.,
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2002; Moreno-Sanchez et al., 2007; Ju et al., 2014). It has been suggested
that there may be multiple sub-populations within tumours which create
metabolic flexibility related to tumour size or environment, with symbiotic
relationships between cells that preferentially utilise lactate as their primary
energy source (Feron, 2009; Kennedy and Dewhirst, 2010; Jose, Bellance and
Rossignol, 2011). Some researchers postulate that gene regulation can
activate or suppress OXPHOS within cancer cells, essentially switching
metabolic pathways during tumorigenesis in response to key environmental
cues demonstrating the complexity of the bioenergetic profile of cancer (Funes
et al., 2007; Moiseeva et al., 2009; Smolkova et al., 2011). Although the
metabolic mechanisms of cancer are not entirely understood, the ability to
reprogramme their bioenergetic processes makes this an important emerging
hallmark that must be considered in the wider context of the development of

neoplastic disease.

1.5.4 Evading Immune Destruction

The interaction of neoplastic disease with the immune system is of significant
research interest and is intrinsically linked with the development of novel
immunotherapy for the treatment of cancer (Pardoll, 2012; Durrechou et al.,
2020; Petitprez et al., 2020). The accumulation of abnormal cells containing
sporadic genetic mutations can lead to the presentation of peptides bound to
major histocompatibility class | (MHC |) receptors on the cancer cell surface,
which can be recognised by CD8+ T cells (Cerottini, Liénard and Romero,
1996). The development of cancer in the immunocompromised patient (e.g.,
solid organ transplant, HIV, pharmacological) has been described and often
thought to be associated with suppression of the host immune system and viral
infections (Strauss and Thomas, 2010; Lucar, Keith Reeves and Jost, 2019;
Greuter et al., 2020; Takeda et al., 2021). For the immunocompetent patient,
a response requires the immune system to be activated and enabled as
illustrated by the cancer immunity cycle (Figure 1.8). The capture and release
of neoantigens resulting from oncogenesis by antigen presenting cells (APC)
e.g., dendritic cells (DCs), enables the initiation of the effector T cell response
against the cancer specific antigen (Gardner and Ruffell, 2016). The activated

effector T cells infiltrate the tumour bed by binding to the MHC | receptor,
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resulting in cell death and the release of additional antigens which can amplify

and continue to drive the immune response (Chen and Mellman, 2013).

Cancer cell

antigens released
(cell death)

Presentation of
antigen
(APC/dendritic
cells)

Activation of T
Cells
T Cell

migration to
tumours

Figure 1.8: Schematic representation of the cancer immunity cycle

The immune response to cancer is a multi-step process which is triggered when
APCs/DCs present antigens to specialised T cells, resulting in activation and
migration to the tumour site. After the T cell receptor (TCR) binds to the conjugate
antigen on the cancer cell surface, tumour cell death occurs which results in the
additional release of antigens, amplifying the immune response. Image created from
text descriptors (Chen and Mellman, 2013).

While there are a number of APCs within the body, DCs predominate as the
central regulator of the adaptive immune response and are largely responsible
for triggering cytotoxic T cells and regulating the balance between immunity
and tumour antigen tolerance (Gardner and Ruffell, 2016; Fu and Jiang, 2018).
The activation of these specialised immune cells can occur as part of the
adaptive response, however numerous negative regulators have been
described in both the tumour microenvironment (immunostat function) and
lymphoid organs (checkpoints) which may explain the failure of the immune
system to protect patients from the development of cancer (Pardoll, 2012;
Mullard, 2013; Fu and Jiang, 2018; Petitprez et al., 2020). The complex

relationship between neoplastic disease and the immune system is not fully
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understood, as with many of the hallmarks described modulation of the
adaptive response to cancer may occur to reduce the impact of the immune
response on its development or allow the tumour to evade detection entirely.
Current research examining key immune pathways with the objective of
improving understanding and identifying novel anti-cancer therapies illustrate

the importance of this emerging hallmark.

1.6 The Tumour Microenvironment

No longer a disease centred on a core of abnormally proliferating malignant
cells, the heterogeneity and structural complexity of cancer requires a broader
understanding of the fundamentally disordered behaviour within the
surrounding cellular milieu. The wider implications of the tumour
microenvironment and its effect on cancer development and progression is
now an essential part of understanding how this complex disease initiates,
progresses and perpetuates. There are numerous processes that occur and
coincide to support the sustained proliferation of abnormal cells which must be
considered. The stromal compartments of tumours contains much of the
cellular heterogeneity found within cancers and remain an important focus
(Hanahan and Weinberg, 2011).

1.6.1 Endothelial Cells and Pericytes

Comprising an essential component of the cellular lining of blood vessels,
endothelial cells are metabolically active and play an important role in normal
tissue homeostasis and regulation (Aird, 2008). In cancer, they play a central
role in establishing blood supply, triggering the ‘angiogenic switch’ (Section
1.4.5) which is key to the continued vascularisation of malignant tumours, a
critical step in their propagation and growth (Maishi and Hida, 2017). Unlike
their normal counterparts, tumour associated epithelial cells respond to growth
factors secreted by tumours, exhibit altered phenotypes, chromosomal
abnormalities and demonstrate an increased resistance to anti-cancer
treatments (Streubel et al., 2004; Akino et al., 2009; Akiyama et al., 2012; Hida
and Maishi, 2018). As mural cells associated with normal blood vessels,
pericytes are important in the development, regulation and structural stability

of blood vessels, supporting quiescent epithelial cells through paracrine
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signalling (Hanahan and Weinberg, 2011; Attwell et al., 2016). Although their
role in the development of tumour vasculature is still to be fully established,
studies have demonstrated that pericyte abnormalities may play a role in
PDGF signalling pathways and contribute to vascular irregularities and an
increased risk of haemorrhage (Abramsson, Lindblom and Betsholtz, 2003; An
et al., 2019).

1.6.2 Fibroblasts

Cancer associated fibroblasts (CAF) are another significant contributor to the
tumour microenvironment and surrounding tumour stroma, and is one of the
predominant cell types found in breast cancer (Kalluri and Zeisberg, 2006). As
a perpetually activated fibroblast, they are responsible for the production of
essential components of the ECM, proteolytic enzymes and growth factors
(Bhowmick, Neilson and Moses, 2004; Kalluri and Zeisberg, 2006; Nurmik et
al., 2020). While tumour cells are known to release a number of pro-angiogenic
cytokines, fibroblasts and associated inflammatory cells are one of the
principle sources of VEG-F within the tumour microenvironment (Fukumura et
al., 1998). In vivo studies examining CAF sub-populations in more detail have
established that quantifying gene expression as a proxy for cell number has
potential as a predictor for breast cancer dissemination and indicator for the
development of metastatic disease (Bartoschek et al., 2018). Published
studies have suggested that fibroblasts found within distant metastasis
promote the proliferation and progression in a comparable way as CAF within
the main tumour (Kalluri and Zeisberg, 2006; Hao, Baker and Dijke, 2019).
While significantly contributing to the tumour stroma, there are numerous novel
sub-sets within the CAF population, presenting the potential for targeted
therapy which may increase tamoxifen sensitivity (CD63+ population) in

certain breast cancers (Gao et al., 2020).

1.6.3 Mesenchymal Stem Cells and Cancer Stem Cells

Inflammatory cues play a role in the initial attraction and recruitment of
leukocytes and associated cells which have been shown to amplify pro-
tumorigenic activity (Coussens and Werb, 2002; Grivennikov, Greten and

Karin, 2010). As a significant constituent of tumours, leukocytes play a varied
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role in the immune response to chronic inflammation producing numerous
cytokines and growth factors that sustain the tumour and surrounding
microenvironment and attract mesenchymal stem cells (MSC) (Solinas et al.,
2009; Igbal, Chong and Tan, 2013; Murata, 2018). The influence of stem cells
within the tumour or surrounding stroma must therefore be examined as MSCs
within cancer adjacent tissues have been shown to migrate to sites of injury
and inflammation (Kidd et al., 2009; Atiya et al., 2020). Once co-located within
the tumour microenvironment, MSCs such as ADSCs have been reported to
support angiogenesis, suppress the immune response, differentiate into
essential ECM components and promote tumour growth and metastasis
(Spaeth et al., 2009; Suzuki et al., 2011; Xu et al., 2012; Guan and Chen,
2013). Numerous ADSC secreted factors including monocyte chemoattractant
protein-1 (MCP-1 or CCL2), IL-6 and VEG-F have been shown to enhance
breast cancer progression and support a shift to a more aggressive phenotype
(Muehlberg et al., 2009; Kucerova et al., 2011; Zimmerlin et al., 2011;
Teufelsbauer et al., 2019). ADSCs within the surrounding breast parenchyma
similarly respond to inflammatory cancer signals, with numerous in vitro and in
vivo studies demonstrating pro-tumorigenic effects of ADSCs on breast cancer

growth and progression (Schweizer et al., 2015; Wu et al., 2019).

Within tumours there are a recognised group of cancer stem cells (CSCs) that
possess the ability to self-renew and contribute to the varied cell types within
tumours in addition to driving treatment resistance and recurrence (Reya et al.,
2001; Barbato et al., 2019; Walcher et al., 2020). Similar to adult MSCs, these
cells have been described as sitting atop a hierarchy of more differentiated
cells with the potential to account for drug resistance and sustained treatment
resilience within the tumour (Liu et al., 2006; Bajaj, Diaz and Reya, 2020).
Accepting there are likely to be variations between tumour types with these
unique cell populations, there are an increasing number of cancers reported
to contain CSC subpopulations (Hanahan and Weinberg, 2011). As discussed
previously (Section 1.5.2), the environmental cues of chronic inflammation can
have a significant impact on CSCs within tumours, driving DNA damage which
can result in the development of cancer with aggressive clinical features
(Murata, 2018).
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1.7 Adipose Derived Stem Cells (ADSCs), Discovery, Opportunity, and

Safety Concerns

1.7.1 ADSC Discovery and Characterisation

First discovered in 2001, adipose derived stem cells (ADSCs) were
successfully isolated following mechanical and enzymatic extraction from adult
lipoaspirate, and fully characterised with the use of flow cytometry, protein
analysis and multi-lineage differentiation (Figure 1.9) (Zuk et al., 2001, 2002).
Found in abundance in peripheral adipose tissue, their relative high
concentration per ml of fat extracted and ease of harvest in comparison to
other sources of MSCs, meant they understandably attracted significant
scientific interest (Fraser et al., 2006; Banyard et al., 2015; Bowen, 2015; Li et
al., 2015). Since their initial discovery, ADSCs have been utilised for a range
of clinical and scientific applications including regenerative medicine and
tissue engineering, wound healing and as a model for drug delivery (Josiah et
al., 2010; Liu et al., 2010; Cherubino et al., 2011; Naderi et al., 2017; T. Li et
al., 2020).
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Figure 1.9: Steps for isolating ADSCs from patient lipoaspirate

lllustrative steps as described by Zuk et al. detailing the steps used to isolate ADSCs
from lipoaspirate. The samples were taken from healthy volunteers and characterised
using flow cytometry, protein expression analysis (Western blot and PCR) and multi-
lineage differentiation (Zuk et al., 2001). Image reproduced with permission.
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Following the initial ADSC isolation protocol published in 2001, numerous
amendments, alternative techniques and a variety of culture conditions have
since been described (Bunnell, Flaat, et al., 2008; Trojahn Kglle et al., 2013;
Domenis et al., 2015; Bellei et al., 2017). Similarly with regards to
characterisation, various parameters were suggested including preferential
plastic adherence over other components of the stromal vascular fraction
(SVF), phenotypic identification using flow cytometry and confirmation of MSC
potential through differentiation (Dominici et al., 2006). There are numerous
studies describing additional phenotypic cell surface markers purported to
ensure the cell population isolated are indeed ADSCs (Schaffler and Bichler,
2007; Vater, Kasten and Stiehler, 2011; Trojahn Kglle et al., 2013). A position
statement from the International Federation for Adipose Therapeutics and
Science (IFATS) and the International Society for Cellular Therapy (ISCT)
presented a paper for the scientific community working with ADSCs with the
aim to facilitate reproducible standards (Bourin et al., 2013). The similarities
between ADSCs and comparable MSC sources such as bone marrow derived
nucleated cells (BM-NC) were noted and influenced the choice of
recommended phenotypic markers to differentiate the cells from one another
(Table 1.2). Importantly, ADSCs should be negative for haematopoietic
markers CD45 and CD11b, and positive for stromal markers including CD73,
CD90 and CD13.

39



Table 1.2: Differences between BM-NC and ADSCs

BM- ADSC MSC

NC
CD34 + + --
CD45  ++ -- -

CD13 ++ ++ ++
CD73 + ++ ++

CD90  +  ++  ++
CD105 +  ++  ++

CD10 + ++ +
CD36 + -
CD106 + +

Phenotypical cell surface markers present in varying quantities within ADSC, BM-NC
populations, with core MSC phenotypic markers suggested. ++ = >70%, + = >30-
70%, + = >2-30%, -- = <2% table created and adapted from paper text (Bourin et al.,
2013).

A hallmark of ADSCs is their multilineage potential which remains a crucial
part of characterisation. Trilineage differentiation down the adipogenic,
osteogenic and chondrogenic lineages has emerged as a standardised
benchmark to establish this key feature of MSC behaviour (Schaffler and
Blchler, 2007; Li et al., 2015; Hajmousa and Harmsen, 2017; Wang et al.,
2021). With preferential plastic adherence, essential CD markers for
ascertaining phenotype and recommended trilineage pathways, the minimum
criteria for characterising ADSCs were therefore established (Dominici et al.,
2006). As the knowledge regarding this MSC population expanded, the
properties that once made ADSCs so desirable were now central to questions
being raised regarding their potential interaction within the cancer
microenvironment, and it was widely acknowledged that more information was
needed regarding their potential interaction with breast cancer (Fatah et al.,
2012; Combellack et al., 2016).
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1.7.2 Scientific Laboratory Studies Examining ADSCs and Breast Cancer
Interaction

The subsequent increase in both in vivo and in vitro studies to examine the
influence of ADSCs on numerous breast cancer cell lines illustrated some
concerning behavioural characteristics. ADSC’s ability to hone to sites of
inflammation and tissue injury were established, lending to their potential
interaction within the tumour microenvironment (Schlosser et al., 2012;
Bachmann et al., 2020). As previously illustrated (Figure 1.6), published
findings have suggested that ADSCs confer a malignant advantage to breast
cancer cells via the release of cytokines into the surrounding stroma and
through direct cell-to-cell interaction, affecting their phenotype, morphology,
and rate of proliferation (Figure 1.10) (Prantl et al., 2010; Manzotti et al., 2011;
Cho et al., 2012; Song et al., 2015; Wu et al., 2019). The complexity of the
tumour microenvironment and interaction of ADSCs with the cancer stroma led
authors to suggest varied fates for these progenitor cells including
differentiation into cancer associated fibroblasts (CAF) or as support for
neoangiogenesis (Li et al., 2009; Donnenberg et al., 2010; Dirat et al., 2011;
Orecchioni et al., 2013).
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Figure 1.10: Diagrammatic representation illustrating key cytokines and
proteins released through interactions between ADSCs and Breast cancer cell
lines in vivo and in vitro.

Summary of numerous scientific peer-reviewed papers in a single diagram focusing
on key cancer hallmarks. Each dotted arrow represents an interaction with a breast
cancer cell line, the resultant cytokine / protein excretion and demonstrated or inferred
effect on the breast cancer hallmarks (Muehlberg et al., 2009; Xu et al., 2012; Wei et
al., 2015; Gallo et al., 2018; Wu et al., 2019; L. Li et al., 2020).

Accepting there are limitations of the cell culture and cell line models, a broad
range of cancer lines have been examined indirectly and more directly, through
various 2D and 3D models to better delineate the effects of ADSCs on the
hallmarks of breast cancer (Section 1.4) (Yu et al., 2008; Weigand et al., 2016;
Angeloni et al., 2017; Teufelsbauer et al., 2019). Correlation of clinical breast
cancer diagnosis with chosen cell lines for research was highlighted in
clinically focused papers, with ER+ luminal A cell lines such as MCF-7 and
T47D frequently chosen as an ideal experimental model (Holliday and Speirs,
2011; Jiang et al., 2016; Yu et al., 2017). MCF-7 was the most common cell
line of choice, providing an ideal model to assess the progression from a
relatively indolent cancer to phenotypically invasive and metastatic disease

and representative of the clinical problem being interrogated as over 70% of
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new breast cancer diagnosed is ER+ (Li et al., 2009; Gourdon et al., 2012; Lin,
Wang and Zhao, 2013; Lee, Jung and Koo, 2015; Wu et al., 2019). ADSC cell
source was also vital, as in many papers lipoaspirate was harvested from
young healthy women undergoing elective cosmetic surgery as the primary
cell source for experimentation, which contrasts significantly with the patient
population undergoing reconstruction (Zuk et al., 2001; Barbarestani et al.,
2006; Gourdon et al., 2012; Teufelsbauer et al., 2019). Whilst healthy ADSCs
have an obvious advantage over those isolated from animal sources,
numerous factors have been shown to affect the function of ADSCs including
age, co-morbidities, anatomical location and medications used to treat breast
cancer, which is not reflected in models utilising ADSCs from healthy patients
(Engels et al., 2013; Pike et al., 2015; Liu et al., 2017; Varghese et al., 2017).
This is illustrated in work done to examine ADSCs isolated from older patients
and those exposed to increasing doses of tamoxifen which demonstrate
reduced trilineage differentiation potential and impaired response to external
stimulation which would potentially have a bearing on their behaviour in co-
culture (Pike et al., 2015; Liu et al., 2017). It is therefore difficult to draw
conclusions from studies that utilise primary ADSC lines from patients that do
not accurately represent the patient group undergoing breast reconstruction,

which have the potential to respond differently in culture.

Accepting there may be a difference in behaviour of ADSCs isolated from
different patient groups (with and without breast cancer) and from different
anatomical locations (cancer adjacent and distant anatomical site), the focus
of many studies broadened to more closely mimic the breast microenvironment
(Hanson, Kim and Hematti, 2013; Yuan et al., 2015; Schmid et al., 2018).
Studies have shown that ADSCs isolated from both breast and abdominal sites
are phenotypically comparable, however evidence suggests anatomical
location can influence morphology, with visceral ADSCs demonstrating more
epithelial like structure rather than the typical fibroblast like morphology seen
in subcutaneous ADSCs (Hanson, Kim and Hematti, 2013; Yuan et al., 2015).
Interestingly, subcutaneous ADCS exhibited an increased trophism toward
breast cancer cells compared to those isolated from visceral adipose tissue,

with differences noted in rates of EMT induction and cytokine secretion
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between both ADSC populations when co-cultured with various breast cancer
cell lines (Yuan et al, 2015). Considering anatomical location for ADSC
harvest is increasingly important when planning cell models to mimic the post-
BCS breast microenvironment as the cell population needs to reflect the
anatomical location most likely to be used for reconstruction. It is therefore
essential to correlate the laboratory and clinical studies to ascertain if the

theorised pro-tumorigenic effects are detectable in the patient population.

1.7.3 Clinical Studies Examining the Use of FFT

Clinical studies comparatively have not demonstrated a statistically significant
increase in rate of breast cancer recurrence in women who have undergone
FFT compared with patients who had either an autologous (free) flap or no
reconstruction (Maione et al., 2015; Masia et al., 2015; Batista et al., 2016;
Silva-Vergara et al., 2016). There are numerous possibilities why this may be
the case, with sample size, duration of study, patient factors and ADSC
location all representing potential areas for focus. Many of the clinical studies
are small, single centre or single region with limited sample size as the
technique was not widely used prior to 2007. Follow up time is also crucial,
with evidence to demonstrate time to cure (TTC) models for breast cancer at
almost 12 years, with some patients experiencing recurrence as late as 20
years later (Gabos et al., 2010; Mayor, 2012; Pan et al., 2017; Boussari et al.,
2018). Comparatively, many of the clinical studies did not follow the patients
up specifically for recurrence beyond 36 months, and in many cases the time
was substantially shorter (Chirappapha et al., 2015; Batista et al., 2016; Molto

Garcia, Gonzélez Alonso and Villaverde Doménech, 2016).

1.7.4 Opportunities for Development

While robust longitudinal clinical studies are essential, there are potential
opportunities to address the gaps within the cell culture models. The use of
clinically comparable cancer lines and more diverse ADSC harvest locations
for modelling are an opportunity for refinement. Breast reconstruction
generally follows the completion of surgery, (neo)adjuvant treatment, and
hormone therapy. It is well documented in the literature that patient factors

such as obesity, diabetes mellitus and a variety of medications, including

44



Tamoxifen, can impact the function of ADSCs including their viability, altered
cytokine release and impaired production of extracellular matrix (ECM)
(Nagawa et al., 2007; Pike et al., 2015; Silva et al., 2015; Varghese et al.,
2017). As described previously (Section 1.3) ER+ breast cancers account for
more than >70% of new diagnosis resulting in the use of either Tamoxifen or
Letrozole, unless contraindicated for five years following their initial diagnosis
and treatment (Rosenberg, Barker and Anderson, 2015; Tomlins and Parker,
2016). Given the potential systemic effects of breast cancer treatment on the
function and behaviour of ADSCs likely to be utilised for reconstruction, patient
groups identified as primary cell line sources for breast cancer cell culture

models requires further investigation.

1.8 Thesis Aims and Objectives

The aim of this thesis is to create a clinically representative model to more
accurately study the effects of ADSCs on the hallmarks of ER+ breast cancer.
The unique focus of this work is the specific selection of ADSCs isolated from
women with ER+ breast cancer, commenced on either Tamoxifen or Letrozole,
undergoing FFT as part of their breast reconstruction (hereafter known as
cancer ADSCs). This contrasts with the current scientific literature in which the
use of ADSCs isolated from healthy patients predominates, from which
concerns regarding their pro-tumorigenic effects have been raised. Therefore,
ADSCs isolated from healthy women who have never had cancer (of any kind),
undergoing FFT or liposuction as part of a cosmetic procedure (hereafter
known as healthy ADSCs) will be used as a comparator. By examining ADSCs
taken from these two distinct patient populations it is possible to compare their
effects on the neoplastic traits of the MCF-7 cell line to establish if there are
any differences in their pro-tumorigenic effects which may be attributable to

the difference in patient selection.

It is hypothesised that ADSCs isolated from patients on systemic hormone
therapy do not produce the pro-tumorigenic effects seen with ADSCs isolated
from healthy patients. It is theorised that the systemic therapy affects their
ability to promote the neoplastic characteristics required to support breast

cancer growth and progression and will be determined by comparing the
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effects of healthy and cancer ADSCs on the hallmark of ER+ breast cancer.

This will be evaluated by addressing three objectives:

1.

To establish and optimise an ADSC isolation protocol capable of reliably
and repeatedly isolating ADSCs from human lipoaspirate, which can be
fully characterised for use in subsequent experiments.

To compare the effects of healthy and cancer ADSCs on the neoplastic
traits of the MCF-7 cell line using conditioned media

To compare the effects of healthy and cancer ADSCs on the neoplastic
traits of the MCF