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Radiotherapy has major therapeutic benefits for cancer patients, but ionizing 

radiation causes damage of surrounding healthy tissues with poor wound 

healing a common side effect. Therefore, further oncoplastic, reconstructive 

surgery is challenging and often problematic. Current research models use 

normal human dermal fibroblasts irradiated in vitro to mimic radiation 

damage, but this is not comparable to ionising radiation and only measures 

acute changes. Since radiotherapy may induce epigenetic changes leading 

to alterations in dermal fibroblast phenotype, the first aim of this study was to 

compare fibroblasts cultured from irradiated skin with non-irradiated skin. As 

mesenchymal stem cells isolated from adipose tissue may offer beneficial 

effects in the regenerative capacity of irradiated tissue, the second part of 

this study was to compare those cultured from non-irradiated and irradiated 

breast tissue.  

Histological changes in the structural organisation of breast tissue in situ 

from donors exposed to radiotherapy was compared to untreated breast. 

Primary cultures of dermal fibroblasts from irradiated and non-irradiated 

breast skin were established and comparisons quantitated in proliferation 

(CyQuant), metabolism (Alamar Blue), migration (scratch-wound assay), 

collagen production (Sircol), levels of proteases and protease inhibitors 

(human protease/protease inhibitor array) and gene expression of COL1A1, 

COL3A1, MMP1, MMP2, TIMP1 and PPAR-γ mRNA (qPCR). Cells from the 

stromal vascular fraction (SVF) were cultured and characterised by 

immunocytochemistry and compared to human preadipocytes sourced 

commercially. The secretion of FGF, adiponectin and VEGF by the 
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preadipocyte and the SVF mesenchymal cells was compared and the ability 

of their secretome to modulate dermal fibroblast proliferation, metabolism 

and migration was evaluated. 

Radiotherapy caused extensive disorganisation of the reticular dermis and 

flattening of the epidermal-dermal junction. Dermal fibroblasts cultured from 

irradiated skin had a pronounced spindle shaped morphology with longer 

thinner projections and took approximately twice as long to explant and grow. 

They had a lower proliferative and higher basal metabolic rate and did not 

respond to FGF-2. While they secreted similar amounts of total collagen they 

demonstrated distinct differences in proteolytic enzyme and protease inhibitor 

expression. This is the first report to culture cells from the SVF of irradiated 

breast tissue. The cells expressed the preadipocyte markers CD10, CD73 and 

CD105 and no CD45 (negative marker). SVF cells cultured displayed a typical 

ASC fibroblastoid morphology. Analysis of the secretome identified the 

presence of FGF, adiponectin and VEGF, while functional analysis 

demonstrated a stimulatory effect on normal dermal fibroblast migration, 

although irradiated dermal fibroblasts were unresponsive.  

Radiotherapy induces long term, detrimental changes in breast skin. This is 

the first quantitative characterisation of dermal fibroblasts and mesenchymal 

cells from the SVF, subjected to ionising radiation in situ. Changes in their 

phenotype that alter their function will impact on wound healing. Further 

characterisation of these cells may explain their dysfunctional behaviour, and 

lead to therapies to reverse or reduce this deleterious side-effect and 

significantly improve treatments facilitating wound healing following radiation 

injury. 
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1 Introduction 

1.1 The Skin 

1.1.1 Anatomy of the integumentary system 
The integumentary system comprises the skin and its appendages. Skin is the 

largest organ in the human body spanning approximately 1.8m2 (Gawkrodger 

and Ardern-Jones, 2017). It is responsible for maintaining a barrier against the 

external environment, providing an interface for heat exchange and preventing 

loss of water and other molecules. The skin is assembled in three main layers: 

the outer epidermis, underlying dermis and the deep hypodermis (Weller et al 

2015).  

 

1.1.2 The epidermis 
The epidermis is arranged as a stratified squamous epithelium and can be 

further subdivided into four (or five plantar/palmar skin) different layers which 

represent sequential differentiation stages towards the skin surface.  The 

innermost layer is named the stratum basale and consists of a single layer of 

Figure 1.1 The structure of the integumentary system. From James, Berger and 

Elston (2006). 
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squamous cells. This layer is primarily comprised of undifferentiated basal 

keratinocytes, which continuously divide (Gawkrodger and Arden-Jones, 

2017). It also contains a small proportion of melanocytes, Merkel cells and 

Langerhans cells. Melanocytes are neural crest derived cells which synthesise 

melanin in cell organelles named melanosomes. Melanin is transferred to 

neighbouring keratinocytes in melanosomes via dendrites and functions to 

protect them from damaging ultraviolet (UV) irradiation (Tsatmali et al 2002, 

Singh et al, 2010). Merkel cells appear infrequently in the basal layer and 

function as highly sensitive mechanoreceptors therefore are closely 

associated with cutaneous nerve endings (Mescher, 2018). Langerhans cells 

are dendritic cells which play a key role in immunity by presenting exogenous 

antigens to T cells (Weller, 2015). Cells produced in the stratum basale 

advance towards the skin surface changing in characteristics before 

undergoing cornification in the outermost stratum corneum. Human epidermal 

turnover time is approximately 30-45 days (Weller et al 2015, Shimizu 2017).  

Differentiated daughter basal cells migrate up into the stratum spinosum layer 

and become keratinocytes. These are polyhedral cells which synthesize 

keratins (Gawkrodger and Arden-Jones, 2017). The stratum granulosum 

consists of flatter cells containing keratohyalin granules (KHG) in their 

cytoplasm. As these keratinocytes migrate through the outermost stratum 

lucidum and stratum corneum layers, these KHG break down and their 

contents disperse throughout the cytoplasm. The granules release fillagrin 

peptides which aggregate the keratin cytoskeleton causing it to collapse and 

form flattened cells (Weller, 2015). KHG promotes dehydration of the cell and 

cross-linking of keratin filaments creating a tight, impermeable barrier 

(Freeman and Sonthalia, 2019).  Non-viable keratinocytes at the surface of 

the stratum corneum exfoliate sequentially from outermost layer in synchrony 

with basal cell production to maintain the epidermal thickness(Gawkrodger 

and Arden-Jones, 2017).  



3 
 

 
Figure 1.2 The layers of the epidermis. The basement membrane is 

covered by the innermost basal layer/stratum basale followed by the spinous 

layer/stratum spinosum, granular layer/stratum granulosum and the outermost 

cornified layer/stratum corneum The clear layer/stratum lucidum  is not 

illustrated here but is found between the between the stratum granulosum and 

stratum corneum in areas of thick skin such as the palms of the hands and 

soles of the feet. From Lee, Lee and Wu (2017). 
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1.1.3 The basement membrane 
The basement membrane separates the epidermis from the underlying dermis 

and is comprised of the lamina densa and the lamina lucida (Shimizu, 2017). 

Upward projections of the dermis (dermal papillae) interlock with downward 

ridges of the epidermis (rete pegs) and surround the epidermal basement 

membrane (Weller, 2015).  

1.1.4 The dermis 
The dermis is a supportive connective tissue matrix of which approximately 

70-80% is collagen (Weller, 2015). A substantial portion of the volume of the 

dermis is comprised of extracellular matrix (ECM) which is produced by 

dermal fibroblasts. ECM is an organized meshwork consisting of fibrous 

proteins including collagen and elastin, and ground substance which is 

comprised of glycosaminoglycans (GAGs), proteoglycans, and glycoproteins 

(King, 2014). The uppermost papillary layer of the dermis integrates with 

epidermal rete ridges and contains loosely interwoven collagen. Deep to this 

is the thicker reticular dermis which contains denser collagen bundles 

(Shimizu, 2017). Elastin is a compliant protein which is loosely arranged in the 

dermis, providing elasticity to the skin (Gawkrodger and Arden-Jones, 2017). 

Fibroblasts are the most prevalent cell type found in the dermis and are 

responsible for the synthesis of the abundant collagen. Other cell types which 

are present in the dermis include dendritic cells, mast cells, macrophages and 

lymphocytes (Gawkrodger and Arden-Jones, 2017). The dermis also contains 

numerous other structures including blood and lymphatic vessels, nerves and 

the skin appendages; e.g. sweat glands, hair follicles, and sebaceous glands 

and nails (Chiang and Verbov, 2014). 

1.1.5 The hypodermis 
Beneath the reticular layer of the dermis, lies the subcutaneous adipose 

tissue; a loose connective tissue layer consisting primarily of adipocytes 

(Thyagarajan and Foster, 2017). One-third of adipose tissue volume is 

comprised of mature adipocytes and the remainder consists of a 

heterogenous group of preadipocytes, fibroblasts, mesenchymal stem cells 
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(MSCs), endothelial progenitor cells (EPCs), pericytes, macrophages, T- cells 

and erythrocytes (Trevor et al., 2020). The term “preadipocyte” has been used 

by researchers to describe a progenitor cell population that are adipose-

lineage committed, whereas adipose-derived stem cells (ADSCs) are defined 

as multipotent stem cells with osteogenic, adipogenic, and chondrogenic 

potential (Sarantopoulos et al., 2017). Both populations are present in white 

adipose tissue (WAT) and can be isolated from the stromal vascular fraction 

(SVF) of subcutaneous adipose tissue. Peroxisome proliferator-activated 

receptor gamma (PPARy) is the central regulator for differentiation of 

progenitors into adipocytes in all adipose tissue depots (Tang et al, 2008). 

The subcutaneous adipose layer varies in thickness and is determined by 

multiple variables such as sex, age, body site and nutritional status (Arda, 

2014). It is completely absent in certain body sites namely the eyelids, clitoris 

and penis (Arda, 2014). An extensive capillary network spans the hypodermis 

and is often used as a site of administration for the rapid uptake of drugs (Arda, 

2014).  

Adipose tissue depots are classically separated into two distinct types; WAT 

and brown adipose tissues (BAT) (Lee et al, 2014). Adipocyte morphology in 

WAT and BAT is distinctly different and gives rise to their diverse roles. WAT 

contains adipocytes with single large lipid droplet that accounts for >90% cell 

volume whereas BAT adipocytes contain numerous smaller lipid 

compartments and abundant mitochondria giving rise to the brown 

appearance after which they are named (Lee et al, 2014 and Saely et al, 

2012). White adipocytes containing a single large lipid droplet predominantly 

function to store energy as triglycerides and provide thermal insulation and 

physical cushioning of the body whereas brown multi-locular adipocytes are 

active in the dissipation of energy through the production of heat (Saely et al, 

2012). WAT is the predominant form of adipose whereas BAT is much less 

common and can be located in the supraclavicular, peri-adrenal, and 

paravertebral regions of the body (Sarantopoulos et al., 2017). Areas of the 

body in which WAT develops are called ‘depot’s; one example of a depot is 

the visceral white adipose tissue (VWAT) which surrounds human internal 

organs (Driskell et al, 2014). WAT associated with the skin has been further 

described as two separate populations by Driskell et al in 2014. They suggest 
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that dermal white adipose tissue (DWAT) describes a depot in the dermis 

underlying the reticular dermis whereas subcutaneous white adipose tissue 

(SWAT) defines a unique and separate population with no anatomical division 

in humans but is situated below striated muscle (the panniculus carnosus) in 

mice (Driskell et al, 2014). As anatomical separation of the two populations is 

poorly defined in humans and these two populations were, until recently, 

considered synonymous; there is little evidence of the differences in the 

behaviour of these two depot populations (Kruglikov and Scherer, 2016).  

1.1.6 Fibroblasts 
The major cell type present in the skin is the dermal fibroblast which can be 

further classified into diverse subpopulations with a variety of characteristics. 

Dermal fibroblasts play a significant role in wound healing as they are the 

mesenchymal cells that are responsible for the synthesis of collagen and other 

ECM proteins during the proliferative phase of wound healing (Thangapazham 

et al. 2014). This heterogeneous population of cells are found in connective 

tissues throughout the body and have a variety of phenotypes which differ in 

terms of functional profile, anatomy distribution and density (Sriram et al. 

2015). Fibroblasts have a characteristic elongated spindle or stellate shape 

with a multitude of cytoplasmic projections (Ravikanth et al., 2011). They are 

bipolar or multipolar structures with an abundance of rough endoplasmic 

reticulum, large Golgi apparatus and oval nuclei (Dick and Limaiem, 2019). 

Fibroblasts are the predominant cell of the dermis and can be further classified 

into two main distinct groups according to their location within the skin 

(Hiraoka et al. 2016). The papillary dermis is the name given to the superficial 

layer of fibroblasts present at approximately 300-400µm below the surface, 

characterized by high cell density amongst sparse ECM (Ross and Pawlina, 

2011). It contains projections of the epidermis named rete ridges which 

increase surface areas for interaction between dermal and epidermal layers 

(Sriram et al. 2015). Below the papillary dermis is the underlying reticular 

dermis which is separated by a vascular plexus termed the rete subpapillare 

(Sriram et al. 2015).  
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Papillary and reticular fibroblasts are distinct in many ways including their 

organisation, morphology and activity. Papillary dermal fibroblasts are 

characterised by a thin ECM and high cell density in contrast to the deeper 

reticular dermal fibroblasts with a highly compacted network of ECM and low 

cell density (Janson et al. 2012). The morphology of papillary fibroblasts has 

been described as spindle shaped whereas reticular fibroblasts have a 

squarer more flattened appearance (Janson et al. 2012). Matrix Gla protein 

(MGP) has been identified as a marker that differentiates the two 

subpopulations of fibroblasts as it is almost exclusively expressed in the 

reticular dermal fibroblasts (Janson et al. 2012). Other genes are differentially 

expressed in papillary and reticular dermal fibroblasts but are less reliable as 

they are not as exclusive to either population. These include podoplanin, 

which is highly expressed in papillary dermal fibroblasts and transglutaminase 

2, which is predominantly expressed in reticular dermal fibroblasts (Janson et 

al., 2012). During wound healing, papillary fibroblasts are involved in the 

promotion of neoangiogenesis (Sorrell, Baber and Caplan, 2008).  In contrast, 

reticular dermal fibroblasts secrete transforming growth factor β (TGF-β). 

TGF-β is released in normal wound healing, although increased expression 

has been linked to fibrotic disorders (Wang et al., 2008). Papillary fibroblasts 

have also demonstrated an increased proliferative capacity in comparison to 

reticular fibroblasts (Janson et al. 2012).  

Following skin injury, fibroblasts can be activated to differentiate into 

myofibroblasts, which are able to reduce wound size by exerting contractile 

force through α-smooth muscle actin (α-SMA) and myosin fibres (Ogawa et 

al. 2006).  Reticular dermal fibroblasts express more α-SMA protein and have 

been shown to have a greater contractile effect on collagen lattices in 

comparison to papillary fibroblasts (Wang et al., 2008). It has been 

demonstrated in mice that papillary dermal fibroblasts are involved in the 

regulation of hair growth and are required for hair follicle formation whereas 

reticular dermal fibroblasts synthesise the majority of the ECM (Driskell et al., 

2013).  

A third subset of specialised dermal fibroblasts associated with the hair follicle 

are he dermal papilla and dermal sheath cells (Jahoda and Reynolds, 2001). 

The relationship between wound healing and the hair cycle has been long 
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established. Early studies in rats demonstrated that skin with actively growing 

(anagen) follicles heals more rapidly than in the skin whose follicles have 

regressed into resting phase (telogen) (Zawacki and Jones, 1967). More 

recent studies have also shown an acceleration of wound healing during 

anagen in murine skin (Ansell et al., 2011). Furthermore, it has been shown 

that subpopulations of human fibroblasts from hair bearing skin differ from 

fibroblasts from glabrous skin. Dermal fibroblasts from non-haired areas such 

as the palms and soles are smaller, more proliferative and express lower 

levels of TGFβ1-receptor II, α-SMA and fibronectin (Sriram et al. 2015). 

Recent evidence shows fibroblasts isolated from the dermal papilla promote 

faster keratinocyte re-epithelialization through paracrine factors during wound 

closure both in vitro and ex vivo in comparison to papillary and reticular dermal 

fibroblasts (Topouzi, Boyle, Williams and Higgins, 2020). 

Finally, a fourth variety of skin fibroblast exists in the hypodermis. These 

hypodermal fibroblasts have a lower proliferation rate than reticular and 

papillary fibroblasts and are able to differentiate into adipocyte, osteoblast, 

and chondrocyte lineages; a characteristic displayed by MSCs. Due to the 

anatomical proximity of hypodermal fibroblasts and MSC populations present 

in adipose tissue, transcriptome profiling has been used to identify a clear 

fibroblast molecular identity, distinguishable from MSCs to show this is a 

separate population of fibroblasts present in the hypodermis (Haydont et al., 

2020).  

1.1.7 Collagen 
Fibroblasts are responsible for the synthesis of collagen present in the dermis. 

Collagens are triple helical proteins consisting of three polypeptide α chains 

held together by interchain hydrogen bonds giving them huge tensile strength 

(Xue and Jackson, 2015). There are numerous types of collagens present in 

the dermis. The most abundant is collagen I, comprising up to 80% of total 

collagen, followed by collagen III forming 15% (Xue and Jackson, 2015). 

Collagens are organised in a basket weave network parallel to the skin surface 

(Verhaegen et al. 2009). Collagens are resistant to proteases such as trypsin 

and can only be degraded by specific collagenases including matrix 
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metalloproteinase (MMP)-1, MMP-8, and MMP-13 into gelatin; which can be 

further degraded by the gelatinases, MMP-2 and MMP-9 (Xue and Jackson, 

2015). 

1.2 Wound healing 
Effective wound healing is essential to restore the continuity of skin barrier 

following damage. Cutaneous wound healing is a complex and dynamic 

process which is dependent on numerous coordinated interactions between 

cells, growth factors and extracellular molecules. This intricate series of 

interactions attempts to restore the integrity, function and tensile strength of 

an injured tissue. Wound healing is classically divided into three sequential 

but overlapping stages: inflammation, proliferation and remodelling (Tibbs, 

1997).  

1.2.1 Inflammatory stage 
Haemostasis begins immediately after tissue injury and is achieved by 

vasoconstriction, platelet aggregation and the formation of a fibrin clot, 

through activation of the coagulation cascade (Bielefeld et al. 2013). The fibrin 

clot has an additional role in providing a provisional matrix for the migration of 

inflammatory cells to the wound site.(Bielefeld et al. 2013) Blood vessels dilate 

and a high intravascular pressure forces fluid and plasma proteins into the 

interstitial space (Gieringer et al. 2011). Platelets secrete cytokines such as 

platelet derived growth factor (PDGF) and TGF-β which stimulate recruitment 

of inflammatory cells including neutrophils and monocytes to the site (Singer 

and Clark 1999; Gieringer et al. 2011; Bielefeld et al. 2013). Neutrophils 

remove foreign particles and bacteria from the wound, and monocytes 

differentiate into macrophages which phagocytose foreign organisms and 

cleanse the wound of cellular debris. Macrophages also secrete a host of pro-

inflammatory cytokines including PDGF which stimulate the migration of 

dermal fibroblasts to the wound (Bielefeld et al. 2013). The inflammatory 

phase is accompanied by clinical symptoms of redness, swelling, heat and 

pain. These four cardinal signs of inflammation; “rubor et tumor cum calore et 

dolore”, have been described since the tenth century (Rivas 2010). The 
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purpose of the inflammatory phase is to prevent infection by removing debris 

and bacteria from the wound. This prepares the wound environment for 

healing, much like the purpose of surgical debridement.  

1.2.2 Proliferation stage 
The proliferation stage of wound healing is comprised of the synthesis of 

tissue granulation, contraction and re-epithelialisation. Migrating fibroblasts 

recruited to the wound bed produce extracellular matrix (ECM) proteins and 

growth factors. Their movement into the wound is assisted by their secretion 

of ECM-cleaving MMPs(Bielefeld et al. 2013). Macrophages provide a source 

of growth factors required for angiogenesis and the new capillaries formed 

give the stroma a pink granular appearance (Singer and Clark 1999). The 

granulation tissue functions as a scaffold for dermal fibroblast migration 

(Singer and Clark 1999). The provisional ECM is constructed of fibrin, 

fibronectin and hyaluronic acid which are gradually replaced by collagens 

(Bielefeld et al. 2013, Singer and Clark 1999). Collagen III expression 

increases in relation to collagen I in the early stages of wound healing (Xue 

and Jackson, 2015). Collagen III would normally form 15% of total dermal 

collagen and collagen I forms 80% therefore an increased ratio of collagen III 

to I is a defining feature of an immature scar (Xue and Jackson, 2015). Some 

fibroblasts assume a myofibroblast phenotype distinguished by the presence 

of α-SMA myofilaments which allow contraction of the wound (Singer and 

Clark 1999; Yarnold and Brotons 2010). TGFβ signalling facilitates 

myofibroblast contraction and ECM deposition in wound healing and scar 

formation (Driskell and Watt 2015). Once abundant collagen has been 

deposited into the granulation tissue, many fibroblasts in the wound undergo 

apoptosis (Evans et al, 2013, Singer and Clark, 1999). Physical connections 

between keratinocytes named desmosomes are broken and they no longer 

adhere to one another, allowing migration of epidermal keratinocytes laterally 

across the wound behind which epidermal keratinocytes proliferate. (Singer 

and Clark 1999) These keratinocytes migrate across the wound until the 

epithelial tongues meet and seal the wound (Evans et al, 2013). Incisional 
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wounds with good primary closure, by close approximation of skin edges, 

require less epithelial cell migration.  

1.2.3 Remodelling 
During the remodelling phase, which can last up to one year, the wound 

matures by the simultaneous formation and degradation of collagen fibres 

(Xue and Jackson, 2015). Disorganised type III collagen is remodelled into 

aligned type I fibres in order to more closely resemble the structure of 

surrounding tissue. This is achieved by the action of MMPs, which are 

endopeptidases that are secreted by fibroblasts, macrophages and 

endothelial cells (Gieringer et al. 2011). Water is resorbed so collagen fibres 

lie closer and cross link which reduces scar thickness and increases its tensile 

strength. Nevertheless, despite these changes, the tensile strength of the 

formed scar tissue will only reach approximately 80% of the tensile strength 

of uninjured skin (Xue and Jackson, 2015). Remodelling requires a stable 

balance between MMPs and tissue inhibitors of matrix metalloproteinases 

(TIMPs). Excessive accumulation of disorganised fibrous molecules results in 

fibrosis, which impairs skin function and appearance (Hiraoka et al. 2016).  

1.2.4 Scarring 
A scar is the inevitable outcome of tissue repair. Due to the central role of 

growth factors and cytokines in the regulation of wound healing, abnormal 

growth factor or cytokine expression may negatively affect the coordinated 

process of wound healing leading to excessive scarring. Cutaneous 

pathological scarring occurs when there is benign hyperproliferation and 

excessive fibrosis following skin trauma. Hypertrophic scars are defined as 

scars that are confined to the borders of the original wound whereas keloids 

are scars that extend beyond the original wound into the surrounding normal 

skin (Baker et al., 2009). Fibroblasts present in both of these scarring 

phenotypes have been associated with increased production of TGF-β and 

PDGF (Wagner, 2013). TGF-β-stimulation is known to facilitate ECM 

deposition and PDGF is known to stimulate recruitment of inflammatory cells 

and fibroblasts (Singer and Clark 1999, Olascoaga et al. 2008; Yarnold and 
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Brotons 2010). Keloid and hypertrophic scars remain difficult to treat, given 

their aitiology is only partly understood. 

1.3 Radiotherapy 
Cutaneous radiation injury occurs when the skin absorbs ionising radiation 

and may cause delayed wound healing. Radiotherapy has been utilised for 

over 100 years and is an indispensable tool for the treatment of cancer 

patients. It may be used as a curative, adjuvant or palliative management 

option. Approximately 60% of cancer patients receive radiotherapy at some 

point in their treatment making it a significant therapeutic option (Jeong et al. 

2016). Due to the nature of this treatment, surrounding tissue is also subject 

to ionizing radiation, which may cause substantial side effects of tissue injury.  

Radiotherapy is delivered with the aim of administering a sufficient dose to 

destroy malignant cells whilst minimising the damage to surrounding healthy 

tissues.  Nevertheless, skin reactions are common and will manifest in over 

90% of patients receiving radiotherapy (Gieringer et al. 2011). 

Ionizing radiation can directly interfere with cells through absorbed energy or 

indirectly through the ionisation of water and creation of free radicals (Desouky 

et al, 2015). Moreover, it has now been suggested that other important 

biological effects of ionizing radiation occur through intercellular interactions 

with irradiated and neighbouring non-irradiated cells to produce radiation-

induced bystander effects (Desouky et al, 2015).  Deoxyribonucleic acid 

(DNA) is the crucial target for the lethal effects of radiation, although lipids and 

proteins may also be destroyed (Olascoaga et al. 2008). Radiation damage is 

thought to occur within the DNA in two ways. Type A damage is the result of 

a single ionizing event which breaks neighbouring strands of DNA. Type B 

damage arises when two proximal single strand breaks formed by two 

separate ionizing events, then interact (Gieringer et al. 2011). If DNA damage 

is not repaired, cell death commonly occurs by apoptosis or during mitosis 

(Stone et al. 2003). Effects on DNA following radiation exposure are 

summarised in Figure 1.3.  
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Radiation injury is commonly classified into acute effects, which occur in 

rapidly dividing cells during or within weeks of treatment, and late effects 

which occur months to years later (Stone et al. 2003). Acute radio dermatitis 

may occur in the radiation field with symptoms of erythematous, oedematous, 

warm, tender skin that may exhibit changes in pigmentation and loss of 

keratinised layers (Olascoaga et al. 2008). The principal consequence of late 

radiation injury in the skin is cutaneous and subcutaneous fibrosis. A denser 

network of collagen fibrils and irregular elastic fibres contributes to the fibrosis 

observed in irradiated skin (Wang et al, 2006). Cutaneous radiation syndrome 

(CRS) is a term used to describe severe acute and chronic skin reactions 

caused by ionising radiation (Ralf and Petra, 2002). These skin reactions 

commence with transient erythema and itching in the hours following exposure 

sometimes followed by a latent phase which is succeeded by erythema, 

Figure 1.3 Effects on DNA from radiation exposure. Adapted from 

Dormand et al (2005). Exposure of DNA to radiation and free radicals induces 

single and double strand breaks and inter strand cross-linking. The damaged 

DNA may either be repaired by DNA repair enzymes with a variable outcome 

or cause cell death. 
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blistering, and ulceration (Ralf and Petra, 2002). Notably, severe cases were 

seen in the aftermath of high energy beta irradiation following the Chernobyl 

disaster (IAEA, 1988). Late effects of radiation to the skin are commonly 

scored by clinicians using Radiation Therapy Oncology Group 

(RTOG)/European Organization for Research and Treatment of Cancer 

(EORTC) morbidity scoring schema as illustrated in Table 1.1. This is a six 

point score which categorising many different tissues and organs based on 

clinical findings ranging from nil to fatal. Various other classification systems 

have been proposed as more superior comparison tools, yet this score 

remains widely used (Hoeller et al., 2003). 

 

Grade Clinical findings    

0 None 

1 Slight atrophy, pigmentation change, some hair loss  

2 Patch atrophy; moderate telangiectasia; total hair loss 

3 Marked atrophy; Gross telangiectasia 

4 Ulceration 

5 Death directly related to radiation late effects 

Table 1.1 RTOG/EORTC late radiation morbidity scoring schema for skin 
(Adapted from Hoeller et al., 2003) 
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Figure 1.4 Summary of key factors in pathogenesis of delayed wound 
healing following radiation therapy. Pro-inflammatory cytokines, poor 

mediation of ECM deposition, microvascular damage, fibroblast dysfunction 

and cellular depletion lead to chronic fibrosis and delayed wound healing in 

irradiated tissue. Adapted from Jacobson et al (2017). 

 
 
 
Radiation exposure delays wound healing and the principle consequence is 

chronic fibrosis. The pathogenesis of wound healing following radiotherapy is 

complex and occurs due to poor mediation of ECM deposition, fibroblast 

dysfunction, cellular depletion, microvascular damage and pro-inflammatory 

cytokines; summarised in Figure 1.4 (Jacobson et al, 2017). Radiation causes 

microvascular injury resulting in reduced blood flow to tissues, which is 

thought to cause ischemic damage (Dormand et al. 2005). However, it has 

been shown that human skin retains normal tissue oxygenation after radiation 

therapy, demonstrated by transcutaneous oximetry testing (Rudolph et al. 

1994). Therefore, there must be additional factors that contribute to effects of 

radiotherapy.  There is continued expression of TGF-β1 and β3 in 

keratinocytes, myofibroblasts and endothelial cells, which are involved in 

mediation of ECM deposition by fibroblasts and may be responsible for 
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propagating fibrosis (Olascoaga et al. 2008; Yarnold and Brotons 2010). It has 

been suggested that a dysregulation of MMPs and their tissue inhibitors may 

be responsible for the disorganised network of collagen formed by irradiated 

dermal fibroblasts (Haubner et al. 2015). One such example was 

demonstrated in a rat model of wound healing where the expression of MMP1, 

measured with light microscopy, electron microscopy, immunohistochemistry, 

and in situ hybridization, was markedly decreased in fibroblasts from irradiated 

rats (Gu et al. 2002). It is widely known that radiation exposure delays wound 

healing. A study in mice showed that in those subjected to punch wounding 

only, wounds closed at an approximate rate of 19 mm2/day. Whereas mice 

that had been irradiated before wounding took more than twice as long to 

close at an approximate rate of 8 mm2/day (Kiang et al. 2012). It was 

demonstrated by Rudolph et al 1988, that human dermal fibroblasts, from 

radiation-treated skin, had a reduced replicative capacity and growth rate in 

culture, indicating intrinsic damage to these cells independent of blood supply 

(Rudolph et al. 1988). In this study no cells could be cultured from radiation 

induced ulcers. Due to the difficulty in isolating cells with radiation damage 

following radiotherapy treatment, little evidence has been published from 

representative populations and radiation damage is often simulated by 

exposing normal dermal fibroblasts to radiation in vitro. 

1.3.1 Irradiated dermal fibroblasts 
Damage to fibroblasts during radiation injury is likely to be an important factor 

in subsequent dysfunctional wound healing, due to their involvement in the 

deposition of the ECM. A marked improvement in wound healing has been 

observed when normal dermal fibroblasts were injected into incisional 

irradiated wounds of rats, however their repair was still inferior to non-radiated 

controls (Ferguson et al. 1999). Nevertheless, little progress has been made 

in the further investigation of fibroblasts following radiation injury and their 

wound healing capabilities. It has been reported that dermal fibroblasts from 

irradiated skin are difficult to establish in culture and have longer proliferation 

times than those from healthy skin (Rudolph et al. 1988). This may have 
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contributed to the lack of research in vitro of irradiated human dermal 

fibroblasts.  

In contrast, radiation therapy has been investigated as a treatment for wound 

healing in the case of keloid scarring. Keloids are thought to occur due to 

abnormal collagen deposition and degradation by fibroblasts. Veen et al. 

(2007), showed the use of high dose rate (HDR) brachytherapy following 

keloid excision reduces the incidence of recurrence. This further defines the 

importance of a synchronous balance of collagen deposition and degradation, 

which may be the target for therapeutic strategies in wound healing.   

1.3.2 Radiotherapy in the treatment of breast cancer 
Adjuvant radiotherapy is used frequently in the standard treatment plan for 

breast cancer patients. It is offered following surgery to most patients apart 

from those with low risk of local recurrence following mastectomy (NICE, 

2018). A standard treatment plan is recommended by the National Institute for 

Health and Care Excellence (NICE), an organisation who create evidence-

based guidance and advice for health, public health and social care 

practitioners. Six studies of whole breast radiotherapy and survival were 

critically appraised and included a review during the creation of these 

guidelines. The standard dose of external beam radiotherapy given is 40Gy in 

15 fractions for women with invasive breast cancer after breast-conserving 

surgery or mastectomy. This dose is given 5 days a week for 3 weeks following 

surgery (NICE, 2018).  

1.4 Breast reconstruction 
Radiotherapy may be used as an adjunct to reduce the risk of recurrence of 

breast cancer; however, surgery is essential in order to remove cancerous 

breast tissue. A lumpectomy is a surgical procedure to remove a discrete 

"lump" of abnormal breast tissue whereas a mastectomy is a surgical 

procedure to remove one or both breasts. Following this, patients may elect 

to undergo breast reconstruction. The objective of breast reconstruction is to 

recreate a symmetrical breast for the patient in order to improve their aesthetic 

and psychological outcomes following mastectomy/lumpectomy.  
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There are variable approaches to the reconstruction of soft tissue defects 

which are selected according to numerous factors such as patient anatomy, 

co-morbidities and preference. Breast reconstruction is a carefully planned 

procedure which is individualised to each patient. Restoration of the breast 

may be performed by using an implant, autologous tissues, or a combination 

of the two. Autologous tissue including skin, fat, and muscle can be transferred 

to cover a tissue defect such as that following mastectomy and is called a flap 

reconstruction (O’Donoghue et al., 2018).  

Flap reconstructions, although more complex, are the preferred approach for 

many plastic surgeons as they provide a more natural shape and feel to the 

end result. A flap may either be transposed to a new location with an intact 

vascular pedicle (pedicled flap) or their blood supply may be physically 

detached from the donor site and anastomosed to vessels at the recipient site 

using microsurgical techniques (free flap) (Somogyi et al., 2018). Flaps often 

get their name from their donor vessels.   
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Figure 1.5 Illustration of breast reconstruction techniques. A- Implant-

based reconstruction, a silicone implant is inserted behind the chest wall 

muscles. B- Free lower abdominal flap reconstruction, skin and fat from the 

lower abdomen is transferred with its blood supply and microsurgical 

anastomoses are formed with blood vessels at the recipient site in the chest. 

In the diagram a small portion of muscle has also been included (TRAM flap) 

however when muscle is not taken this is a DIEP flap. From O’Donoghue et 

al (2018). 

 
The deep inferior epigastric perforator (DIEP) flap is a common method for 

breast reconstruction using excess skin and fat from the lower abdomen to 

form a new breast mound (Somogyi et al., 2018). Timing of reconstruction 

relative to the time of the mastectomy procedure is also variable and may be 

A 

B 



20 
 

immediate or delayed. Delayed reconstructions are performed after the 

completion of mastectomy and adjuvant therapy which may include post-

mastectomy radiotherapy (PMRT) (Jassem, 2017). Skin below a previous 

mastectomy incision is often severely fibrotic following PMRT and is replaced 

with healthy skin from a donor site during free flap reconstruction. 

1.4.1 Breast reconstruction and radiotherapy 
It is well documented that performing surgery on tissues which have 

previously been irradiated is associated with increased risks of complications 

including; infection, delayed healing, wound dehiscence, fistula formation, and 

wound necrosis (Wang et al, 2006). Whilst breast reconstruction is performed 

to improve patient quality of life following mastectomy, radiotherapy is 

necessary to reduce cancer recurrence and improve prognosis. Patients who 

receive PMRT and undergo breast reconstruction are more likely to suffer 

morbidity than those not receiving PMRT (Ho et al. 2017, Barry et al. 2011).  

Postoperative complications following breast reconstruction are numerous 

and may include seroma, capsular contracture, fat necrosis, fibrosis and 

return to theatre for salvage. Total flap loss is a rare but devastating outcome 

where an unviable flap must be removed. Kroll et al. (1998) reviewed 

outcomes of 1,384 free-flap procedures for breast reconstruction and head 

and neck defects. Patients who had flaps transferred to previously irradiated 

sites had a higher incidence of total flap loss than those transferred to non-

irradiated sites (Kroll et al. 1998). One retrospective study of delayed 

autologous breast reconstruction patients showed a 20% increase in overall 

complications, including postoperative infections and wound dehiscence 

following PMRT than those not exposed to radiotherapy (Momoh et al. 2012). 

The frequency of postoperative complications is increased with PMRT 

regardless of the reconstruction method performed. However, a poorer 

morbidity is associated with expander/implant reconstruction than with 

autologous flap reconstruction (Barry et al. 2011). The optimum timing of 

surgery following preoperative radiotherapy is unknown. However, an interval 

of 3–6 weeks following completion of radiotherapy has been suggested as a 

patient would have likely recovered from the acute effects and the chronic 
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fibrosis and microvascular compromise may have not yet developed (Wang et 

al, 2006). 

1.5 Stem Cells 
A stem cell is characterised by its ability to self-renew and its capacity to 

differentiate into multiple cell linages (Gimble et al. 2007). Given this 

regenerative capacity, stem cells have many potential applications in 

regenerative medicine which are a source of interest for future therapies. Stem 

cells were first described by Becker et al. in 1963 when haemopoietic stem 

cells from mice marrow were isolated (Becker et al. 1963). Since then, many 

types of stem cell have been identified and can be broadly categorized into 

embryonic and adult stem cells. Despite the pluripotency of embryonic stem 

cells, their use is limited by ethical and legal concerns. As a consequence, 

adult stem cells have been a focus for research.  

1.5.1 Human mesenchymal stem cells (MSCs)  
Human mesenchymal stem cells (MSCs) are adult stem cells with the potential 

to differentiate into multiple cell linages of mesenchymal tissues (Pittenger et 

al. 1999). Minimal criteria to define MSC were proposed by the Mesenchymal 

and Tissue Stem Cell Committee of the International Society for Cellular 

Therapy (ISCT) in 2006. These criteria have been described in order to 

generate standardization in comparing research observed by different 

investigators. According to these criteria, in order for a cell to be considered 

an MSC, it must demonstrate plastic adherence in standard culture conditions. 

Cells must express the cell surface markers: CD105, CD73, CD90, and a lack 

of expression of cell surface markers: CD45, CD34, CD14 or CD11b, CD 79α 

or CD19 and HLA-DR. Finally, they must have the potential to differentiate 

into osteoblast, adipocyte and chondroblast cell linages in vitro (Dominici et 

al. 2006). 

Methods of distinguishing fibroblasts from MSCs have been debated and it 

has been suggested that they may be part of the same cell population 

(Soundararajan and Kannan, 2018). Many studies have demonstrated that 

fibroblasts have similar morphology, cell surface markers and differentiation 
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capabilities. Denu et al, (2016) demonstrated fibroblast strains from breast, 

lung and neonatal foreskin expressed all ISCT consensus criteria cell surface 

markers used to define MSCs (Denu et al, 2016, Dominici et al. 2006). As well 

as plastic adherence they were are also able to demonstrate differentiation of 

fibroblasts from human breast and neonatal foreskin into adipocytes, 

chondrocytes, and osteoblasts using differentiation media. Despite many 

contradictory results for the surface marker characterization, few markers 

have been proposed to differentiate these two populations. Stage-specific 

embryonic antigen-4 (SSEA-4) is a stem cell marker which is absent in dermal 

fibroblasts but present in MSC populations (Gang et al. 2006).  CD146 is 

another cell surface marker which is not common to both cell types and is 

expressed by MSCs only (Halfon et al., 2011). There are numerous variations 

in the reported phenotypic similarities and differences of fibroblasts and MSCs 

which are debated but may present due to variable tissues of origin and donor 

heterogeneity (Denu et al, 2016). 

Both mouse and human MSCs have been reported to demonstrate a 

radiotherapy resistant phenotype. After high radiation doses, they are able to 

retain their stem cell characteristics, which may be due to strong activity of 

various DNA repair pathways (Nicolay et al. 2015).  

1.5.2 MSCs and malignancy 
One limitation of the therapeutic application of MSCs is the concern that MSCs 

may promote the growth and metastasis of cancerous cells. Cancerous cells 

may be present in patients due to a primary undiagnosed malignancy. Or, in 

patients with a history of malignancy, residual cancerous cells could remain 

following surgical resection. Many studies have been performed to investigate 

the tumour promoting effects of MSCs and have produced conflicting results. 

Reports indicating both promotion and suppression of tumour growth may 

contrast due to investigation in different cancer types as well as variable 

treatment protocols (Filomeno et al. 2018). One study reported the increased 

motility, invasion and metastasis of weakly metastatic human breast 

carcinoma cells when mixed with bone-marrow-derived human mesenchymal 

stem cells. The increase in metastatic potency was thought to be due to the 
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secretion of chemokine ligand 5 (CCL5) from MSCs and its paracrine activity 

on cancer cells (Karnoub et al. 2007). In contrast, a separate study 

demonstrated the inhibitory effect of human MSCs on the MCF-7 breast 

cancer cell line in vivo using mouse models. They also showed this in vitro as 

MSC conditioned media decreased numbers of colony-forming units and 

metabolic activity (MTT assay) of MCF-7 cells (Qiao et al. 2008). There are 

many reports to support the concept that MSCs promote tumour progression 

and metastasis as well as to show that MSCs suppress tumour growth. 

Despite these opposing results, no evidence of tumour formation has been 

reported in over 1,000 patients who have been treated with MSC for a variety 

of indications, thus far (Klopp et al. 2011).  

1.5.3 MSCs from bone marrow 
Adult stem cells isolated from bone marrow stroma have proved a useful 

source of MSCs, and bone marrow transplant is a common procedure in the 

treatment of various diseases such as leukaemia, lymphoma and myeloma 

(NHS England, 2019). However, bone marrow aspiration is an extremely 

painful procedure requiring general anaesthesia and the number of cells 

harvested is low, necessitating ex vivo expansion (Zuk et al. 2001; Zuk et al. 

2002; Lindroos et al. 2011). Therefore, stem cells with higher yield and simpler 

isolation procedures from an alternative source are desirable. 

1.6 Adipose-derived stromal cells (ASCs) 
Historically, it was thought that the function of adipose tissue was to store 

energy as fatty acids and provide the cushioning and thermal insulation of the 

body. Adipose tissue has now been shown to perform numerous additional 

roles such as in endocrine function involving glucose metabolism (Driskell et 

al. 2014). Leptin is synthesized and secreted almost exclusively by adipocytes 

and acts on the central nervous system to reduce food intake and promote 

energy expenditure (Rosen and Spiegelman, 2006). Leptin has also been 

shown to reverse hyperglycaemia in obese mice and improve glucose 

homeostasis in lipodystrophic mice (Rosen and Spiegelman, 2006). Adipose 

tissue is comprised of a multitude of cells of which just one third are mature 
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adipocytes (Trevor et al, 2020). The discovery of MSCs from so-called 

processed lipoaspirate (PLA) in 2001 established a new source of adult stem 

cells from subcutaneous adipose tissue (Zuk et al. 2001). Adipose-derived 

stem or stromal cells (ASCs) is the name which has been adopted for the 

source of multipotent mesenchymal stem cells that can be isolated from the 

SVF of human adipose tissue (Daher et al. 2008). The SVF is made up of a 

heterogeneous group of cells consisting of mesenchymal progenitor cells, 

endothelial cells, pre adipocytes, pericytes, T cells and macrophages (Bora 

and Majumdar 2017). A pictorial display of adipose tissue configuration is 

illustrated in figure 1.6 (Trevor et al, 2020) and a detailed comparison of the 

composition of SVF is illustrated in Table 1.2(Bourin et al. 2013). ASCs are 

found in the SVF of white adipose tissue such as in subcutaneous and omental 

fat that covers the intestines (Locke et al. 2009). In contrast to bone marrow, 

adipose tissue is more abundant and accessible and can be harvested 

through liposuction procedures under local anaesthetic (Bunnell et al. 2008). 

The prevalence of obesity is on the rise in the Western world and elective 

liposuction procedures are performed frequently. Bone marrow MSCs have 

also been shown to have a shorter culture period and a lower proliferation 

capacity than ASCs (Kern et al. 2006). Adipose tissue therefore represents a 

more favourable source of mesenchymal stem cells than bone marrow due to 

these qualities. Like MSCs, ASCs have also demonstrated some degree of 

radiation resistance. In cell culture, ASCs were less affected than normal 

human fibroblasts in cell proliferation following doses of between 2-12 Gy of 

external beam radiation (Haubner et al. 2015).  
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Figure 1.6 Composition of adipose tissue. Adipose tissue is comprised of 

a complex mixture of cells, one third of which are mature adipocytes. 

Following enzymatic digestion, the remaining two thirds contains multiple cell 

types known as the SVF (Trevor et al. 2020).  
 

 

 
Table 1.2 Composition of SVF according to the International Federation 
for Adipose Therapeutics and Science (IFATS) and International Society 
for Cellular Therapy (ISCT) (Bourin et al. 2013).  
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1.6.1 Isolation of ASCs 
Liposuction is a minimally invasive cosmetic procedure which is performed in 

the UK both privately and on the NHS and involves aspirating subcutaneous 

fat using a cannula under negative pressure. Liposuction aspirates primarily 

consist of saline and local anaesthetic solution, blood and adipose tissue 

fragments which separate into fluid and fatty portions. Cells isolated from the 

fatty portion of this suspension are termed processed lipoaspirate (PLA) and 

have been the predominant source of ASCs for investigation (Zuk et al. 2001). 

However, it has also been suggested that the fluid portion of liposuction 

aspirated termed liposuction aspirate fluid (LAF) also contains ASCs 

(Yoshimura et al. 2006). ASCs can also be harvested from surgical excision 

of subcutaneous adipose tissue which ensures a purer sample of adipose 

tissue is obtained.  

Rodbell (1966) was the pioneer of a procedure to isolate SVF cells from 

adipose tissue using collagenase digestion (Rodbell 1966). This method has 

since been adapted over many years and published methods for isolating 

ASCs from adipose involve the same core steps. Protocols begin with mincing 

the adipose tissues to increase surface area before incubating with 

collagenase solution in order to digest the tissue. Collagenase digestion is 

stopped after a period of incubation by adding an equal volume of culture 

medium. The resultant digestion medium is then filtered before being 

centrifuged (700G for 10 min). This separates the contents into three distinct 

fractions of floating mature adipocytes and a lower aqueous fraction with a 

reddish cellular pellet containing SVF cells at the bottom. The other contents 

are discarded to leave the SVF pellet. Erythrocytes are a major contaminant 

present in the SVF pellet and may be lysed to isolate a purer population using 

an Ammonium-Chloride-Potassium (ACK) lysis buffer. This reaction is then 

stopped by the addition of an equal volume of media before repeating 

centrifugation. The cell pellet is seeded into dishes/plates and incubated to 

allow attachment (Chen et al. 2016). This step allows for selection of the 

plastic adherent population of cells which includes ASCs. Mincing of fat may 

be done by hand but may be cut out of the methodology if lipoaspirates are 

used, provided the cannula dimensions are small enough to provide finely 

minced tissue fragments (Bunnell et al. 2008). Liposuction therefore reduces 
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the time taken to harvest cells although if ultrasound-assisted liposuction is 

used the number of ASCs isolated and their proliferative capacity is reduced 

(Oedayrajsingh-Varma et al. 2006). 

1.6.2 Characteristics of ASCs 
Several publications attempt to recommend criteria for positive and negative 

markers which may be used in identifying ASCs. One main difference between 

the SVF and ASCs which may be used to identify them is the low or 

undetectable level of CD45 in ASCs compared to SVF cells (Bourin et al. 

2013).This is a haemopoietic cell surface marker which should not be 

detectable in ASCs.  Cell surface markers repeatedly cited as positive in ASCs 

include: CD90, CD73, CD 105 and CD 44 (Bourin et al. 2013; Mildmay-White 

and Khan 2017). However, they may be distinguished from bone marrow 

MSCs by their positivity for CD36 and negativity for CD106 (Bourin et al. 

2013). 

ASCs display features similar to those of fibroblasts in that they have ample 

endoplasmic reticulum and a relatively large nucleus in comparison to their 

cytoplasmic volume (Gimble and Guilak 2003). In addition to the ability of 

ASCs to differentiate across multiple cell linages, they have also been shown 

to have the ability to secrete paracrine factors (Hassan et al. 2014). ASCs 

secrete various growth factors such as insulin-like growth factor (IGF), 

hepatocyte growth factor (HGF), TGF-β1 and vascular endothelial growth 

factor (VEGF) (Hassan et al. 2014). These qualities are of the greatest interest 

to researchers as they have potential in many clinical therapies.  

1.6.3 The ASC secretome 
The secretome of adipose derived stem cells is the source of much interest 

due to its potential for therapeutic strategies for many diseases. For example, 

in an in vivo rat model, human ASC conditioned media significantly 

accelerated wound healing 7 days after the creation of a full thickness skin 

wound (Yuan et al., 2017). ASCs secrete cytokines, growth factors, 

adipokines, neurotrophic factors and angiogenic factors such as PDGF, 

fibroblast growth factor (FGF), VEGF, HGF and angiopoietin into their 
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secretome (Dubey et al., 2018). This diverse mix of various components of 

which exert their beneficial effect through their paracrine activity can be 

harnessed by the use of conditioned media to deliver this to target cells. 

Human ASCs have been shown through qPCR and Western blot techniques 

to express FGF-2 and it has been demonstrated by ELISA that they release 

FGF-2. Both expression and release were more pronounced when they are 

cultured as spheroids (Bhang et al., 2011). FGF-2 has an important role in 

cutaneous wound healing to promote fibroblast proliferation and migration via 

the extracellular signal-regulated kinase(ERK)1/2 and c-Jun N-terminal kinase 

(JNK) pathways (Cooper et al. 2018 and Makino et al. 2009). One study 

quantified the concentration of FGF-2 and HGF in conditioned media 

generated from commercially acquired human ASCs by ELISA and found that 

there was 18-fold greater concentration of FGF-2 than HGF in the secretome 

(Yuan et al., 2017). As a potent component of conditioned media with known 

beneficial influences on fibroblasts it may contribute to the favourable effects 

of ASC conditioned media in wound healing. In addition to soluble factors, 

ASCs also secrete proteins, lipids, mRNA, miRNA, and long noncoding RNA 

into exosomes which may also influence wound healing. Exosomes from 

ASCs caused an enhanced migration of normal human dermal fibroblasts in 

an electric cell-substrate impedance sensing (ECIS) wound assay (Cooper et 

al. 2018). 

1.6.4 ASCs and wound healing 
In recent years, stem cells have been a source of interest for their potential 

use in chronic wound healing, primarily in critical limb ischemia and diabetic 

ulcers (Hassan et al. 2014). Two mechanisms for the enhancement of wound 

healing by ASCs have been suggested: by differentiation or by secretion of 

paracrine factors (Bertozzi et al. 2017, Hassan et al. 2014). Several studies 

have been undertaken to support the latter theory and have been summarised 

in table 1.3. ASCs have been shown to promote human dermal fibroblast 

proliferation, migration and production of collagen by both direct cell-to-cell 

contact and paracrine activation (Kim et al. 2007). In vitro human ASCs have 

been shown to secrete soluble growth factors such as VEGF, TGF-β and HGF 
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into culture media. (Rehman et al. 2004) Figure 1.6 depicts the action of the 

ASC secrectome upon dermal fibroblasts. 

 

 
 

Figure 1.7 The complex secretome of ASCs. The ASC secretome induces 

migration, proliferation and matrix remodelling in neighbouring dermal 

fibroblasts through various intracellular signalling pathways to enhance wound 

healing. Exosomes are taken up by neighbouring fibroblasts and transfer their 

contents (microRNAs, long non coding RNAs) which modulate responses in 

the recipient cell. AMPK denotes adenosine monophosphate protein kinase. 

(Adapted from Trevor et al. 2020). 
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Table 1.3 A summary of paracrine factors shown to influence modulation 
of dermal fibroblast proliferation, migration and matrix remodelling 
(Adapted from Trevor et al. 2020). 

1.6.5 Applications of ASCs to wound healing in irradiated tissue 
Little research has been conducted into the use of ASCs in relation to wound 

healing in radiotherapy damaged tissue. One case study in China reported the 

observed healing of radiation skin blisters, following 14.5 Gy whole body γ-

radiation, concomitant with peripheral infusion and subcutaneous injections of 

bone marrow MSCs, suggesting a potential benefit of MSCs in the treatment 

of radiation induced skin damage (Guo et al. 2014). The injection of abdominal 

fat has been used to heal pharyngo-cutaneous fistula following laryngectomy 

and radiotherapy (Haubner et al. 2015). Beneficial effects have also been 

reported from the transplant of lipoaspirates containing ASCs into chronic 

wounds caused by oncologic radiotherapy in human clinical trials (Rigotti et 

al. 2007). Another study showed that autologous ASC grafting in mini pigs 

improved CRS wound healing. However, allogeneic ASCs did not have the 

Paracrine factors secreted 
by ASCs 

Stimulatory effect of ASC secretome on 
dermal fibroblast function  

FGF-2 Increased proliferation 

HGF 

Exosomes  

Microvesicles 

FGF- 2 Increased migration 

Exosomes  

Microvesicles 

Adiponectin Matrix Remodeling  

(increased production of collagen I and III, TGFb, 

FGF2 and MMP1) 

Exosomes  



31 
 

same effect on wound healing (Riccobono et al. 2012). These observational 

studies provide little insight into the cellular mechanisms for such favourable 

outcomes demonstrated and more insight is needed into whether ASCs may 

be used as a therapy in irradiated wounds.  

In order to positively impact wound healing and reduce the negative effects of 

radiotherapy, ASCs may provide growth factors and modulate cell signalling 

in fibroblasts. In a recent study, normal human dermal fibroblasts (NHF) were 

irradiated during cell culture with doses of 2-12Gy resulting in a significant 

reduction in the expression of MMP1 and MMP13.  In this same study, NHF 

and ASCs were co-cultured and irradiated which resulted in a significant 

increase in gene expression of both MMP1 and MMP2 (Haubner et al. 2015). 

The change demonstrated in the balance of expression of MMPs in NHF co-

cultured with ASCs may be advantageous to NHF alone in wound healing.   A 

similar study investigated irradiated rabbit skeletal muscle in contrast to 

human skin. This demonstrated TGF-β1 was down regulated in irradiated 

rabbit skeletal muscle tissue in the presence of ASCs in comparison to a PBS 

control (Sun et al. 2016). TGF-β signalling has a central role in wound healing 

and dysregulation of the activity of this cytokine through the continuous 

production of TGF-β1 in irradiated tissues is thought to have a causative role 

in the radiation-induced fibrotic process (Martin et al. 2000). 

1.6.6 Difficulties and resistance of irradiated ASCs  
Despite a reported radiation resistance of MSCs, the potential therapeutic 

effects of subcutaneous adipose tissue in wound healing may be negatively 

affected by radiation (Nicolay et al. 2015). Precursor cells from the SVF of 

irradiated mice showed decreased proliferation and differentiation capacities 

compared to controls (Poglio et al. 2009). However, other sources report ASC 

proliferation is less affected by radiation than human dermal fibroblasts 

(Haubner et al. 2015). These authors reported that irradiated ASC proliferation 

was not significantly reduced in monocultures and ASCs appeared to protect 

the reduction in dermal fibroblast proliferation when irradiated in co-cultures 

(Haubner et al. 2015). Human MCSs also demonstrate resistance to 

chemotherapy. Treatment with antimetabolite drugs; 5-fluorouracil and 
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gemcitabine, had no effect on the morphology, surface marker expression, 

adherence, or motility of MSCs and did not induce apoptosis (Lopez Perez et 

al., 2019). The potential of ASC survival and preservation of cellular function 

following radiotherapy makes them a candidate to combat the challenges 

exhibited in irradiated skin. 
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1.7 Aims and objectives 
The ability of human skin to heal is significantly negatively impacted by 

external beam radiotherapy. Despite this, radiotherapy in addition to surgery 

is frequently used to eradicate breast cancer and may have a functional and 

cosmetic impact due to disruption of subsequent wound healing. Damage to 

underlying tissue specifically the dermal fibroblasts and ASCs may have long 

lasting effects. The following aims and objectives were identified to produce 

evidence for these specific changes and the use of ASCs to improve wound 

healing following radiotherapy. 

Aims:  

• To ascertain the long-term structural impairment of irradiated breast 

skin  

• To establish whether phenotypic differences exist in dermal fibroblasts 

cultured from irradiated donors that may impact on wound healing 

• To confirm whether ASCs can be cultured from irradiated breast tissue  

• To determine whether ASCs confer beneficial effects on irradiated 

dermal fibroblasts, specifically in relation to wound healing properties. 

Objectives: 

• Evaluate long term histological changes in the structural organisation 

of breast tissue in situ. 

• Characterisation of human dermal fibroblasts cultured from irradiated 

and non-irradiated donor tissue, in terms of proliferation, metabolism, 

migration, and expression of collagens, MMPs and TIMPs. 

• Culture and characterisation of human ASCs from the SVF of irradiated 

donor tissue, using a panel of antibodies specific to preadipocytes.  

• Analysis of specific growth factors in the ASC secretome, and the 

influence of the whole secretome on the proliferation, metabolism and 

migration of dermal fibroblasts from irradiated and non-irradiated skin.  
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2 Materials and Methods 

2.1 Materials 
2.1.1 Chemicals 
Chemicals supplied are displayed in Table 2.1 below.  

Product Cat No 

Thermo Fisher Scientific, UK 

Phosphate Buffered Saline 10010023 

Recovery™ Cell Culture Freezing Medium 12648010 

Pierce™ Coomassie (Bradford) Protein Assay Kit 

(Coomassie (Bradford) Protein Assay Reagent, 

Albumin Standard 2mg/mL) 

23200 

Invitrogen™, UK 

AlamarBlue™ HS Cell Viability Reagent A50101 

CyQUANT™ NF Cell Proliferation Assay Kit  C35007 

UltraPure™ DNase/RNase-Free Distilled Water 10977035 

InvivoGen, US 

Primocin™ Antimicrobial agent for primary cells ant-pm-2 

Sigma-Aldrich, UK 

Donkey serum D9663-10ML 

Adiponectin human SRP4901-25UG 

Bovine Serum Albumin solution A8412-100ML 
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FGF-2 human SRP4037-50UG 

Collagenase from Clostridium histolyticum C0130-1G 

Dulbecco’s Modified Eagle’s Medium - low glucose D6046-500ML 

Trypan Blue solution 0.4% 93595-50ML 

Tris base 10708976001 

Penicillin-Streptomycin 11074440001 

Trichrome Stain (Masson) Kit (Biebrich Scarlet-

Acid Fuchsin, Phosphomolybdic Acid Solution, 

Phosphotungstic Acid Solution, Aniline Blue 

Solution) 

HT15-1KT 

Acetic acid 71251-5ML-F 

Bouin’s Solution HT10132-1L 

Weigert’s Iron Hematoxylin Set HT1079-1 

Scott’s Tap Water Substitute Concentrate  S5134 

Aprotinin from bovine lung A6279 

Tocris, US 

Leupeptin hemisulfate 1167 

Pepstatin A 1190 

Biocolour, UK 

Sircol™ Soluble Collagen Assay, [Bovine 

Collagen] 

S1000 Std. Kit 

Abcam, UK 
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Hematoxylin and Eosin Staining Kit (Hematoxylin, 

Blueing Reagent, Eosin Y Solution) 

ab245880 

Limonene Mounting Medium ab104141 

Anti-CD10 antibody [56C6] ab951 

Anti-CD73 antibody [7G2] ab54217 

Anti-CD45 antibody [EP322Y] ab40763 

Anti-CD105 antibody [3A9] ab114052 

Donkey Anti-Rabbit IgG H&L (Alexa Fluor® 488) ab150073 

Donkey Anti-Mouse IgG H&L (Alexa Fluor® 488)  ab150105 

Donkey Anti-Rabbit IgG H&L (Alexa Fluor® 594)  ab150076 

Donkey Anti-Mouse IgG H&L (Alexa Fluor® 594)  ab150108 

Propidium Iodide ab14083 

Gibco™, UK 

Trypsin-EDTA (0.05%), phenol red 25300054 

Fetal Bovine Serum, New Zealand Origin 16030074 

GlutaMAX™ Supplement 35050061 

Vector Laboratories, US 

VECTASHIELD® Mounting Medium with DAPI H-1200 

Promocell, Germany 

Preadipocyte Growth Medium Kit (50μL/mL FBS, 

4μL/mL endothelial cell growth supplement, 

10ng/mL epidermal growth factor (recombinant 

C-27417 
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human), 1μg/mL hydrocortisone, 90μg/mL 

heparin) 

DetachKit C-41210 

Sakura, UK 

Tissue-Tek ® O.C.T. ™ Compound 4583 

Qiagen, Germany 

RNeasy Mini Kit 74104 

RNase-free DNase set 79254 

RNeasy PowerClean Pro Cleanup Kit 13997-50 

R&D Systems, US 

Proteome Profiler Human Protease/Protease 

Inhibitor Array (Human protease detection 

antibody cocktail, Human protease inhibitor 

detection antibody cocktail, Array buffer 6, Wash 

buffer, Streptavidin-HRP, Chemi Reagent 1, 

Chemi Reagent 2) 

ARY025 

Lysis Buffer 17 895943  

Human FGF basic Quantikine®ELISA Kit 

(Calibrator Diluent RD5-14, Human FGF basic 

standard, Assay diluent RD1-43, Wash buffer 

concentrate, Human FGF basic conjugate, Colour 

Reagent A, Colour Reagent B, Substrate Solution, 

Stop Solution) 

DFB50 

Human total Adiponectin Quantikine®ELISA Kit 

(Human adiponectin standard, Calibrator Diluent 

RD5-5, Assay Diluent RD1W, Wash buffer 

DRP300 
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concentrate, Human adiponectin conjugate, 

Colour Reagent A, Colour Reagent B, Substrate 

Solution, Stop Solution) 

Human VEGF Quantikine®ELISA Kit (Human 

VEGF Standard, Calibrator Diluent RD5K, Assay 

Diluent RD1W, Wash buffer concentrate, Human 

VEGF Conjugate, Colour Reagent A, Colour 

Reagent B, Substrate Solution, Stop Solution) 

DVE00 

Biolegend, US 

FITC anti-human CD10 Antibody  312208 

Table 2.1 Chemicals supplied by each distributor and their catalogue 
number.  

2.1.2 Human Skin Samples 
Human tissue was obtained via Ethical Tissue following ethical approval from 

Leeds (East) Research Ethics Committee. This was submitted 20/11/2017 

with the ISAC reference number 17/091. Excess human tissue was obtained 

with informed consent from female patients undergoing reconstructive DIEP 

flap surgery following breast cancer, mastectomy/wide local excision and 

40Gy in 15 fractions of radiotherapy. The following data was collected for 

these donors: age, ethnicity, smoking status, details of diagnosis, surgery, 

radiotherapy, chemotherapy and other treatments received, prescence of 

breast cancer (BRCA) gene, oestrogen receptor (ER), progesterone receptor 

(PR) and human epidermal growth factor receptor 2 (HER2) receptor. See 

Appendix 1 for extended donor collection data. Excess human control breast 

tissue was obtained with informed consent from female patients undergoing 

elective breast reduction surgery who had not received radiotherapy. The 

rationale for selection of breast reduction skin as control was ample non-

irradiated breast tissue was able to be collected. Data collected for these 

patients included age and ethnicity. Breast skin and subcutaneous fat samples 

were obtained from all donors and in addition abdominal skin was also 
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obtained from some donors. Samples were immediately placed on ice in 

transporting media (Section 2.2.2) and collected by Ethical Tissue Bank from 

the hospital. Samples were transported on ice, at approximately 4-8°C, and 

processed within 24 hours. 

2.1.3 Cell culture media 

Transport media: 
Dulbecco's Modified Eagle Medium (DMEM), 100μL/mL Fetal Bovine Serum 

(FBS), 6μL/mL Pen-Strep 

Primary fibroblast growth media: 
DMEM 500mL + 100μL/mL FBS + 2μL/mL primacin + 10μL/mL Glutamax 

Serum free primary fibroblast media: 
DMEM 500mL + 2μL/mL primacin + 10μL/mL Glutamax 

Preadipocyte growth media: 
Promocell preadipocyte basal medium + 50μL/mL FBS, 4μL/mL endothelial 

cell growth supplement, 10ng/mL epidermal growth factor (recombinant 

human), 1μg/mL hydrocortisone, 90μg/mL heparin, 2μL/mL primacin 

Serum free preadipocyte media:  
Promocell preadipocyte basal medium + 4μL/mL endothelial cell growth 

supplement, 10ng/mL epidermal growth factor (recombinant human), 1μg/mL 

hydrocortisone, 90μg/mL heparin, 2μL/mL primacin 

Tissue washing solution: 
Phosphate Buffered Saline (PBS) + 10μL/mL primacin 

Collagenase solution: 
Preadipocyte growth media + 1mg/mL collagenase 

All media was stored at 4 ˚C and all supplements at -20 ˚C. Prepared media 

was kept at 4 ˚C and used within 4 weeks. 
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2.1.4 Human primary cell lines used 
A list of human primary cell lines that were established for this study is given 

in Table 2.2. Each cell line was assigned a sample identification code for 

simplicity. Each donor was also assigned a symbol according to whether 

donors were exposed to radiotherapy (triangles) or not (circles). They were 

also assigned a colour from the spectrum of visible light from red for the 

youngest donor to violet for the eldest. Minimum significant relevant data from 

donors who had previous radiation treatment was collected in relation to 

factors which further characterise their treatment profile. This more detailed 

data is displayed in Appendix 1. Whether tissue was used for histology, dermal 

fibroblast culture and SVF culture is also illustrated in this table for reference. 

Pre adipocyte cells were also commercially sourced from Promocell and 

information regarding the donor is displayed in table 2.3. 
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Sample 
Code 

Symbol Age Ethnicity Radio-
therapy 

Histology DF SVF 

CON1  32 Indian ✗ ✓ ✓ ✓ 

CON2  53 Caucasian ✗ ✓ ✗ ✗ 

CON3  59 Caucasian ✗ ✗ ✓ ✓ 

CON4  70 Caucasian ✗ ✓ ✓ ✓ 

IR1  48 Caucasian ✓ ✓ ✓ ✗ 

IR2  50 Caucasian ✓ ✓ ✓ ✗ 

IR3  51 Caucasian ✓ ✓ ✓ ✓ 

IR4  54 Caucasian ✓ ✓ ✓ ✗ 

IR5  55 Caucasian ✓ ✓ ✗ ✗ 

Table 2.2 Table of donors. All dermal fibroblast primary cell lines used were 

derived from female breast skin. Donor-matched SVF was obtained from 

breast subcutaneous fat of some donors. SVF denotes stromal vascular 

fraction and DF denotes dermal fibroblast. Each donor was given a symbol for 

representation of characteristics, circles represent non-irradiated donors and 

triangles represent irradiated donors. Age is portrayed using colours of the 

spectrum of visible light including; red, orange, green, blue and violet. Red 

(longest wavelength) represents the youngest donor and violet (shortest 

wavelength) represents the eldest. The remaining donors were assigned a 

colour with a corresponding wavelength in between. 
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Sample 
Code 

Symbol Age Sex Ethnicity Pigmentation BMI 

PA  56 Female Caucasian Light 23.8 

Table 2.3 Donor characteristics of abdominal preadipocytes sourced 
from Promocell. A square symbol was given for representation of different 

source characteristics as the sample was derived from non-irradiated 

abdominal tissue. Age is portrayed using dark green as this is in keeping with 

the central colour of the spectrum of visible light reflecting that this age is 

towards the middle of the youngest and oldest donors.  
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2.2 Methods 

2.2.1 Cryosectioning of frozen tissue sections 
Skin samples were all derived from female breast surgery. Breast reduction 

samples had ample fat and extremely large in size in comparison to samples 

of irradiated breast skin which were much smaller and had scarce 

subcutaneous fat. This is owing to both the indication for surgery and the 

patient selection. Half of the human breast tissue was cut into 0.5mm2 cubes 

with a scalpel and transferred to cryovials. These were flash frozen by 

submerging in liquid nitrogen for approximately 30 seconds before transferring 

to a -80°C freezer for long-term storage. When ready for processing, frozen 

tissue sections were removed from the -80°C freezer and orientated and 

embedded with Tissue-Tek O.C.T Compound (Sakura) for cryosectioning. 

The sample block was allowed to equilibrate in the CM3050 Cryostat (Leica) 

chamber temperature (-22°C) for approximately 20 minutes. The cryostat was 

used to cut skin perpendicularly and consecutive 10μm longitudinal sections 

were collected onto X-tra™ adhesive slides (Leica). Slides were then fixed in 

ice cold methanol for 10 minutes at -20°C.  

2.2.1.1 Hematoxylin and Eosin staining of frozen tissue sections 
H&E Staining Kit (Abcam) was used on frozen tissue sections from irradiated 

and non-irradiated donors. Haematoxylin and Eosin is one of the most widely 

used stains in histology and provides contrast of purple-stained nuclei with 

pink-stained cytoplasm. Frozen tissue sections were prepared onto slides as 

described in section 2.5.1. Sections were then hydrated in PBS before 

immersing in a 50mL falcon tube containing Hematoxylin, Mayer’s (Lillie’s 

Modification) for five minutes. Slides were submerged in two changes of 

distilled water to remove excess stain and then immersed in Blueing Reagent 

and incubated for 10-15 secs. Sections were again submerged in two changes 

of distilled water before being dipped in absolute alcohol. Excess alcohol was 

blotted off before submerging in Eosin Y Solution (Modified Alcoholic) and 

incubating for 2-3 mins. The sections were rinsed and dehydrated in four 

changes of absolute alcohol and left to air dry for 30 secs before being 
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mounted with synthetic resin under a coverslip. Tissues were viewed with a 

Nikon Eclipse 80i Epiflurescence mircroscope and photographed with a 

MicroPublisher 3.3 RTV camera (Qimaging). 

2.2.1.2 Histometric analysis of epidermal thickness from haematoxylin 
and eosin sections of irradiated and non-irradiated breast tissue.  
Haematoxylin and eosin sections were prepared as described in section 2.5.2. 

Images of tissues were viewed with a Nikon Eclipse 80i Epiflurescence 

mircroscope at 10X objective magnification (total magnification 12.5X) and 

photographed with a MicroPublisher 3.3 RTV camera (Qimaging). Three 

sections per donor were analysed using Image J software. An image of the 

stage micrometre graticule (Ltd Tonbridge, UK) taken under the same 

magnification was used for conversion of the image scale from pixels to μm. 

Epidermal area was measured from three random 500μm length sections of 

each tissue section. Area was measured by tracing the perimeter of the 

epidermis in Image J, as shown in figure 2.1. Mean epidermal thickness was 

calculated in Excel by dividing each area by 500μm and then calculating mean 

of three replicates. Statistical analysis of the results was performed using 

unpaired t test in GraphPad Prism 6.   

Figure 2.1 Epidermal area of 500μm length section traced with Image J 
software (yellow line) and used to calculate mean epidermal thickness.  
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2.2.1.3 Trichrome staining of frozen tissue sections 
Trichrome Stain (Masson) Kit (Sigma-Aldrich) was used to stain frozen tissue 

sections from both irradiated and non-irradiated donors. This stain produces 

three distinct colours and allows the identification of blue coloured collagen 

against pink-stained cytoplasm and brown-stained nuclei.  Frozen tissue 

sections were prepared onto slides as described in section 2.5.1 and hydrated 

in PBS before incubating in a 50ml Falcon tube containing preheated Bouin’s 

Solution at 56°C for 15 minutes. They were then cooled in two changes of 

Scott’s tap water at room temperature. Tissues were stained in Working 

Weigert’s Iron Hematoxylin Solution for 5 minutes and washed with two 

changes of Scott’s tap water for 5 minutes before immersing in deionized 

water. Tissues were stained in Biebrich Scarlet-Acid Fuchsin for 5 minutes 

before immersing in deionized water for 30 seconds and then incubating in 

Working Phosphotungstic/Phosphomolybdic Acid Solution for 5 minutes. 

Slides were transferred to Aniline Blue Solution and incubated for 5 minutes 

before immersing in 1% Acetic Acid, for 2 minutes. The sections were then 

dipped in deionized water and dehydrated in absolute alcohol for one minute. 

Slides were air dried for 30 seconds before being mounted with synthetic resin 

under a coverslip and photographed with a microscope for analysis. Tissues 

were viewed with a Nikon Eclipse 80i Epiflurescence mircroscope and 

photographed with a MicroPublisher 3.3 RTV camera (Qimaging). 

2.2.2 Cell Culture 

2.2.2.1 Establishment of primary cells cultures from human skin 
The remaining skin samples derived from female breast surgery not flash 

frozen were transferred to a 100mm square tissue culture dish (Starstedt) and 

processed within 24 hours. Skin was first rinsed with tissue washing solution 

three times. Fat tissue was carefully dissected and separated for collagenase 

digestion using a size 15 scalpel and 14cm straight Mayo scissors for more 

blunt dissection of larger adipose lobules. The remaining skin was transferred 

to a separate dish and cut into approximately 0.5mm2 cubes using a size 15 

scalpel.  
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Figure 2.2 Preparation of human breast tissue for isolation of primary 
cell cultures. A- Human breast reduction tissue donated. B- Human 
irradiated breast tissue during processing. 

2.2.2.2 Primary dermal fibroblast isolation, culture, and passaging 
The epidermis and deep dermis were removed with a size 15 scalpel and 

12cm Adson non-toothed forceps and discarded leaving a small slice of 

dermis which was placed into clean 100mm square tissue culture square 

dishes containing fibroblast growth medium. Between 6 and 10 pieces of 

dermis measuring approximately 5mm2 each were placed with the papillary 

dermis facing down as shown in Figure 2.3. Tissue was incubated at 37°C, in 

a humidified incubator of 5% CO2 in air and media was changed after seven 

days and then twice weekly thereafter, allowing cells time to explant.  

 
Figure 2.3 A- Square tissue culture dishes with dermis pieces for 
explantation B- Dermal fibroblasts seen explanting from irradiated 
breast skin (IR3) at 4 weeks following skin preparation (magnification 
15X). 

A. B. 

A. B. 
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Previously irradiated skin took approximately 6-14 weeks to show adequate 

amounts of explanting cells whereas skin which had no prior radiation therapy 

took 3-8 weeks to show adequate explantation sufficient for skin removal. 

Adequate amounts of explanting fibroblasts were defined as more than 3 

colonies of more than 5 detached cells. Once adequate amounts of explanted 

fibroblasts were seen in dishes, skin was removed with forceps and discarded. 

After 3-7 days, which allowed for more replication of cells, dishes were 

washed X3 with PBS before 10ml trypsin/EDTA 0.05% was added. Cells were 

incubated at 37°C during detachment, which took approximately 3 minutes. 

Once cells had detached, an equal volume of fibroblast growth media was 

added to neutralise the trypsin. The solution was added to two 15ml Falcon 

tubes and centrifuged for 5 minutes at 600G. The cell pellets were re-

suspended into 10ml fibroblast growth media and transferred into T75 flasks.  

The T75 flasks were transferred to a HeracellTM 150i humidified incubator 

and incubated at 37ºC and 5% CO2 in air. The fibroblast media was changed 

every other day until the primary dermal fibroblasts reached 85% confluency. 

This normally took between 5 to 10 days. Once they had reached 85% 

confluency, the primary dermal fibroblasts were further subcultured. They 

were washed with PBS twice before 0.05% (7 ml) trypsin/EDTA (Sigma-

Aldrich, UK) was added and the fibroblasts were incubated for another 3 

minutes at 37ºC. The T75 flasks were examined under a phase contrast 

microscope to check that cells had detached from the flasks. An equal volume 

to the trypsin/EDTA solution (7 ml) of fibroblast media was added to each 

flask. The cell suspension was centrifuged for 5 minutes at 600G. 

Approximately 14ml of supernatant was removed and the cell pellet re-

suspended in 10ml fibroblast growth media. For routine fibroblast passaging, 

the cells were split at a ratio of 1:3 and cultured in T75 flasks.  

2.2.2.3 Culture media changed to facillitate experiments 
Until passage three primary dermal fibroblasts were cultured in fibroblast 

growth media. This media was used to ensure fibroblast explantation and 

culture from donor skin. From this point onwards, and for all experimental 

analysis, primary dermal fibroblasts were cultured in preadipocyte media. This 
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did not appear to affect their growth or morphology from observation under 

light microscopy therefore media was switched without a specific weaning 

regime. The purpose of this media change was to maintain the same media 

throughout all experimental analysis and exclude difference in media as a 

possible variable for observed differences. Conditioned media from 

preadipocytes and SVF therefore contains all of the same components as the 

basal media with secreted factors being the only variable to account for 

change.  

2.2.2.4 Stromal vascular fraction isolation, culture and passaging 
Methodology was developed for the isolation of SVF cells from breast tissue 

subcutaneous fat adapted from the literature (Bunnell et al, 2008 and Chen et 

al, 2016). Non-irradiated and irradiated breast subcutaneous fat was available 

from the donor samples. Abdominal subcutaneous fat is more often used for 

isolation of SVF in the literature however only non-irradiated abdominal fat 

was available to use from the control donors therefore this was isolated but 

stored for possible further research projects. It has been suggested that ASCs 

situated in different depots have variable characteristics therefore all SVF 

used for further analysis was isolated from breast subcutaneous fat alone to 

ensure comparable samples were used (Trevor et al, 2020). Subcutaneous 

fat was rinsed with tissue washing solution, minced with 14cm straight Mayo 

scissors and approx. 15ml fat was transferred to a 50ml tube containing 15ml 

collagenase solution. The fat and collagenase solution was vortexed briefly 

for 10-15 seconds and incubated at 37°C for one hour. During this time the 

solution was aggregated every 5-10 minutes to ensure maximum digestion of 

fat. After one hour, 15ml preadipocyte growth media was added to dilute the 

collagenase and slow digestion of the tissue. The solution was sifted with a 

cell strainer (BD Falcon Cell strainer 40 micrometer) into new 50ml tubes to 

remove large fatty material. The solution was centrifuged at 600G for 5 

minutes, the resultant suspension is illustrated in figure 2.4.  
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Figure 2.4 A- Subcutaneous fat dissected from non-irradiated donor 
breast tissue. B- SVF pellet at base of tube with floating fatty portion. 

The floating fatty portion and supernatant were discarded from the centrifuged 

solution and the pellet was resuspended in 15ml preadipocyte media. This 

was again centrifuged at 600G for 5 minutes before the resulting pellet was 

resuspended in 20ml preadipocyte media and divided between two T75 flasks. 

The T75 flasks were incubated at 37°C for 24 hours to allow cell attachment, 

then cells were washed with PBS three times before replacing media daily to 

ensure red blood cells within the SVF pellet were washed away. After between 

Figure 2.5 Method used for SVF from irradiated breast tissue and 
normal breast skin. Subcutaneous fat from breast tissue is first minced and 

digested with collagenase solution. It is then filtered and centrifuged and the 

resulting SVF cell pellet is cultured. The dermis is also used to isolate donor 

matched dermal fibroblasts. 
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3-5 days the cells reached approximately 85% confluency and the cells were 

passaged. They were washed with PBS twice before 0.05% (7 ml) 

trypsin/EDTA was added and the SVF cells were incubated for another 2 

minutes at 37ºC. Cell detachment from the flask was determined under the 

phase contrast microscope. An equal volume to the trypsin/EDTA solution (7 

ml) of preadipocyte media was added to each flask. The cell suspension was 

centrifuged for 5 minutes at 600G. The supernatant was removed, and the cell 

pellet resuspended in 10ml preadipocyte media. For routine SVF passaging, 

the cells were split at a ratio of 1:3 and cultured in T75 flasks. The 

preadipocyte media was changed every other day until cells derived from the 

SVF reached 85% confluency. This normally took between 3-5 days. Figure 

2.5 illustrates the method used. 

2.2.2.5 Preadipocyte culture and passaging 
Preadipocytes were obtained from Promocell. Cells were suspended in 

preadipocyte media and transferred to T75 flasks. At approximately 85% 

confluency the cells were passaged. They were washed with 7ml HEPES 

buffered Balanced Salt Solution (HEPES BSS, Promocell) twice before 0.04% 

(7 ml) trypsin/EDTA was added and cells were incubated for another 2 

minutes at 37ºC. Cell detachment from the flask was determined under the 

phase contrast microscope. An equal volume to the Trypsin/EDTA solution (7 

ml) of Trypsin Neutralization Solution (TNS) was added to each flask. The cell 

suspension was centrifuged for 5 minutes at 600G. The supernatant was 

removed, and the cell pellet resuspended in 10ml preadipocyte media. For 

routine preadipocyte passaging, the cells were split at a ratio of 1:3 and 

cultured in T75 flasks. The preadipocyte media was changed every other day 

until the preadipocytes reached 85% confluency. This normally took between 

3-5 days. 

2.2.2.6 Cell counting/Viability 
Cell count and viability was determined using a Neubauer haemocytometer 

(Hawksley, UK). Cell suspension was counted, under an Olympus inverted 

CKX41 microscope, following trypsinisation when the cell pellet was 
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resuspended in 1ml media. To determine cell viability, 1ml trypan blue solution 

0.4% (Sigma-Aldrich,UK) was added. The following formulas were used to 

determine total number of viable and non-viable cells: 

 

 

 

 

2.2.2.7 Cryopreserving and thawing of human dermal fibroblasts, 
stromal vascular fraction and preadipocytes.  
Once the cells were in a pellet the supernatant discarded, the cells were re-

suspended in 1ml of Recovery™ Cell Culture Freezing Medium 

(Thermofisher). The cell suspension was transferred to 1ml CryoPure tubes 

(Sarstedt). Sample tracking number, passage number, gender and age of the 

patient, date of freezing and size of flask were recorded on the CryoPure tubes 

label as appropriate. The tubes were placed in Mr. Frosty™ Freezing 

Container, which was placed in the -80°C freezer for 24 hours, before finally 

being transferred to the liquid nitrogen storage tank. 

Thawing of cells was done quickly (<5 minutes) by holding the CryoPure tube 

under warm running water. The thawed cell suspension was added to pre-

warmed growth medium (37ºC) in T75 or other appropriately sized flasks. The 

media was changed after 24 hours once cells were attached. 

2.2.2.8 Measuring morphology of cultured dermal fibroblasts 
Dermal fibroblasts from donors exposed to radiotherapy and donors with no 

radiotherapy exposure were plated in 6 well plates at a density of 50,000 cells 

per well in 1ml preadipocyte media and incubated at 37°C. After two days, 

thirty random images of sub confluent dermal fibroblasts were taken under a 

Nikon Eclipse TS100 inverted microscope at 20X objective magnification (total 

magnification 25X) and analysed using Image J software. An image of the 

stage micrometre graticule (Ltd Tonbridge, UK) taken under the same 

magnification was used for conversion of the image scale from pixels to μm. 

 Number of cells/ml = Total cells counted  dilution factor        104 
number of squares  

 

X X 

% Viability =  Total number of viable cells 100 
Total number of cells  

 

X 
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Cell area, circularity and perimeter was measured (Al-Rikabi et al, 2020) from 

50 random cells per donor and mean values were calculated in Excel. 

Statistical analysis of the results was performed using unpaired t test in 

GraphPad Prism 6.   

2.2.3 Proliferation of dermal fibroblasts from donors with and without 
radiotherapy exposure; quantitated by CyQuant assay 
A CyQuant assay (Invitrogen™) was performed to assess differences in 

dermal fibroblast proliferation from irradiated and non-irradiated donors. 

Cellular DNA content is closely proportional to cell number. The CyQuant 

assay measures the total number cells by using a florescent dye to bind 

cellular DNA content and therefore estimate cell number. Consequently, the 

assay measures the total cell count of all live and dead cells and is effective 

for 100 to 20,000 cells per well linear detection range in a 96-well microplate. 

Dermal fibroblasts were seeded into 5 black 96-well plates (Greiner Bio-One) 

at a density of 1000 cells/well in primary fibroblast growth media and were left 

for 24 hours to attach. This seeding density falls within the linear detection 

range but allows for 20-fold further replication and detection. The age of the 

donors, passage number and sample code of dermal fibroblasts used are 

specified in Table 2.4. Cells were washed carefully with PBS before incubating 

in serum free primary fibroblast media for 24 hours. Cells were washed again 

with PBS before addition of 100 μl Primary fibroblast starvation media. 

Separate plates were used for measurement at time intervals of 24, 48, 72, 

96 and 120 hours. 1X dye binding solution was prepared by adding 22μl of 

CyQuant FT dye reagent to 11mL of 1XHBSS buffer. After each incubation at 

37°C, media was carefully removed using a pipette. 100μl of 1Xdye binding 

solution was added into each microplate well. The plate was covered with foil 

to protect from light and incubated at 37°C for 60 minutes. Fluorescence was 

then measured using a plate reader at ambient temperature (excitation 

wavelength 485nm, emission 530nm). Media was replaced every other day 

for plates incubated for over 48 hours. Four technical replicates were 

performed for each donor. Fluorescence values were exported into Microsoft 

Excel for analysis. A reference standard curve was created and used in order 
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to convert sample fluorescence values into cell number. Data was then 

transferred into GraphPad Prism for statistical analysis.  

 

Sample  Irradiation Donor Age Passage number 

IR1 Y 48 3 

IR2 Y 50 3 

IR3 Y 51 4 

IR4 Y 54 3 

CON1 N 32 3 

CON4 N 70 3 

Table 2.46Human dermal fibroblasts used for Alamar Blue, CyQuant and 
Sircol assays. 

2.2.4 Metabolic activity of human dermal fibroblasts isolated from 
donors with and without radiotherapy exposure quantitated by 
AlamarBlue® assay 
An Alamar Blue® assay was performed to assess differences in metabolic 

activity in dermal fibroblasts isolated from donors with and without previous 

exposure to radiotherapy. Resazurin is a non-fluorescent blue coloured 

indicator dye used in this assay that undergoes chemical reduction to bright 

red–fluorescent resorufin in metabolically active cells. The amount of 

fluorescence or absorbance detected thus corresponds to cellular metabolic 

activity. The assay is highly sensitive with a linear response and may detect 

metabolic activity of as few as 50 cells per well. Dermal fibroblasts were 

seeded in fibroblast growth media into Black 96-well plates (Greiner Bio-One) 

at a density of 1000 cells/well and were left for 24 hours to attach. Cells were 

plated at this density in order to ensure cells were sub confluent but above the 

minimum detection level for this assay. The age of the donors, passage 

number and sample code of dermal fibroblasts used are specified in Table 
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2.4. Cells were washed carefully with PBS before incubating in serum free 

media for 24 hours. Cells were then washed again with PBS before addition 

of 100 μl serum free media. The Alamar Blue® (Thermo Fisher Scientific) 

reagent (10 μl) was added into each well after 24 hours. Following addition of 

Alamar Blue® HS reagent, plates were protected from light by wrapping in foil. 

Fluorescence was measured at 3, 12, 36, 60, 82 and 154 hours after adding 

the Alamar Blue® HS reagent, using a plate reader at 37ºC (excitation 

wavelength 560nm, emission 590nm). Cell metabolism was continuously 

monitored over an extended time frame in order to observe for any delayed 

effects. During this time media and Alamar Blue® HS reagent was replaced 

every other day. 

Fluorescence values were exported into Microsoft Excel for analysis. Four 

technical replicates were performed for each treatment. Statistical analysis 

was performed in GraphPad Prism.  

2.2.5 Migration of human dermal fibroblasts, from donors with and 
without previous radiotherapy exposure; following mechanical 
wounding in vitro using a scratch wound assay 
To analyse differences in migration of dermal fibroblasts isolated from donors 

with and without radiotherapy exposure, a scratch wound assay was 

performed. This involved inducing a scratch wound through the mechanical 

removal of a fixed width of cells from a cell culture well and observing the 

migration of cells across the wound edge. The age of the donors, DF passage 

number and sample code of dermal fibroblasts are specified in Table 2.5.  
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Sample Irradiation Donor Age Passage number 

IR1 Y 48 3 

IR2 Y 50 4 

IR3 Y 51 3 

IR4 Y 54 3 

CON1 N 32 3 

CON3 N 59 3 

CON4 N 70 3 

Table 2.5 Human dermal fibroblasts used for scratch wound assay. 
 
Dermal fibroblasts were plated into 6-well plates in triplicate at a cell density 

of 150,000 cells per well in preadipocyte media. The cells were incubated at 

37ºC and 5% CO2 in air and grown to a confluency of 85%, which took 

approximately 2-5 days. This seeding density allowed sufficient time to 

prepare for the experiment whilst waiting for cells to become the correct 

confluency. Once dermal fibroblasts had reached 85% confluency, they were 

washed three times with 1ml PBS and incubated for 24 hours at 37ºC and 5% 

CO2 in air in 1ml of serum free media in order to arrest the cell cycle and 

ensure cells were not proliferating. A scratch assay was performed using a 

device for removing a fixed width of 0.8mm of cells (Figure 2.6) which was 

provided by Dr Kamala (Kamala, 2014). This device was used to improve 

consistency of the scratch. After scratching, cells were carefully washed with 

1ml PBS 3 times in order to remove cell debris and then incubated in fresh 

serum free preadipocyte media. Three replicates were carried out for each of 

the conditions studied. A CooLpix 4500 Nikon camera was used to take 

images under a Nikon Eclipse TS100 inverted microscope at intervals of 0, 6, 

24 and 48 hours. A template (Figure 2.6) was used to ensure pictures were 

taken at fixed points across the scratch wound at each time point.  
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Figure 2.6 A- Scratch device provided by Dr. Kamala in 6-Well plate set 
up for scratch wound assay (Kamala, 2014). B- Six horizontal lines drawn 
from a template on bottom of well to mark fixed points for measurement.  

2.2.5.1 Analysis of migration 
Images were taken at 4X magnification and analysed using Image J software. 

An image of the stage micrometer graticule (Ltd Tonbridge, UK) taken under 

the same magnification was used for conversion of the image scale from 

pixels to μm. The distance between the wound edges was measured at six 

fixed points for each well. As each condition was replicated in triplicate dishes, 

a total of 18 data points were obtained from each treatment for each donor. 

The mean reduction in diameter of scratch was then calculated at the different 

time points (6, 24 and 48 hours) for each well and the mean % reduction of 

scratch diameter of donors was calculated in Microsoft Excel. Statistical 

analysis of ANOVA was performed in GraphPad Prism 6. 

2.2.6 Quantitative real-time PCR (qRT-PCR) to determine changes in 
transcriptional expression of genes in DFs cultured from irradiated and 
non-irradiated skin 
Primary dermal fibroblasts from normal breast skin and breast skin from 

irradiated donors were seeded in triplicate into 6-well plates at a cell density 

of 150,000 cells per well in preadipocyte media. The cells were then incubated 

in at 37ºC and grown to a confluency of 85% which took approximately 48 

hours. RNA was then harvested from three wells per donor for COL1A1, 

COL3A1, MMP1, MMP2, TIMP1 and PPAR-γ mRNA expression analysis. 

A B 



57 
 

2.2.6.1 RNA extraction  
Total RNA extraction was performed with the RNeasy Mini Kit (QIAGEN, UK). 

350µL Buffer RLT was added to the cell monolayer in each well (in triplicate). 

The well surface was scratched with the pipette tip and the solution was 

pipetted up and down several times. The resulting suspension was transferred 

to a 1.5 ml micro centrifuge tube and 350µL 70% ethanol was added to the 

cell lysate and mixed by pipetting up and down. This suspension was 

transferred to an RNeasy Mini spin column placed in a 2 ml collection tube. 

This was centrifuged for 15 seconds at 8000G. The flow-through was 

discarded and 350 µl Buffer RW1 was added to RNeasy column. This was 

then centrifuged for 15 seconds at 8000G and flow-through was discarded. 

2.2.6.2 DNase Digestion  
To remove any possible DNA contamination of the sample DNase digestion 

was performed using the RNase-free DNase set (QIAGEN). 10 µl DNase I 

stock solution was mixed with 70 µl Buffer RDD and briefly centrifuged for 5 

seconds at 1000G. The resulting solution was directly added to the RNeasy 

column membrane and allowed to stand for 15 minutes at room temperature. 

Following DNA digestion, 350µl of Buffer RW1 was then added to the RNeasy 

column and centrifuged for 15 seconds at 8000G. The flow through was 

discarded and a further 700 µl Buffer RW1 was added to the RNeasy spin 

column and again centrifuged for 15 seconds at 8000G. The flow-through was 

discarded before washing the RNeasy column by adding 500 µl Buffer RPE 

to the RNeasy spin column and centrifuging for 15 seconds at 8000G. This 

wash was repeated by discarding flow through adding another 500 µl Buffer 

RPE to the RNeasy spin column and centrifuging for a longer period of 2 

minutes at 8000G. The RNAeasy column was placed in a new collection tube 

and further centrifuged at 8000G for 1 minute to dry the membrane and 

remove residual buffer. The RNeasy column was transferred to a new 

collection tube and 40µl RNase-free water was added directly to the spin 

column membrane. The RNA was eluted by centrifuging for 1 minute at 

8000G. The resulting RNA sample collected in the tubes was then stored at -

80ºC. 
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2.2.6.3 RNA Quantification  
A NanoPhotometer (IMPLEN) was used for RNA quantification and to perform 

quality control checks for RNA purity. One microliter of nuclease-free water 

was used as a blank for calibration. For quantification of RNA, absorbance 

measurements were made using the NanoPhotometer. The purity of RNA 

extracted was determined by the ratio of absorbance at 260nm and 280nm 

given by the spectrophotometer reading. A ratio of >2.0 is generally accepted 

as ‘pure’ RNA, indicating the sample is unlikely to be contaminated by the 

presence of DNA. Absorbance at 260nm and 230nm was used as a secondary 

measure of nucleic acid purity of which a range of 2.0-2.2 was considered to 

be acceptable, outside of which may indicate protein contamination. Lower 

ratios indicate the presence of contaminants such as proteins, phenols and 

guanidine thiocyanate (Bio-rad, 2013). 

2.2.6.4 RNA Purification 
Where nucleic acid purity was insufficient (A260/A230 below 2.0) the RNeasy 

PowerClean Pro Cleanup Kit was used to purify RNA. The RNA sample was 

added to a 2ml collection tube and the volume was made up to 100ul with 

RNase-free water. 50ul Solution CU was added before vortexing to mix. Then 

50ul of Solution IR was added before vortexing briefly to mix contents and 

centrifuging at 13,000G for 2 minutes at room temperature. The supernatant 

was carefully pipetted and transferred to a clean 2ml collection tube without 

disturbing the pellet. Next, 200 µl of solution SB and 200 µl of absolute ethanol 

were added and vortexed briefly. The tube was briefly centrifuged to remove 

any solution from the cap. Then 600 µl of solution was transferred onto an MB 

RNA spin column and centrifuged for 1 minute at 10,000G at room 

temperature. The flow –through was discarded and 500ul of Solution RW was 

added to the spin column and centrifuged for 30 seconds at room temperature. 

The flow-through was discarded. This was repeated with another 500ul of RW. 

The spin column was centrifuged at 10,000G for 2 minutes at room 

temperature to remove residual ethanol. The spin column was transferred to 

a new collection tube and RNA was eluted by adding 75 µl of RNAse free 

water to the column membrane, incubating for 1 minute at room temperature 



59 
 

and centrifuging for 1 minute at 10000G at room temperature. The RNA was 

then stored at -80°C and will be used for future qPCR analysis.  

2.2.6.5 cDNA synthesis 
The iScript™ Advanced cDNA Synthesis Kit (Biorad) was used for cDNA 

synthesis. Single-stranded cDNA was synthesised from total RNA following 

the protocol provided by the manufacturer. All samples were prepared on ice 

using sterile and nuclease free tubes and pre-cleaned surfaces with RNAse 

solution. RNA and kit contents were thawed and centrifuged briefly to collect 

solutions at the base of the tubes. A reverse transcription master mix was 

prepared with the components of the as shown in Table 2.6. Reverse 

transcription was performed in a Thechne TC-3000 PCR thermal cycler 

(Scientific Laboratory Supplies, UK). Conditions of the thermal cycler set up 

are shown in Table 2.7. 

 

Component  Volume per reaction (µL) 

5x iScript Advanced Reaction Mix 4 

iScript Advanced Reverse 

transcriptase 

1 

RT Control Assay Template 1* 

RNA template Variable** 

Nuclease-free water Variable*** 

Total per Reaction 20 

Table 2.6 Reaction components for reverse transcription *only required 
and added to one RT control, **calculated to ensure highest 
concentration of RNA, other samples normalised to this by dilution with 
Nuclease-free water, ***made up to total volume of 20µL.  
 



60 
 

Step Temperature (°C) Time (Minutes) 

Reverse Transcription 46 20 

RT inactivation 95 1 

Table 2.7: Thermal cycler conditions for reverse transcription7 
The resulting cDNA from the RT reaction was collected in RNAse free tubes 

and used for qRTPCR. 

2.2.6.6 Quantitative reverse transcription-polymerase chain reaction 
(qRT-PCR) 
SsoAdvanced™ Universal SYBR® Green Supermix (Biorad) was used for all 

qRT-PCR. The preparation of the reaction master mix was carried out on ice. 

TipOne® filters (Starlab) were used to prevent RNAse contamination. 

Components of the PCR reactions master mixes are shown in Table 2.8. 

Component Volume for One 20µl reaction (µl) 

SsoAdvanced™ Universal SYBR® 

Green Supermix (2x) 

10 

Forward and reverse primers 1 

DNA template 1 

Nuclease free water 8 

Table 2.8 Master Mix Components for qPCR  
Primers used were selected based on potential wound healing targets.  All 

primers used were SYBR® Green exonic primers sourced from Bio-Rad. The 

list of primers is shown in Table 2.9.  
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Gene Unique  
Bio-Rad 
assay ID 

Chromosome 
location 

Amplicon 
length 

Splice variants targeted 

(http://www.ensembl.or
g/target ID) 

Collagen I qHsaCED000

2181 

17:48262555-

48262698 

114 ENST00000225964 

Collagen 

III 

qHsaCED004

6560 

2:189873813-

189874905 

107 ENST00000304636 

ENST00000317840 

MMP1 qHsaCED004

8106 

11:102666225

-102667412 

102 ENST00000315274 

MMP2 qHsaCED004

2560 

16:55516872-

55516983 

82 ENST00000570308 

ENST00000568715 

ENST00000219070 

ENST00000564864 

ENST00000543485 

ENST00000437642 

TIMP1 qHsaCED004

2919 

X:47442907-

47444405 

70 ENST00000218388 

ENST00000456754 

ENST00000377017 

ENST00000441738 

ENST00000377018 

PPAR-γ qHsaCED004

4425 

3:12393150-

12421326 

118 ENST00000539812 

ENST00000287820 

ENST00000397000 

ENST00000438682 

ENST00000397026 

ENST00000397012 

ENST00000455517 

ENST00000397015 

ENST00000309576 
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ENST00000397029 

ENST00000397010 

RPS20 qHsaCED003

7696 

8:56986955-

56987068 

84 ENST00000519807 

ENST00000009589 

ENST00000524349 

ENST00000521262 

ENST00000520627 

ENST00000519606 

ENST00000518875 

RPS18 qHsaCED003

7454 

6:33243742-

33243838 

67 ENST00000454021 

ENST00000486781 

ENST00000484321 

ENST00000211372 

ENST00000477055 

ENST00000476288 

ENST00000439602 

ENST00000474973 

ENST00000457341 

ENST00000494232 

ENST00000434122 

Table 2.9 qPCR Primers.  
The final PCR master mix was loaded into 96-well Fast plates (STARLAB) 

before plates were sealed using adhesive microseal film(Bio-Rad). Plates 

were then centrifuged briefly to spin down the contents and eliminate any air 

bubbles. Finally, the PCR reaction plate was run in the Step One Plus qPCR  

machine (Applied Biosystems). 

2.2.6.7 Statistical analysis of qRT-PCR results 
StepOne Software Version 2.3 (Life Technologies) was used to set thresholds 

and generate amplification curves. The qPCR data collected in this software 

was extracted into Microsoft Excel (Microsoft Office) where it was normalised 
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to the housekeeping genes RPS20 and RPS18. PrimePCR™ experimental 

control assays were used to assess the quality and performance of the 

reverse transcription and qPCR reactions. qPCR data was accepted and 

interpreted if the control data for each sample passed the criteria in Table 

2.10.  

Experimental Control Assay Quality threshold accepted 

Single Sample All samples 

Positive PCR Control Cq < 30 ΔCq < 1 

Reverse Transcription Control Cq < 30 ΔCq < 1 

Reverse Transcription Negative Undetermined 

DNA Contamination Control (gDNA) Cq ≥ 35  

Table 2.10 qPCR control assays.  
The analysis of qPCR data was performed using the Ct (CtΔΔ) equation 

method and the resulting analysis data was transferred to Graph Pad Prism 

(GraphPad, San Diego, CA, USA) further analysis, construction of graphs and 

statistical analysis using unpaired t test. 

2.2.7 Total collagen production of dermal fibroblasts from donors with 
previous radiotherapy and donors with no irradiation exposure.  
Dermal fibroblasts from irradiated and non-irradiated donors were seeded in 

at 150,000 cells/well in 6 well plates. The age of the donors, passage number 

and sample code of dermal fibroblasts used are specified in Table 2.4. These 

were incubated in preadipocyte media for 2-5 days until they had become 85% 

confluent. Three wells from each donor were scratched using the device 

described in Section 2.8.1, while the other 3 wells were left intact. Each well 

was washed 3X with PBS before 1ml of serum free preadipocyte media was 

applied to each well. Medium was removed after 36 hours and 1ml of each 

sample and 1ml of serum free preadipocyte media(control) was transferred to 

low protein binding 1.5ml conical microcentrifuge tubes. 200µl Cold Isolation 
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& Concentration Reagent was added to each tube before gently mixing by 

tube inversions. The microcentrifuge tube-filled rack was placed into a 

container half filled with an ice-water mix and incubated overnight in the fridge 

at 0-4°C. After 12 hours tubes were removed from the rack without shaking 

their contents and transferred without delay to the microcentrifuge where they 

were spun at 12000r.p.m for 10 minutes. A pipette was used to slowly and 

carefully remove 1000µl of supernatant from each tube without disturbing the 

invisible collagen pellet. A cotton bud was used to remove any fluid on the 

upper part of the tube and the tube cap and rim. 100µl of fresh serum free 

preadipocyte medium was added to each sample. Collagen standards were 

created by adding 0, 5, 10 and 15µg of the Collagen Reference Standard into 

fresh serum free preadipocyte medium up to 100µl in low protein binding 1.5ml 

conical microcentrifuge tubes. Sircol Dye Reagent (1.0ml) was added to each 

tube before being capped and mixed by placing in a gentle mechanical shaker 

for 30 minutes allowing for a collagen-dye complex to form and precipitate out 

from the soluble unbound dye. Tubes were then transferred to a 

microcentrifuge and spun at 12,000rpm for 10 minutes. The unbound dye was 

drained by gentle inverting the tubes. 750µl ice-cold Acid-Salt Wash Reagent 

was pipetted onto the collagen-dye pellet to remove unbound dye from the 

surface of the pellet and the inside surface of the microcentrifuge tube before 

again centrifuging at 12,000rpm for a further 10 minutes. The fluid was drained 

by inverting the tubes and excess fluid at the lip of the tube was removed with 

cotton wool buds. Then 250µl Alkali Reagent was added to all samples 

including the collagen standards before being mixed with a vortex mixer until 

the bound dye was dissolved within 5 minutes. 200µl of each sample was then 

transferred into Black 96-well plates (Greiner Bio-One).  Absorbance analysis 

was performed in a plate reader at 37ºC at 555nm within 1 hour. Absorbance 

was measured against water for reagent blanks, standards and test samples. 

A collagen standard curve, of concentrations 0–15µg, was created and used 

to calculate the collagen content for the equivalent absorbance reading in 

Excel (Microsoft Office).  
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2.2.8 Determination of the relative levels of selected human protease and 
protease inhibitors in cell lysates of human dermal fibroblasts from Ctrl 
and IR donors  
A Human Protease/Protease Inhibitor Array (R&D Systems) was used to 

detect difference in the relative expression of 35 human proteases and 32 

protease inhibitors between dermal fibroblasts from donors with and without 

previous radiotherapy exposure.  

 

Human proteases detected included:
ADAM8 

 
Cathepsin L Kallikrein10 MMP-10 

ADAM 9 Cathepsin S Kallikrein 11 MMP-12 
ADAMTS1 Cathepsin V Kallikrein 13 MMP-13 

ADAMTS13 Cathepsin X/Z/P MMP-1 

 

Neprilysin/ 

CD10 

 

Cathepsin A DPPIV/CD26 MMP-2 Presenilin-1 

 

 

 

Cathepsin B Kallikrein 3/ 

PSA 

MMP-3 Proprotein 

Convertase 9 

 

Cathepsin C/ 

DPPI 

Kallikrein 5 MMP-7 Proteinase 3 

 
Cathepsin D Kallikrein 6 MMP-8 

 

uPA/ Urokinase 

Cathepsin E Kallikrein 7 MMP-9  
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Human protease inhibitors detected included: 
APP HAI-2 Serpin 

A9/Centerin 

Testican 

2/SPOCK2 

Cystatin A HE4/WFDC2 Serpin A12 TFPI 

Cystatin B Latexin Serpin 

B5/Maspin 

TFPI-2 

Cystatin C Lipocalin-1 Serpin B6 TIMP-1 

Cystatin E/M Lipocalin-

2/NGAL 

Serpin B8 TIMP-2 

EMMPRIN RECK Serpin E1/PAI-1 TIMP-3 

Fetuin B Serpin A5 Serpin F1/PEDF TIMP-4 

HAI-1 Serpin A8/AGT Testican 

1/SPOCK1 

Trappin-2/Elafin 

 

2.2.8.1 Preparation of cell lysates 
Dermal fibroblasts from donors with and without radiotherapy exposure were 

grown to 85% confluence in T75 Flasks which took approximately 2-7 days. 

The age of the donors, passage number and sample code of dermal 

fibroblasts used are specified in Table 2.11. Confluent cells were washed 

three times with PBS before 7ml Trypsin/EDTA was added. They were 

incubated for 3 minutes before neutralising with 7ml preadipocyte media. The 

cell suspensions were pelleted by centrifugation for 5 minutes at 600G and 

discarding the supernatant. The pellet was then resuspended in 1mL PBS and 

centrifuged for 5 minutes at 600G before the supernantant was discarded.  

Cells were counted as described in section 2.3.5 and 1X107 dermal fibroblasts 

per donor were resuspended in 1mL lysis buffer 17 supplemented with 10 

μg/mL aprotinin, 10 μg/mL leupeptin, and 10 μg/mL pepstatin. The lysates 

were gently rocked at 2-8 °C for 30 minutes in a platform rocker. Lysates were 

then centrifuged for 5 minutes at 14000G and the supernatant was transferred 

into a clean Eppendorf tube. Samples were then ready for quantitation of 

sample protein concentration using a total protein assay. 
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Sample Irradiation Donor Age Passage number 

IR1 Y 48 3 

IR2 Y 50 3 

IR3 Y 51 3 

IR4 Y 54 3 

CON1 N 32 3 

CON3 N 59 3 

CON4 N 70 3 

Table 2.11 Human dermal fibroblasts used for Protease/Protease 
Inhibitor Array.  

2.2.8.2 Total protein quantification of cell lysates 
A Pierce™ Coomassie (Bradford) Protein Assay Kit was used to calculate the 

total protein quantification of cell lysates. Serial dilutions of the bovine serum 

albumin (BSA) standard were created to give concentrations of: 0, 25, 125, 

250, 500, 750, 1000, 1500, 2000µg/mL 30µL of each unknown sample and 

protein standard was pipetted into appropriately labelled tubes containing 

1.5mL Coomassie Reagent and mixed by pipetting up and down. Samples 

were incubated for 10 minutes at 20-22°C. 100μl of samples, standards and 

distilled water blanks were set up in triplicate in a 96 well plate and absorbance 

was measured in a plate reader at 595nm. Resultant values were analysed in 

Excel (Microsoft Office). The mean absorbance of blank replicates was 

subtracted from the mean measurements of all other individual standard and 

unknown sample replicates. A standard curve was created by plotting the 

average blank-corrected measurement for each BSA standard vs. 

concentration in µg/mL. The standard curve was then used to determine the 

protein concentration of each unknown sample. Protein samples were then 

either immediately assayed or aliquoted and stored at -80 °C.  
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2.2.8.3 Proteome profiler array 
All reagents were brought to 20-22°C. The human protease detection antibody 

cocktail and the human protease inhibitor detection antibody cocktail were 

reconstituted in 100 μL of deionized water. 40 mL of wash buffer concentrate 

was added to 960 mL of deionized water. Cell lysate samples were thawed 

and kept on ice. 

2.0 mL of array buffer 6 was pipetted into each well of the 4-well multi-dish. 

Each membrane was handled with gloves and flat-tipped tweezers and placed 

carefully into the 4-well multi-dish. The 4-well multi-dishes were incubated for 

one hour on a rocking platform shaker at 20-22°C. 

200µg of cell lysate protein was required for each array therefore donor cell 

lysates were pooled. 50µg of each irradiated donor (X4) cell lysate protein was 

added to two tubes and adjusted to a final volume of 1.5 mL with Array Buffer 

6. 66.7µg of each non-irradiated donor (X3) was added to two tubes and 

adjusted to a final volume of 1.5 mL with Array Buffer 6 and tubes were 

labelled accordingly. 15μL of reconstituted Protease Detection Antibody 

Cocktail was mixed with one tube of each donor pooled cell lysate protein 

sample. 15μL of reconstituted Protease Inhibitor Detection Antibody Cocktail 

was mixed with the other tube of each donor pooled cell lysate protein sample. 

These were incubated at 20-22°C for one hour. Array Buffer 6 was aspirated 

from the wells of the 4-well multi-dish and each sample/antibody mixture 

added to the corresponding membrane. The lid was placed on the 4-well multi-

dish and it was incubated overnight at 2-8°C on a rocking platform shaker. 

Each membrane was carefully removed with flat-tipped tweezers and placed 

into individual plastic containers with 20 mL of 1X wash buffer and placed on 

a rocking platform shaker for 10 minutes. The 4-well multi-dish was rinsed with 

deionized water and dried thoroughly. The wash buffer was discarded and 

replaced, and the containers were placed on a rocking platform shaker for a 

further 10 minutes. This step was repeated for a third time for a total of three 

washes. The Streptavidin-HRP was diluted in Array Buffer 6 before 2.0 mL of 

1X Streptavidin-HRP was pipetted into each well of the 4-Well Multi-dish. Each 

membrane was carefully removed from its wash container with flat-tipped 

tweezers and excess Wash Buffer was allowed to drain from the membrane. 

The membrane was placed back into the 4-Well Multi-dish containing the 1X 
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Streptavidin-HRP. The wells were covered with the lid and incubated for 30 

minutes at 20-22°C on a rocking platform shaker. Each membrane was 

carefully removed with flat-tipped tweezers and placed into individual plastic 

containers with 20mL of 1X Wash Buffer and placed on a rocking platform 

shaker for 10 minutes.  The 4-Well Multi-dish was rinsed with deionized water 

and dried thoroughly. Each membrane was washed a further two times with 

1X Wash Buffer for 10 minutes on a rocking platform shaker. Each membrane 

was carefully removed from its wash container with flat-tipped tweezers and 

excess Wash Buffer was allowed to drain from the membrane by blotting the 

lower edge onto paper towels. Each membrane was placed on a sheet of clear 

acetate. Chemi Reagents 1 and 2 were mixed in equal volumes of 2mL and 

covered with aluminium foil to protect from light. 1 mL of the prepared Chemi 

Reagent Mix was pipetted evenly onto each membrane. The membranes were 

carefully covered with a top sheet of clear acetate. Air bubbles were gently 

smoothed out and Chemi Reagent Mix was spread evenly to all corners of 

each membrane and incubated for 1 minute. Paper towels were positioned on 

the top and sides of the plastic sheet protector containing the membranes and 

excess Chemi Reagent Mix was squeezed out. The top plastic sheet protector 

was removed, and an absorbent lab wipe was laid on top of the membranes 

to blot off any remaining Chemi Reagent Mix before the top plastic sheet was 

replaced. The membranes were placed in the ChemiDoc XRS+ System 

(BioRad). Pixel densities were collected and analysed in Image Lab 

6.0.1(BioRad). Signal values were then exported to a spreadsheet file for 

manipulation in Microsoft Excel. The average signal (volume) of the pair of 

duplicate spots representing each analyte was calculated and the averaged 

background signal from each spot was subtracted. The relative change in 

analyte levels between dermal fibroblasts from donors with and without 

radiotherapy exposure was calculated. 
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2.2.9 Identifying cell surface markers of preadipocytes by 
immunocytochemistry 
Immunocytochemistry was performed to determine CD10, CD45, CD73 and 

CD105 expression in cells cultured from the SVF. Cells from the SVF and 

commercially sourced preadipocytes were plated in 8-well chamber slides 

(Sarstedt), at a density of 5,000 cells per well in 500µl preadipocyte media 

and incubated at 37°C. Once cells reached 70% confluence, typically in 2-3 

days; they were washed with PBS before being fixed for 10 minutes in ice cold 

methanol at -20°C.  The cells were washed for 5 minutes in PBS three times 

before 100μl 10% donkey serum in PBS was added to each well for blocking 

non-specific staining. The cells were incubated at room temperature for 90 

minutes before the blocking solution was removed by gently pouring off. 100µl 

of primary antibody diluted in 1% donkey serum (Table 2.12) was added to 

each well and cells were incubated for 1 hour at room temperature. Dilution 

factors were chosen according to manufacturer’s recommendations. For each 

chamber slide, one well was designated as the negative control where no 

primary antibody and 1% donkey serum was added to indicate if any non-

specific binding or false positives may be due to non-specific binding of the 

secondary antibody. Following incubation, the primary antibody was removed, 

and wells were rinsed 3 times with PBS for 5 minutes each. 100µl of 

fluorescent conjugated secondary antibody (see Table 2.12) diluted in 1% 

donkey serum in PBS (1:100) was added to each well and cells were protected 

from light from this point using aluminium foil to cover the slides. Cells were 

incubated at room temperature for one hour before the secondary antibody 

was removed and the cells washed with PBS four times for 5 minutes each. 

Finally, the wells were detached from the glass slide before adding several 

drops of VECTASHIELD® Mounting Media containing 4',6-diamidino-2-

phenylindole (DAPI) (VECTOR laboratories) onto the slide and carefully 

mounting with a cover slip (22x22 mm; 0.13-0.17mm thick). Finally, coverslips 

were fixed to each slide and sealed using translucent nail varnish. The dilution 

factors of the primary antibodies are listed in Table 2.12. 
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Cell surface 
maker 

Primary antibody Primary antibody 
dilution factor 

Secondary 
antibody 

CD73 ab54217 

Anti-CD73 antibody 

[7G2] 

1 in 200 Alexa Fluor Donkey  

Anti-Mouse IgG (594 

& 488)  

CD105 ab114052 

Anti-CD105 antibody 

[3A9] 

1 in 200 

CD10 ab951 

Anti-CD10 antibody 

[56C6] 

1 in 100 

CD45 ab40763 

Anti-CD45 antibody 

[EP322Y] 

1 in 100 Alexa Fluor Donkey 

Anti-Rabbit IgG (594 

& 488) 

Table 2.12 Immunocytochemistry- antibodies used and their dilution 
factors in 1% donkey serum. Secondary antibody dilution factor of 1:100.   

2.2.9.1 Quantification of protein expression 
For each treatment condition, two images per well were taken using the same 

laser settings. Presence or absence of immunofluorescent staining was 

determined and the percentage of cells expressing antibodies was calculated 

by counting how many cells stained positively for each antibody in 100 visible 

DAPI stained cells. A randomly selected area from each image was counted 

and an average was obtained from the two measurements. 
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2.2.10 Collecting conditioned media 
Commercially purchased preadipocytes and cells isolated from the SVF were 

plated into 6-well plates at a cell density of 150,000 cells per well in 1ml 

preadipocyte media. The cells were incubated at 37ºC and 5% CO2 in air and 

grown to a confluency of 85%, which took approximately 2 days. Cells were 

washed three times with PBS before 1ml of serum free media was added to 

each well. After 24 hours incubation, media was collected and replaced with 

preadipocyte media. This process was performed in three 6-well plates in 

order to collect 18ml of conditioned media. The pooled conditioned media was 

centrifuged for 5 minutes at 300G before filtering through a 40μm filter to 

remove cell debris. The resultant conditioned media was aliquoted and stored 

at -20°C. The method is illustrated in Figure 2.6.  

 

 

Conditioned  

media 

Media discarded,  
cells washed X3 PBS 

Confluent cells 

Normal growth media 

Serum free media 

Media  
Centrifuged  
5 min 300G  

Media 
strained 

40 μm filter 

Store at -20°C 
Incubate 24h 

Figure 2.7 Method for collecting conditioned media.  



73 
 

2.2.11 Quantification of components of the preadipocyte and SVF cells 
secretome. 

2.2.11.1 Quantification of FGF secreted by preadipocytes and SVF cells 
from donors with and without radiotherapy exposure.  
To determine the level of FGF, secreted into the culture media by 

preadipocytes and SVF cells, a Quantikine®ELISA was performed on the 

conditioned media collected from preadipocytes and cells isolated from the 

SVF as described in section 2.14.1.  

In order to produce a standard curve, the human FGF basic standard was 

reconstituted with Calibrator Diluent RD5-14, producing a stock solution of 

640pg/mL, which served as the high standard. The solution was allowed to sit 

for 15 minutes with gentle agitation prior to making serial dilutions with 

Calibrator Diluent RD5-14. Dilutions of 320pg/mL, 160pg/mL, 80pg/mL, 

40pg/mL, 20pg/mL and 10pg/mL were created by pipetting 500 µL of the 

previous concentration into a polypropylene tube with 500 µL of Calibrator 

Diluent RD5-14. Finally, the Calibrator Diluent RD5-14 served as the zero 

standard (0pg/mL).  

100μL of assay diluent RD1-43 was added to each microplate well along with 

100μL of standard, control, or undiluted conditioned media sample, see table 

2.13. A plastic adhesive strip was used to cover wells and they were incubated 

for 2 hours at room temperature. Meanwhile 500mL of wash buffer was 

prepared by adding 20mL of wash buffer concentrate to 480 mL of deionized 

water. After 2 hours, the solution in each well was carefully aspirated to 

completely remove liquid and 400μL wash buffer was added. This was 

repeated three times for a total of four washes. After the last wash, any 

remaining wash buffer was removed by aspirating before the plate was 

inverted and blotted against clean paper towels. 200μL Human FGF basic 

conjugate was added to each well before covering again with the plastic 

adhesive strip and incubated for 2 hours at room temperature. The solution in 

each well was carefully aspirated to completely remove liquid and 400μL wash 

buffer added. This was repeated three times for a total of four washes. After 

the last wash, any remaining wash buffer was removed by aspirating before 
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the plate was inverted and blotted against clean paper towels. Colour reagents 

A and B were mixed together in equal volumes within 15 minutes of use. The 

resultant substrate solution was covered in foil to protect from light. 200μL of 

substrate solution was added to each well. The plate was covered with 

aluminium foil to protect from light and incubated for 30 minutes at room 

temperature before 50μL of stop solution was added to each well.  

The optical density of each well was measured within 30 minutes, using a 

microplate reader set to 450 nm. Wavelength correction for optical 

imperfections in the plate was performed by subtracting readings at 540 nm 

from the readings at 450 nm. A standard curve was created using Microsoft 

Excel to plot a scatter graph of corrected optical density against FGF 

concentration and create a linear trendline. The formula for this trendline was 

used to convert optical density readings for each sample into concentration 

values.  

 

Sample Irradiation Donor age Passage number 

PA N 56 6 

CON1 N 32 3 

CON4 N 70 3 

IR3 Y 51 3 

  

Table 2.13 Samples used for Quantikine®ELISA analysis 

 
2.2.11.2 Quantification of adiponectin secreted by preadipocytes and 
SVF cells from donors with and without radiotherapy exposure.  
To determine the quantity of adiponectin, thought to be present in conditioned 

media of preadipocytes and SVF cells, a Quantikine®ELISA was performed. 

Preadipocyte and SVF conditioned media were prepared as described in 

section 2.14.1 and used for the immunoassay.  

In order to produce a dilution series, human adiponectin standard was 

reconstituted with calibrator diluent RD5-5 producing a stock solution of 
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250ng/mL which served as the high standard. The standard was allowed to 

sit for 15 minutes with gentle agitation prior to making serial dilutions with 

calibrator diluent RD5-5. Dilutions of 125ng/mL, 62.5ng/mL, 31.3ng/mL, 

15.6ng/mL, 7.8ng/mL and 3.9ng/mL were created and the calibrator diluent 

RD5-5 served as the zero standard (0ng/mL). 

100μL of assay diluent RD1W was added to each microplate well along with 

50μL of standard, control, or undiluted conditioned media sample, see table 

2.13. A plastic adhesive strip was used to cover wells and they were incubated 

for 2 hours at room temperature. Meanwhile 500mL of wash buffer was 

prepared as described in section 2.18.1. After 2 hours, the solution in each 

well was carefully aspirated to completely remove liquid and 400 μL wash 

buffer was added. This was repeated three times for a total of four washes. 

After the last wash, any remaining wash buffer was removed by aspirating 

before the plate was inverted and blotted against clean paper towels. 200μL 

of human adiponectin conjugate was added to each well and covered with a 

new adhesive strip before incubating for 2 hours at room temperature. After 2 

hours, the solution in each well was carefully aspirated to completely remove 

liquid and 400μL wash buffer was added. This was repeated three times for a 

total of four washes. After the last wash, any remaining wash buffer was 

removed by aspirating before the plate was inverted and blotted against clean 

paper towels. Colour reagents A and B were mixed together in equal volumes 

and the resultant solution was protected from light and used within 15 minutes. 

200μL of substrate solution was added to each well. To protect from light, 

plates were covered with aluminium foil before they were incubated for 20 

minutes at room temperature then 50μL of Stop Solution was then added to 

each well.  

The optical density was measured, adiponectin standard curve was created, 

and values were converted as described in section 2.18.1. 

2.2.11.3 Quantification of VEGF secreted by preadipocytes and SVF cells 
from donors with and without radiotherapy exposure.  
To determine the quantity of VEGF, thought to be present in conditioned 

media of preadipocytes and SVF cells, a Quantikine®ELISA was performed. 
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Preadipocyte and SVF conditioned media were prepared as described in 

section 2.14.1 and used for the immunoassay.  

In order to produce a dilution series, human VEGF standard was reconstituted 

with calibrator diluent RD5K and mixed well producing a stock solution of 

2000pg/mL. The standard was allowed to sit for 15 minutes with gentle 

agitation prior to making serial dilutions with calibrator diluent RD5K. Dilutions 

of 1000pg/mL 500pg/mL, 250pg/mL, 125pg/mL, 62.5pg/mL, 31.3pg/mL and 

15.6pg/mL were created and calibrator diluent RD5K served as the zero 

standard (0pg/mL). The 1000pg/mL concentration served as the high 

standard.  

50μL of assay diluent RD1W was added to each microplate well along with 

200μL of standard, control, or undiluted conditioned media sample, see table 

2.13. A plastic adhesive strip was used to cover wells and they were incubated 

for 2 hours at room temperature. Meanwhile 500mL of wash buffer was 

prepared as described in section 2.18.1. After 2 hours, the solution in each 

well was carefully aspirated to completely remove liquid and 400μL wash 

buffer was added. This was repeated twice for a total of three washes. After 

the last wash, any remaining wash buffer was removed by aspirating before 

the plate was inverted and blotted against clean paper towels. 200μL of 

human VEGF conjugate was added to each well, covered with a new adhesive 

strip and incubated for 2 hours at room temperature. After 2 hours, the solution 

in each well was carefully aspirated to completely remove liquid and 400μL 

wash buffer was added. This was repeated twice for a total of three washes. 

After the last wash, any remaining wash buffer was removed by aspirating 

before the plate was inverted and blotted against clean paper towels. Colour 

reagents A and B were mixed together in equal volumes and the resultant 

solution was protected from light and used within 15 minutes. 200μL of 

substrate solution was added to each well and plates were covered with 

aluminium foil before they were incubated for 20 minutes at room temperature. 

50μL of stop solution was then added to each well.  

The optical density was measured, VEGF standard curve was created, and 

values were converted as described in section 2.18.1. 
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2.2.12 Proliferation of dermal fibroblasts, in response to preadipocyte 
conditioned media and FGF2; quantitated by CyQuant assay 
A CyQuant assay (Invitrogen™) was performed to assess whether FGF2 and 

preadipocyte conditioned media modulate dermal fibroblast proliferation. 

Dermal fibroblasts were seeded and prepared as described in section 2.6.1. 

The age of the donors, passage number and sample code of dermal 

fibroblasts used are specified in Table 2.4. Cells were washed with PBS 

before addition of treatment media (preadipocyte conditioned media or FGF2 

1ng/ml) (total volume of 100 μl). 100 μl of 1Xdye binding solution was added 

into each microplate well in order to measure fluorescence at time intervals of 

24, 48, 72, 96 and 120 hours as described in section 2.6.1. Fluorescence 

values were exported into Microsoft Excel and a reference standard curve was 

used in order to convert sample fluorescence values into cell number. Data 

was then transferred into GraphPad Prism for statistical analysis.  

2.2.13 Metabolic activity of human dermal fibroblasts, in response to 
preadipocyte conditioned media and FGF2; quantitated by AlamarBlue® 
assay 
An Alamar Blue® assay was performed to assess whether preadipocyte 

conditioned media modulates dermal fibroblast metabolic activity. Dermal 

fibroblasts were seeded in fibroblast media into Black 96-well plates (Greiner 

Bio-One) at a density of 1000 cells/well and were left for 24 hours to attach. 

The age of the donors, passage number and sample code of dermal 

fibroblasts used are specified in Table 2.4. FGF2 was reconstituted in Tris pH 

7,6 5mM and was added to serum free media to give a final concentration of 

1ng/ml. Cells were washed carefully with PBS before incubating in serum free 

media for 24 hours. Cells were then washed again with PBS before addition 

of 100 μl treatment media (serum free control, conditioned media or FGF2 

1ng/ml). The Alamar Blue® (Thermo Fisher Scientific) reagent (10 μl) was 

added into each well after 24 hours. Following addition of Alamar Blue HS 

reagent fluorescence was measured at 3, 12, 36, 60, 82 and 154 hours and 

analysed as described in Section 2.7.1 
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2.2.14 Migration of human dermal fibroblasts treated with preadipocyte 
conditioned media, FGF2 and SVF conditioned media following 
mechanical wounding in vitro using a scratch wound assay 
To determine whether preadipocytes and cells from the SVF secrete paracrine 

factors, the effects of conditioned media on cell migration was assessed using 

a scratch wound assay and compared with a positive control (FGF2). The age 

of the donors, dermal fibroblast passage number and sample code of dermal 

fibroblasts are specified in Table 2-5.  

Dermal fibroblasts were seeded, prepared and scratched as described in 

section 2.8.1. After scratching, cells were carefully washed with PBS 3 times 

in order to remove cell debris and serum free media. FGF2 was reconstituted 

in Tris pH 7,6 5mM and was added to serum free media to give a final 

concentration of 1ng/ml. dermal fibroblasts were then incubated with FGF2 

(1ng/ml) or and conditioned media collected from either preadipocytes or cells 

derived from the SVF. Three replicates were carried out for each of the 

conditions studied. A CooLpix 4500 Nikon camera was used to take images 

at intervals of 0, 6, 24 and 48 hours at fixed points using the template 

described in section 2.8.1. Analysis of migration was performed as described 

in Section 2.8.2.  

2.2.15 Migration of human dermal fibroblasts treated with adiponectin 
following mechanical wounding in vitro using a scratch wound assay 
To determine the effects of adiponectin on cell migration in vitro, a scratch 

wound assay was used. Dermal fibroblasts derived from breast skin of one 

irradiated donor (S1) of passage 3 was used to gather provisional results. As 

previously described in section 2.8.1, dermal fibroblasts were seeded into 6-

well plates. Adiponectin was reconstituted in 0.1% BSA and serum free 

preadipocyte media and diluted to concentrations of 1μg/ml and 2μg/ml. As a 

vehicle control 0.1% BSA was added to serum free conditioned media. As 

described in section 2.8.2, a scratch wound assay was performed. Three 

replicates were carried out for each concentration. A CooLpix 4500 Nikon 

camera was used to take images under a Nikon Eclipse TS100 inverted 

microscope at intervals of 0, 6, 24 and 48 hours at fixed points using the 
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template described in section 2.8.1. The mean % reduction in scratch 

diameter was calculated for each donor in Excel (Microsoft Office). Statistical 

analysis of ANOVA was performed in GraphPad Prism 6. 
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3 Results 
 
3.1 Pronounced in situ structural changes in the epidermis and dermis 
of breast skin from women after radiotherapy treatment 
Histological comparison of breast skin from women (n=5) with prior exposure 

to radiotherapy (1-13 years prior) revealed irradiated skin had a flattened 

epidermal-dermal junction and extensive disorganisation of the reticular 

dermis (figure 3.2) compared to women with no prior treatment (n=3) from a 

similar age group (figure 3.1). One irradiated donor (IR4) demonstrated a 

markedly different appearance on histology with a significantly thickened 

epidermis and a high dermal and epidermal cell density (figure 3.2, IR4). This 

donor had radiotherapy 5 years previously but had ongoing post radiation side 

effects. She had the most significant clinical side effects of all the donors in 

this study, including: skin retraction, sloughing and dehiscence of breast 

reconstruction (see Appendix 1). Irradiated donors: IR2, IR3 and IR5, are also 

striking in their appearances. They display features of a more friable dermis 

presenting as numerous holes in the dermis of these sections. The eldest 

donor was 70 years old (CON4) and had no exposure to radiotherapy. This 

donor appears to have the thinnest epidermis of the donors with no previous 

irradiation. The youngest donor to have radiotherapy (IR1, 48 years old), 1 

year and 10 months prior, had the most comparable histological appearances 

to the non-irradiated donors however the epidermis in these sections 

appeared thinner. Table 2.2 illustrates individual donor symbols used in all 

figures. 
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Figure 3.1 Haematoxylin and eosin frozen tissue sections of breast tissue from 
donors with no radiotherapy exposure arranged in order of advancing age. 
Donors aged CON1-32, CON2-53, CON4-70 (years). The eldest donor (right) 

demonstrates a thin epidermis. Images taken at x12.5 magnification, scale bar = 

200µm. 

CON1 CON2 CON4 

IR1 IR2 IR3 

IR4 IR5 

Figure 3.2 Haematoxylin and eosin frozen tissue sections of irradiated breast 
skin demonstrating a flattened epidermal-dermal junction and extensive 
disorganisation of the reticular dermis. Donors aged IR1-48, IR2-50, IR3-51, IR4-

54 and IR5-55 (years). Images taken at x12.5 magnification, scale bar = 200µm.  
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3.1.1 Epidermal thickness in irradiated donors is thinner than in non-
irradiated donors.  
One irradiated donor sample had a considerably thickened epidermis in 

comparison to all other donors with an average epidermal thickness of 177μm. 

This was 5.5-fold greater than the mean of all other donors. This donor had 

received radiotherapy 5 years and 1 month previously and had suffered with 

clinically evident morbidity following this including skin retraction, sloughing 

and dehiscence of breast reconstruction. This donor had experienced the 

most substantial side effects of radiotherapy of all the donors according to 

medical records following their course of treatment. Although on macroscopic 

inspection of the tissue at the time of tissue donation, only minor erythema 

was evident. On excluding this outlier, irradiated donor skin had a thinner 

epidermis than skin from non-irradiated donors (figure 3.3). Mean epidermal 

thickness of irradiated donor skin was 29.0μm and of non-irradiated donor skin 

was 36.5μm, although differences did not reach significance (p=0.1876). The 

non-irradiated donor with the thinnest epidermis (CON4) was aged 70 years 

therefore this result may be consistent with age related changes of thinning of 

epidermis (Williams, et al, 2020). If this 70 year old donor was also excluded 

and more age matched donors were analysed, then significant differences in 

epidermal thickness may become apparent. 
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Figure 3.3 Box plot of mean epidermal thickness of irradiated (IR, n=5 
donors) and non-irradiated (Ctrl, n=3 donors) donors calculated from 
haematoxylin and eosin frozen tissue sections.  One irradiated donor (IR4) 

had an extremely thickened epidermis and therefore this value has been 

shown as an outlier only and not included in the creation of the box plot. 

Donors are individually identifiable by unique assigned symbols (see table 

2.2). The non-irradiated donor with a comparably thin epidermis (CON4) to 

irradiated donors was the eldest at 70 years old. Differences did not reach 

significance (p=0.1876). 
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3.1.2 Skin from breast previously exposed to radiotherapy exhibited less 
collagen content in situ than breast skin with no exposure.  
Histological comparison of Trichrome frozen tissue sections from donors with 

and without radiotherapy are shown in figure 3.4 and 3.5. The breast skin with 

exposure to radiotherapy again shows a fragmented dermis consistent with 

the haematoxylin and eosin frozen tissue sections. Blue staining indicates 

collagen deposition, red staining indicates muscle/keratin and dark 

red/black/blue indicate nuclei. Tissue sections of breast with radiotherapy 

exposure exhibit less blue colour staining suggestive of less collagen present 

in irradiated tissue than non-irradiated tissue. Red stained vascular smooth 

muscle can clearly be seen within the dermis of the non-irradiated skin, 

however histological sections of irradiated skin did not display a clearly blue 

dermis making this difficult to identify. The reduction in blue staining signifies 

reduced presence of collagen indicating either a reduction in collagen 

deposition or increase in collagen destruction. This absence of blue staining 

is most evident in IR4, a donor who had the most substantial side effects of 

radiotherapy as described in appendix 1. There is a large variability in blue 

staining/presence of collagen in irradiated donors, whereby IR2 seems the 

least affected, yet this donor still demonstrates less collagen than the non-

irradiated controls. Table 2.2 illustrates individual donor symbols used in all 

figures. 
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Figure 3.4 Trichrome frozen tissue sections of non-irradiated breast tissue.  
Sections demonstrate clearly identifiable epidermal and dermal layers and red 
stained vascular smooth muscle. Dermis is clearly stained blue signifying the 
abundance of collagen in this layer. Donors aged CON1-32, CON2-53, CON4-70 

(years). Images taken at x12.5 magnification, scale bar = 200µm.  

CON1 CON2 CON4 

IR1 IR2 IR3 

IR4 IR5 

Figure 3.5 Trichrome frozen tissue sections of irradiated breast tissue appear 
variable in colour demonstrating high donor variability. They exhibit less blue 
colour staining, indicating less collagen content, than non-irradiated tissue. 
Donors aged IR1-48, IR2-50, IR3-51, IR4-54 and IR5-55 (years). Images taken at 

x12.5 magnification, scale bar = 200µm.  
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3.2 Primary cultures of human dermal fibroblasts from irradiated breast 
skin took longer to establish than from non-irradiated skin.  
In order to further characterise the changes in cell phenotype, giving rise to 

the alterations retained in the dermis following radiotherapy, the principal cells 

of the dermis were studied in vitro. Primary cultures of dermal fibroblasts were 

established from normal breast skin and from donors who had received 

radiotherapy. Irradiated dermal fibroblasts had a more pronounced spindle 

shaped morphology with longer thinner projections than their non-irradiated 

counterparts in culture (figure 3.6). Dermal fibroblasts from irradiated skin took 

longer to explant and culture (approximately 10 weeks) than dermal fibroblasts 

from skin with no radiation exposure (approximately 3 weeks).  

3.2.1 Dermal fibroblasts from donors exposed to radiotherapy have a 
more pronounced stellate morphology than those from donors with no 
previous radiotherapy.  
Dermal fibroblasts, derived from the breast skin of irradiated and non-

irradiated donors, demonstrated markedly different appearances in culture 

(figure 3.7) and therefore this was quantified with morphology metrics. Spread 

cell area of dermal fibroblasts from both populations was comparable. Mean 

of dermal fibroblasts from healthy donors was 12802μm2 ± 5265 in 

comparison to dermal fibroblasts from irradiated donors 23489μm2 ± 4653, 

A B 

Figure 3.6 A- Normal human dermal fibroblasts (CON1). B- human dermal 
fibroblasts from irradiated skin (IR3). Cells are pictured of the same passage 
(P3), magnification (X12.5) and confluency for comparison.  
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with p=0.190. Dermal fibroblasts from donors who had received radiotherapy 

had significantly increased perimeter,  429μm ± 25μm in comparison to 481μm 

± 94μm for non-irradiated donors (p<0.05); and very significantly reduced 

circularity of 0.040 A.U ± 0.009 A.U than those with no radiotherapy exposure, 

0.180 A.U ± 0.243 A.U (p<0.01) (figure 3.8). Consequently, dermal fibroblasts 

from irradiated donors had a pronounced stellate morphology with longer and 

thinner projections than those from donors with no radiotherapy exposure. 

 

 
 

Figure 3.7 Representative images of dermal fibroblasts from healthy 
donors (DF) and from donors with previous radiotherapy treatment (IR-
DF). IR-DFs have longer and thinner projections than those from donors 
with no radiotherapy exposure. (x250 magnification, scale bar = 100µm). 

Mean cell area, perimeter and circularity were quantified from 50 random cells 

per donor in Image J. Dotted line indicates perimeter traced with Image J 

programme.  
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Figure 3.8 Morphological characteristics of dermal fibroblasts isolated from 
healthy donors (DF) and from donors with previous radiotherapy treatment 
(IR-DF). (A) Mean cell area, (B) perimeter and (C) circularity displayed (n=3 
DF, 4 IR-DF donors). Error bars = standard error of the mean, ns = non-

significant.  
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3.3 Human dermal fibroblasts from irradiated human breast tissue have 
a reduced rate of proliferation than those derived from tissue with no 
irradiation exposure.  
Dermal fibroblasts from irradiated skin took longer to explant and culture 

(approximately 10 weeks) than dermal fibroblasts from skin with no radiation 

exposure (approximately 3 weeks). In order to quantify these differences 

further, a CyQuant assay was performed to assess differences in proliferation 

between dermal fibroblasts from donors with and without previous 

radiotherapy over 5 days in serum free media. Dermal fibroblasts from donors 

with no radiation exposure (n=2) had a higher rate of proliferation in 

comparison to dermal fibroblasts from irradiated donors (n=4) at all measured 

time points. Results are displayed in figure 3.9. A graph with plots 

demonstrating each individual donor is illustrated in Appendix 3. There 

appeared to be a large individual donor variability and therefore more donors 

especially the non-irradiated donors, are required to allow a statistical analysis 

of these differences.   
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Figure 3.9 Dermal fibroblasts were treated with serum-free media and 
analysis of fluorescence intensity was performed over 5 days. Cell 
number was quantified using CyQUANT standard curve. Cells were 
assayed in quadruplicate wells. N=2 fibroblasts from breast tissue 
without radiation exposure (DF) and N=4 fibroblasts from irradiated 
breast tissue (IR-DF) were compared. Data presented as mean cell 

number ± SEM.  
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3.4 Human dermal fibroblasts from irradiated human breast tissue have 
an increased metabolic activity that parallels aging fibroblasts 
Other characteristics which may be responsible for the changes seen in situ 

in irradiated dermis include differences in the metabolic activity of cells 

exposed to radiotherapy. An Alamar Blue Assay was used to assess the 

differences in metabolic activity of human dermal fibroblasts isolated from 

irradiated and non-irradiated breast tissue. Dermal fibroblasts were derived 

from breast skin of six female donors including four who had received 

radiotherapy treatment and two who had not. After 12 hours of incubation with 

serum free media, the basal metabolic rate of dermal fibroblasts from donors 

who had radiotherapy treatment (7394 A.U ± 322 A.U appeared to be higher 

than fibroblasts that had no radiation exposure (5346 A.U ± 1762 A.U), 

although due to the variability of the control group and the number of donors 

(n=2), statistical analysis was not possible. Fluorescence is proportional to 

rate of metabolism in this assay therefore fluorescence represents 

metabolism. Results are displayed in figure 3.10. There was a large variability 

between the two donors not exposed to radiotherapy, likely resulting from the 

large variation in age. The two normal donors were aged 32 years and 70 

years and their representative coloured symbols are illustrated in the table of 

donors (table 2.2). The 32-year-old donor had the lowest basal metabolism 

whilst the older 70-year-old donor exhibits a similar metabolism to that of the 

irradiated donors.  
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Figure 3.10 Analysis of fluorescence intensity was performed after 12 
hours incubation with serum free media. N=2 dermal fibroblasts from 

breast tissue without radiation exposure (DF, white) and N=4 dermal 

fibroblasts from donors with previous radiotherapy (IR-DF, black) were 

compared. Individual non irradiated donors illustrated with corresponding 

symbols (see table 2.2), red circle= 32 years old, purple circle= 70 years old. 

Data presented as mean fluorescence ± SEM.  
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3.5 Human dermal fibroblasts from irradiated human breast skin have a 
reduced rate of migration than those with no irradiation exposure.  
Six hours following the creation of a scratch wound, no significant differences 

in closure of scratch were observed. At 24 hours dermal fibroblasts from non-

irradiated donors had a significantly reduced scratch diameter of 50.7% ± 

3.7% than those isolated from donors with irradiation exposure, 36.4% ± 3.1%  

(p=0.0298). At 48 hours dermal fibroblasts from non-irradiated donors had a 

highly significant reduction in scratch diameter of 70.7% ± 2.7% than dermal 

fibroblasts with irradiation exposure 53.4% ± 2.8% (p=0.0075). This 

comparison of migration between dermal fibroblasts from donors with and 

without a history of radiotherapy is illustrated in figure 3.12. Representative 

images of dermal fibroblasts from donors with and without radiotherapy 

exposure are displayed at 0 and 48 hours following the creation of a scratch 

wound in figure 3.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 Representative images of dermal fibroblasts from with (IR-
DR) and without (DF) exposure to radiotherapy at 0 and 48h following 
the creation of a scratch wound. Images taken at X6.5 total magnification, 

scale bar 300μm. White dotted line indicates wound edge.   
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3.6.1 A higher ratio of collagen I/III mRNA was expressed in irradiated 
donors.  
Since tissue sections from irradiated donors exhibited less collagen content 

through trichrome staining, differences in the expression of collagen I and III 

in dermal fibroblasts from donors with and without radiotherapy exposure was 

investigated with qPCR. Dermal fibroblasts from skin exposed to radiotherapy 

expressed COL1A1 at a 3.8-fold higher level (17.7% ± 6.7% housekeeping 

gene) than dermal fibroblasts with no irradiation exposure (5.4% ± 3.1% 

housekeeping gene), however this did not reach significance (p=0.137). 

Dermal fibroblasts from irradiated and non-irradiated donors expressed 

Figure 3.12 Comparison of migration of dermal fibroblasts from donors 
without radiotherapy (DF, n=3 donors) and with a history of radiotherapy 
(IR, n=4 donors). Percentage reduction in scratch diameter was greater for DFs 

than IR-DFs.  Analysis of migration was performed after 6, 24 and 48 hours. Cells 

were assayed in triplicate wells, with six measurements per well. Data presented 

as mean ± SEM. Statistically significant differences between groups were 

observed at 24 and 48 hours with * p <0.05 ** p <0.01 using student’s t test. 
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similar levels of COL3A1 (p=0.648). Irradiated donor dermal fibroblasts 

expressed  COL3A1 at 4.89% ±1.37% of housekeeping gene in comparison 

to 4.05% ± 1.45% housekeeping gene for dermal fibroblasts from non-

irradiated donors (figure 3.13). In addition to looking for difference in the 

mRNA expression of type I and III collagen, their proportion to one another 

was also analysed. The collagen I:III ratio was expressed in dermal fibroblasts 

from irradiated donors in the ratio 1:1.33 whereas it was expressed in the ratio 

of 1:3.63 in dermal fibroblasts from donors with no radiotherapy exposure. 
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Figure 3.13 Relative mRNA expression of COL1A (A) and COL3A (B) in 
dermal fibroblasts isolated from skin with no radiotherapy exposure 
(DF, n=3) and skin exposed to radiotherapy (IR-DF, n=4) as a 
percentage of housekeeping gene. IR-DF expressed COL1A1 at a 3.8-

fold higher level than DF however this did not reach significance (p=0.137, 

ns). Dermal fibroblasts from irradiated and non-irradiated donors expressed 

similar levels of COL3A1. Structural ribosomal protein S20 (RPS20) was 

used as housekeeping gene.  

ns 

ns 
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3.6.2 Human dermal fibroblasts from non-irradiated and irradiated breast 
skin secrete the same amount of total collagen  
Since changes in the mRNA expression of collagen may not reflect the 

amount of collagen secreted, the total collagen production by dermal 

fibroblasts isolated from irradiated and non-irradiated donors after 36 hours in 

serum free media was compared using a Sircol assay. Dermal fibroblasts from 

donors with no radiation exposure secreted similar levels of total collagen in 

comparison to those isolated from previously irradiated skin, as shown in 

figure 3.14. Total Collagen in the secretome of dermal fibroblasts from non-

irradiated donors was 7.60 ± 1.75 μg/mL compared to 6.78 ± 0.80 μg/mL  in 

irradiated donor dermal fibroblast secretome. To establish whether they may 

respond differently in response to a wound healing stimulus, the assay was 

repeated following the stimulation of fibroblast migration in a scratch wound 

assay. The medium was analysed 36 hours following the creation of a scratch 

wound, but there was no significant difference in the amount of total collagen 

produced by dermal fibroblasts from donors with or without previous 

radiotherapy as shown in figure 3.15. Total Collagen in the secretome of 

scratched dermal fibroblasts from non-irradiated donors was 6.62 ± 1.01 

μg/mL compared to 8.58 ± 0.85 μg/mL in scractched irradiated donor dermal 

fibroblast secretome. 

 

 

 

 

 

 

 

 

 



98 
 

    
 
 

 

  
 

 

 

 

 

Figure 3.14 Comparison of total collagen in culture media of dermal 
fibroblasts after 36 hours from donors who had previous radiotherapy 
(IR-DF, n=3) and donors with no irradiation exposure (DF, n=2). Analysis 

of collagen content was performed after 36 hours. Cells were assayed in 

triplicate wells.  

Figure 3.15 Comparison of total collagen in culture media of dermal 
fibroblasts from donors who had previous radiotherapy (IR-DF, n=3 
donors) and donors with no irradiation exposure (DF, n=2 donors) 
following creation of a scratch wound. Analysis of collagen content was 

performed 36 hours following scratching. Cells were assayed in triplicate 

wells.  
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3.7 Dermal fibroblasts from irradiated donors had a higher mRNA 
expression of TIMP1 when compared with donors not exposed to 
radiotherapy. No significant differences in MMP1, MMP2 were observed.  
Histological analysis of irradiated skin revealed extensive disorganisation of 

the reticular dermis and differences were also shown in the morphology, 

proliferation, metabolism, migration and collagen I/III ratio in dermal fibroblasts 

established from irradiated donors. Since the primary function of dermal 

fibroblasts is to produce and organise the ECM, the next step was to 

investigate whether there were changes in the expression of proteolytic 

enzymes which enable fibroblasts to maintain the ECM. During tissue 

remodelling proteolytic MMPs break down collagens and their tissue inhibitors 

(TIMPs) regulate this. Therefore, qPCR was performed to investigate changes 

in the expression of three key regulators including: MMP1, MMP2 and TIMP1, 

in dermal fibroblasts from irradiated donors.  

Dermal fibroblasts from irradiated skin expressed a more variable amount of 

MMP1 (60.3 ± 48.1% housekeeping gene) than non-irradiated donors (28.4 ± 

13.6% housekeeping gene). No significant differences were found in the 

mRNA expression of MMP1 (p=0.811) shown in figure 3.16. Dermal 

fibroblasts from irradiated skin expressed MMP2 at a 1.9-fold higher level 

(14.22 ± 5.76% housekeeping gene) than dermal fibroblasts from non-

irradiated skin (5.85 ± 0.12% housekeeping gene) however this did not reach 

significance (p=0.154), as shown in figure 3.17. Dermal fibroblasts from 

irradiated skin expressed significantly increased (p=0.047), 2.7-fold higher 

levels (83.0 ± 21.7% housekeeping gene) of TIMP1 than those isolated from 

skin of non-irradiated donors (27.3 ± 3.3% housekeeping gene). Changes in 

the expression of TIMP1 in dermal fibroblasts from irradiated and non-

irradiated skin is displayed in figure 3.18. 
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Figure 3.16 Changes mRNA expression of MMP1 from dermal fibroblasts 
isolated from skin exposed to radiotherapy (IR-DF, n=4) and skin with no 
radiotherapy exposure (DF, n=3) as a percentage of housekeeping gene. 
Structural ribosomal protein S20 (RPS20) was used as housekeeping gene.  

Figure 3.17 Changes mRNA expression of MMP2 from dermal fibroblasts 
isolated from skin exposed to radiotherapy (IR-DF, n=4) and skin with no 
radiotherapy exposure (DF, n=3) as a percentage of housekeeping gene. 
Structural ribosomal protein S20 (RPS20) was used as housekeeping gene. 
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Figure 3.18 Changes mRNA expression of TIMP1 from dermal fibroblasts 
isolated from skin exposed to radiotherapy (IR-DF, n=4) and skin with no 
radiotherapy exposure (DF, n=3) as a percentage of housekeeping gene. 
Structural ribosomal protein S20 (RPS20) was used as housekeeping gene. 
*p<0.05.  
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3.8 Dermal fibroblasts from irradiated breast tissue exhibit substantial 
changes in expression of numerous proteolytic enzymes.  
In order to further verify and more widely explore changes which may occur in 

the expression of proteolytic enzymes which enable fibroblasts to maintain the 

ECM a proteome profiler human protease/protease inhibitor array was used. 

This profiler simultaneously detected the relative changes of 35 different 

proteases and 32 protease inhibitors in pooled cell lysates of dermal 

fibroblasts from n=3 donors without radiotherapy and n=4 donors exposed to 

radiotherapy. As cell lysates from different donors were pooled, no statistical 

significance could be calculated to analyse the results. However, some of the 

most striking differences included a 4.32-fold higher level of MMP-3 and a 

2.27-fold higher level of MMP-2 in dermal fibroblasts from irradiated donors. 

Similar amounts of MMP1 were detected in the pooled samples of dermal 

fibroblast lysates from both irradiated and non-irradiated donors which 

confirms the qPCR data (figure 3.19).  

One marked difference which contrasts the qPCR findings was a 1.2-fold 

reduction in the quantity of TIMP-1 in dermal fibroblasts from donors exposed 

to radiotherapy. Differences of 1.3<fold change<0.7 in array nitrocellulose 

membrane capture spots with a volume density >950 A.U were perceived as 

profound changes. Differences in multiple proteases and protease inhibitors 

in dermal fibroblasts from irradiated donors are presented in a heatmap, see 

figure 3.19. An overview of the human protease array is displayed in figure 

3.20 and a breakdown of the most contrasting volumes of proteases is 

illustrated in figure 3.21. An overview of the human protease inhibitor array is 

displayed in figure 3.22 and a breakdown of the most contrasting volumes of 

protease inhibitors are illustrated in figure 3.23. 

 

 

 

 

 

 

 

 



103 
 

Protease Colour  Protease Inhibitor Colour 
Cathepsin D 

 
 HAI-1  

Cathepsin C 
 

 Fetuin B  
Kallikrein 5 

 
 Serpin A8/Angiotensinogen  

Kallikrein 3 
 

 Serpin A5/Protein C Inhibitor  
MMP-3 

 
 Testican 1/SPOCK1  

MMP-2 
 

 Serpin F1/PEDF  
Presenilin 

 
 Trappin-2/Elafin  

Neprilysin/CD10 
 

 TIMP-4  
Cathepsin B 

 
 EMMPRIN/CD147  

Cathepsin A 
 

 Cystatin E/M  
DPPIV/CD26 

 
 RECK  

Cathepsin X/Z/P 
 

 Lipocalin-2/NGAL  
MMP-1 

 
 Serpin E1/PAI-1  

Kallikrein 13 
 

 Serpin B8/Proteinase Inhibitor 8  
MMP-13 

 
 TIMP-3  

MMP-12 
 

 TIMP-2  
ADAMTS13 

 
 Cystatin C  

ADAMTS1 
 

 Cystatin B  
Cathepsin V 

 
 Lipocalin-1  

Cathepsin S 
 

 Latexin  
Kallikrein 11 

 
 Serpin B6  

Kallikrein 10 
 

 Serpin B5/Maspin  
MMP-10 

 
 TIMP-1  

MMP-9 
 

 TFPI-2  
uPA/Urokinase 

 
 Cystatin A  

ADAM9 
 

 APP/Protease Nexin II (pan)  
ADAM8 

 
 HE4/WFDC2  

Cathepsin L 
 

 HAI-2  
Cathepsin E 

 
 Serpin A12  

Kallikrein 7 
 

 Serpin A9/Centerin  
Kallikrein 6 

 
 TFPI  

MMP-8 
 

 Testican 2/SPOCK2  
MMP-7 

 
 

Proteinase 3 
 

 
Proprotein Convertase 9 

 
 

 

 

 

 

Figure 3.19 A heatmap comparison of protease and protease inhibitors 
present in tissue lysates of dermal fibroblasts from irradiated and non-
irradiated donors. Differences in multiple proteases and protease inhibitors 

in dermal fibroblasts from irradiated donors are presented in a heatmap. The 

following colours represent reductions: ≥25% x ≤50% = red, >50% = burgundy. 

The following colours represent increases: ≥50% x ≤100% = light green, 

>100% increases = deep green. Those with minimal changes i.e. reductions 

≤25% and increases ≤50% = white.  Pooled samples of tissue lysates of dermal 

fibroblasts from breast tissue with and without radiotherapy exposure.  
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Figure 3.20 Analysis of Protease Array nitrocellulose membranes 
incubated with tissue lysates with equal amounts of protein from 
pooled samples of dermal fibroblasts from breast tissue with (IR-DF) 
and without (DF) radiotherapy exposure. Chemiluminescent detection 

reagents allow a signal to be measured at each duplicate capture spot 

corresponding to the amount of protein bound. Increased protease detection 

is illustrated in green and reduced protease detection is shown in red. ADAM 

denotes a disintegrin and metalloproteinase domain and ADAMTS denotes 

a disintegrin and metalloproteinase with a thrombospondin.  



105 
 

 

Figure 3.21 Analysis of the most profound changes in proteases from 
pooled cell lysates of dermal fibroblasts from donors without 
radiotherapy (DF, n=3 donors) and from donors exposed to radiotherapy 
(IR-DF, n=4 donors). Increased level of proteases in IR DFs correspond to 

green and reduced level corresponds to red. Differences of 1.3<fold 

change<0.7 in array nitrocellulose membrane capture spots with a volume 

density >950 A.U were perceived as profound changes. 
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Figure 3.22 Analysis of Protease inhibitor Array nitrocellulose membranes 
incubated with tissue lysates with equal amounts of protein from pooled 
samples of dermal fibroblasts isolated from irradiated (IR-DF) and non-
irradiated (DF) donors. Chemiluminescent detection reagents allow a signal to be 

measured at each duplicate capture spot corresponding to the amount of protein 

bound. Increased protease detection is illustrated in green and reduced protease 

detection is shown in red. SPOCK denotes SPARC (osteonectin), cwcv and kazal 

like domains proteoglycan, HE4 denotes human epididymis secretory protein 4,  

WFDC2 denotes WAP four-disulfide core domain protein 2, NGAL denotes neutrophil 

gelatinase-associated lipocalin Tissue factor pathway inhibitor abbreviated as TFPI. 
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Figure 3.23 Analysis of the most profound changes in protease 
inhibitors from pooled cell lysates of dermal fibroblasts isolated from 
non- irradiated (DF, n=3 donors) and irradiated donors (IR-DF, n=4 
donors). Increased level of proteases in IR DFs correspond to green and 

reduced level corresponds to red. Differences of 1.3<fold change<0.7 in array 

nitrocellulose membrane capture spots with a volume density >950 A.U were 

perceived as profound changes.  
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3.9 The establishment of a protocol for isolating human stromal vascular 
fraction from previously irradiated breast tissue.  

SVF is known to contain preadipocytes and it is thought that it may induce 

potential beneficial effects on wound healing. The next step was to investigate 

whether SVF cells also demonstrated long standing effects following 

radiotherapy and whether they may support dermal fibroblasts exposed to 

radiotherapy. Since the isolation of SVF from irradiated tissue has not been 

performed previously in the literature, a method had to first be established. 

Methodology was developed for the isolation of SVF from breast tissue 

subcutaneous fat and modified according to success in culture and 

observational studies. Variables in technique including collagenase 

concentration and red cell digestion, were trialled in order to culture SVF cells 

from donors exposed to radiotherapy. The final methodology resulted in the 

successful culture of SVF from just 1 of 5 donors exposed to previous 

radiotherapy in comparison to 3 in 4 donors of non-irradiated breast tissue. 

The final procedure was performed as detailed in section 2.3.3. A flow chart 

for techniques trialled is illustrated in figure 3.26. This method was adapted 

from the literature although this is the first recorded successful culture of 

preadipocyte like cells from the SVF of previously irradiated tissue.  

Collagenase concentrations of 0.5mg/mL, 1mg/mL and 2mg/mL were trialled 

for adipose digestion as these were similar to those used in published 

protocols (Bunnell et al, 2008 and Chen et al, 2016). SVF cells were not 

isolated at the lower concentration of 0.5mg/mL and the SVF cells isolated at 

2mg/mL did not survive in culture and underwent apoptosis under microscopic 

analysis (figure 3.24); therefore 1mg/mL was used to digest adipose tissue. 

An ACK lysis buffer was used, in half of the samples, to lyse red blood cells 

which are a contaminant of the SVF. In the remainder of samples, the 

numerous red blood cells were gently washed away with PBS. SVF cells 

treated with ACK lysis buffer did not survive (figure 3.24) and therefore this 

step was eliminated from the protocol. This PBS washing was performed daily 

in order to ensure the eradication of red blood cell contaminants (figure 3.25).  
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SVF cells were 85% confluent and ready for the initial passage following 3-5 

days incubation. Following the initial passage, SVF cells expanded quicker in 

culture and were passaged after approximately every 48 hours. Cultured P1 

SVF cells appeared heterogenous under microscopic analysis. This 

heterogenicity appeared to decrease with each passage and a more 

homogenous group of cells was present in culture by P3 (figure 3.25). SVF 

cells from non-irradiated tissue were cultured using the same techniques. 

Unlike dermal fibroblasts, there did not appear to be any striking 

morphological differences between SVF cells cultured from irradiated and 

non-irradiated breast tissue. This may suggest that they do not retain 

damaged characteristics demonstrated by the dermal fibroblasts.   
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Figure 3.24 Representative images of SVF cells and cell debris from 
one donor who had previous radiotherapy (IR3) that did not survive 
in culture following variations to protocol including: use of 2mg/mL 
collagenase (top) use of ACK lysis buffer (bottom). Images taken of 

P0 SVF cells at 20X objective magnification. Scale bar=100mm. 



111 
 

 

 

 

Figure 3.25 Representative images of SVF from one donor who had 
previous radiotherapy (IR3) at P0 (top left), P1 (top right), P2 
(bottom left) and P3 (bottom right). Many round red blood cells can 
be seen contaminating the P0 (top left) sample, as passage 
increases heterogeneity of the cells decreases. Images taken of P0 

SVF cells at 20X objective magnification. Scale bar=100mm. 
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Subcutaneous fat was rinsed with 
tissue washing solution, minced 
with 14cm straight Mayo scissors 
and  transferred to  tube for 
collagenase digestion . 

No SVF cells 
isolated 

1mg/mL 
collagenase 

2mg/mL 
collagenase. 

0.5mg/mL 
collagenase 

ACK lysis buffer.  Wash PBS X 3 

Cultured SVF 
cells 

burst/infected 

After 3-7 days, cells reached 
approximately 85% confluency and 
were passaged.  

Tubes vortexed for 10-15seconds 
and incubated at 37°C for one 
hour, aggregating every 5-10 
minutes. Pre-adipocyte growth 
media added and solution sifted 
with 40µm cell strainer into new 
tubes. The solution was then 
centrifuged at 600G for 5 minutes. 

Cultured SVF 
cells 

burst/infected 

Figure 3.26 Development of a protocol for the isolation of stromal vascular 
fraction cells from breast tissue exposed to radiotherapy. Collagenase 

concentration and treatment with Ammonium-Chloride-Potassium (ACK) lysis 

buffer were trialled in order to develop a protocol suitable for the isolation of 

these cells.  
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3.10 Stromal vascular fraction cells from previously irradiated and non-
irradiated human breast tissue had differing morphology when 
compared to commercial preadipocytes.  
Once a method had been created and primary SVF cultures were established 

from donors with or without radiotherapy exposure, SVF cells from irradiated 

donors were characterised against SVF cells and preadipocytes from non-

irradiated donors. SVF cells, derived from the breast skin of irradiated and 

non-irradiated donors, and preadipocytes demonstrated diverse appearances 

in culture and therefore this was quantified with morphology metrics. 

Morphology metrics of 50 cells were calculated using Image J software and 

are displayed in figure 3.27. Spread cell area, perimeter and circularity was 

calculated for SVF cells at passage 3 and preadipocytes at passage 6. 

Preadipocytes were analysed at a higher passage, as they were not isolated 

in the lab and arrived already at passage 4. Spread cell area of SVF from 

irradiated donors was the smallest (11353± 1254μm2) while preadipocytes 

was the largest (41035 ± 4636 μm2) with the perimeter also reflecting these 

observations (1111 ± 66μm and 1871 ± 500μm consecutively). Preadipocytes 

also had the lowest circularity (0.0687 ± 0.0131) indicating they had the most 

spindle like morphology of the cells analysed. SVF cells from non-irradiated 

donors demonstrated some donor variability however they were noted to be 

more similar than the two other groups of donors. These donors were of 

different age groups (see table 2.2) therefore an individual donor symbol has 

been illustrated on the graph to demonstrate this.  
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C. 

B. A. 

Figure 3.27 Morphological characteristics of commercial preadipocytes 
(PA), SVF cells isolated from healthy donors (CON1, CON3) and from one 
donor with previous radiotherapy treatment (IR3), as shown in Table 2.2. (A) 
Mean cell area, (B) perimeter and (C) circularity calculated from 50 random 
cells per donor are displayed. Assigned symbols displayed for individual donor 

identification (see tables 2.2 and 2.3). Data presented as mean± SEM 
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3.11 Stromal vascular fraction from previously irradiated human breast 
tissue expressed a panel of preadipocyte markers identified in 
preadipocytes.  
After establishing differing appearances in morphology of SVF cells from 

irradiated donors and preadipocytes, it then was necessary to establish 

whether SVF cells demonstrated preadipocyte markers indicating whether 

there were preadipocytes present in the SVF or if morphology was different 

due to the presence of another cell population. SVF cells from irradiated tissue 

(IR3, n=1, passage 3) were characterised by immunocytochemistry using a 

panel of preadipocyte markers and compared to commercially purchased 

human preadipocytes (PA, n=1, passage 4, Promocell). Percentage 

expression was calculated by counting the presence or absence of 

florescence in 100 cells identified by DAPI in each donor. The commercial 

preadipocytes demonstrated 100% expression of the preadipocyte markers 

CD105, CD73, CD10 and a total absence of CD45. The cells isolated from the 

SVF of one donor of human irradiated breast skin expressed all these markers 

in the following proportions: CD105: 100%, CD73: 93% and CD10: 58% while 

CD45 was completely absent, confirming a substantial proportion of the SVF 

from irradiated tissue was likely composed of preadipocytes (figure 3.28).  
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Figure 3.28 Immunofluorescence expression of preadipocyte markers of human 
preadipocytes (PA-green) and SVF cells isolated from human irradiated breast 
(IR3-red). Cells staining for CD105, CD73 and CD10 were visualised in both cell 

populations and both populations were negative for CD45 expression. Expression was 

quantified by percentage of positively expressing cells. Blue is DAPI which stains cell 

nuclei. (x250 magnification, scale bar = 100µm) 
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3.12 Preadipocytes and SVF cells from irradiated tissue secreted higher 
levels of FGF into conditioned media than SVF cells from non-irradiated 
tissue. 
Since the preadipocyte secretome is thought to contain FGF2, a 

QuantikineELISA was performed to compare the secretome of preadipocytes 

and SVF from irradiated and non-irradiated donors for the presence of FGF2, 

using their conditioned media. FGF2 was found to be present in conditioned 

media of preadipocytes and SVF from irradiated and non-irradiated donors, 

see figure 3.38. The concentration of FGF2 present in the conditioned media 

of each donor is presented in table 3.1. Comparably high amounts of FGF2 

were present in conditioned media derived from preadipocytes and SVF cells 

from one irradiated donor. SVF cells from donors with no radiotherapy 

exposure secreted almost half the concentration of FGF2 in their conditioned 

media. Statistical analysis was not possible due to the low numbers of donors. 
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Figure 3.29 Analysis of FGF concentration in conditioned media of 
preadipocytes (PA), SVF from non-irradiated tissue (CON1, CON4) and 
SVF from irradiated tissue (IR3). Preadipocytes and SVF cells from 
irradiated tissue secrete higher amounts of FGF in their secretome than 
SVF cells from non-irradiated tissue. Assigned symbols displayed for 

individual donor identification (see tables 2.2 and 2.3). Assigned symbols 

displayed for individual donor identification (see tables 2.2). Data presented 

as mean of 4 technical replicates +- SE. 
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3.13 Preadipocytes secreted less adiponectin into conditioned media 
than SVF cells from irradiated and non-irradiated tissue. 
The preadipocyte secretome has also been shown to contain adiponectin and 

is believed to be involved in cell metabolism (Zvonic et AL, 2006). Cell 

metabolism appears to be higher in dermal fibroblasts from irradiated donors 

(figure 3.10). In order to find out if adiponectin may be a potential candiate for 

the increased metabolism of dermal fibroblasts from irradiated tissue, a 

QuantikineELISA was performed to examine the secretome of preadipocytes 

and SVF from irradiated and non-irradiated donors for the presence of 

adiponectin, using their conditioned media. Adiponectin was present in 

conditioned media of preadipocytes and SVF from irradiated and non-

irradiated donors, see figure 3.39. The concentration of adiponectin present 

in the conditioned media of each donor is presented in table 3.1. Similar 

amounts of adiponectin were present in the secretome of SVF cells from 

donors with and without radiotherapy exposure, and preadipocyte conditioned 

media (range 14-17ng/ml). 
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Figure 3.30 Analysis of adiponectin concentration in conditioned 
media of preadipocytes (PA), SVF from non-irradiated tissue (CON1, 
CON4) and SVF from irradiated tissue (IR3). SVF cells from non-
irradiated and irradiated tissue secrete higher amounts of 
adiponectin into their secretome than preadipocytes. Assigned 

symbols displayed for individual donor identification (see tables 2.2 and 

2.3). Data presented as mean of 4 technical replicates +- SE.  
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3.14 SVF cells from the eldest donor with no radiotherapy exposure 
secreted the highest amount of VEGF in comparison to preadipocytes 
and SVF from irradiated and non-irradiated donors. 
VEGF is another component shown to be secreted in the preadipocyte 

secretome whose role is primarily to stimulate angiogenesis and is important 

in tissue repair (Rehman et al., 2004). A QuantikineELISA was performed to 

analyse the quantity of VEGF in preadipocyte and SVF conditioned media 

from irradiated and non-irradiated donors. VEGF was found to be present in 

conditioned media of preadipocytes and SVF from irradiated and non-

irradiated donors, see figure 3.40. The concentration of VEGF present in the 

conditioned media of each donor is presented in table 3.1. The highest 

concentration of VEGF was present in the secretome of SVF cells from the 

eldest non-irradiated donor (CON4), aged 70. This sample had a 3-fold higher 

concentration in comparison to preadipocyte conditioned media. The three 

younger donors had a similarly lower concentration of VEGF. There were no 

marked differences in the concentration of VEGF in SVF conditioned media 

from irradiated tissue.  
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Figure 3.31 Analysis of VEGF concentration in conditioned media of 
preadipocytes (PA), SVF from non-irradiated tissue (CON1, CON4) 
and SVF from irradiated tissue (IR3). SVF cells from the eldest non-
irradiated donor secrete higher amounts of VEGF into their 
secretome than the other younger donors. Assigned symbols 

displayed for individual donor identification (see tables 2.2 and 2.3). Data 

presented as mean of 4 technical replicates +- SE.  
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Component of 
secretome 

Concentration in conditioned media 

PA CON 1 CON 4 IR3 

FGF2 (pg/mL) 143 ± 3.4 86 ± 4.0 84 ± 1.8 146 ± 18.3 

Adiponectin 
(ng/mL) 14.0 ± 0.98 16.3 ± 

0.13 

17.2 ± 
0.82 

 

16.7 ± 
0.45 

VEGF (pg/mL) 202 ± 4.0 294 ± 79.0 633 ± 22.5 262 ± 42.8 

 

Table 3.1 Table of concentration of secretome components present in 
conditioned media of preadipocytes (PA), SVF from non-irradiated 
tissue (CON1, CON4) and SVF from irradiated tissue (IR3). Assigned 

symbols displayed for individual donor identification (see tables 2.2 and 2.3). 

Data presented as mean of 4 technical replicates +- SE. 
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3.15 Neither FGF2 nor the preadipocyte secretome had any effect on the 
proliferation of human dermal fibroblasts cultured from irradiated 
human breast tissue. 
It has been suggested that preadipocytes may support wound healing by the 

secretion of paracrine factors. These paracrine factors may influence the 

behaviour of dermal fibroblasts from irradiated skin which were negatively 

affected by radiotherapy exposure. Conditioned media was collected from 

preadipocytes in order to investigate these paracrine factors. It has been 

demonstrated that human dermal fibroblasts from irradiated human breast 

tissue have a reduced rate of proliferation than those derived from tissue with 

no irradiation exposure (see section 3.3). Since FGF2 is a growth factor known 

to stimulate the proliferation of dermal fibroblasts, and is known to be secreted 

by preadipocytes, it was used as a positive control to assess the stimulatory 

effect of the preadipocyte secretome (Cooper et al. 2018, Makino et al. 2009 

and Yuan et al, 2017). Therefore, a CyQuant assay was performed to compare 

the stimulatory effect of preadipocyte conditioned media with FGF2 on dermal 

fibroblast proliferation. Dermal fibroblasts from two donors with no radiation 

exposure both showed increased proliferation after 24 hours treatment with 

1ng/ml FGF2 (figure 3.29), although the preadipocyte conditioned media had 

little effect. However, after 24 hours of incubation preadipocyte conditioned 

media or 1ng/ml FGF2 there was no difference in the proliferation of 

fibroblasts from irradiated donors (figure 3.29).  
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Figure 3.32 Analysis of cell proliferation after 24 hours incubation 
with treatment of serum free media (CON), FGF2 1ng/ml and 
preadipocyte conditioned media (PACM). Cells were assayed in 

quadruplicate wells. Dermal fibroblasts from breast tissue without 

radiation exposure (DF, white, n=2) and from irradiated breast tissue (IR-

DF, black, n=4) were compared. Data presented as mean ± SEM.  
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3.16 Metabolic activity of dermal fibroblasts from irradiated human 
breast tissue was unaffected by incubation with either preadipocyte 
conditioned media or FGF2.  
No changes were seen in the proliferation of dermal fibroblasts from irradiated 

donors in response to FGF2 or preadipocyte conditioned media. As dermal 

fibroblasts from irradiated donors demonstrated a potential increased 

metabolism (see section 3.4), an Alamar blue assay was used to assess 

effects of FGF2 and preadipocyte conditioned media on metabolic activity of 

human dermal fibroblasts. Dermal fibroblasts were derived from breast skin of 

six female donors including four who had received radiotherapy treatment and 

two who had not. After 12 hours of incubation, dermal fibroblasts from 

irradiated donors showed no difference in their metabolic activity in the 

presence of either preadipocyte conditioned media or 1ng/ml FGF2. Dermal 

fibroblasts from non-irradiated donors appeared to increase their metabolic 

activity in response to preadipocyte conditioned media and 1ng/ml FGF2. The 

basal metabolic rate of fibroblasts from donors who had radiotherapy 

treatment was higher than fibroblasts that had no radiation exposure, 

regardless of treatment (figure 3.30). 
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Figure 3.33 Analysis of fluorescence intensity was performed after 12 
hours incubation with treatment of serum free media (CON), FGF2 
1ng/ml and preadipocyte conditioned media (PACM). Cells were assayed 

in quadruplicate wells. Dermal fibroblasts from breast tissue without radiation 

exposure (DF, white, n=2) and from irradiated breast tissue (IR-DF, black, 

n=4) were compared. Assigned symbols displayed for individual donor 

identification of DF (see table 2.2). Data presented as mean fluorescence ± 

SEM.  



128 
 

3.17 Incubation with FGF2 and preadipocyte conditioned media 
increases migration of human dermal fibroblasts from irradiated and 
non-irradiated donors in culture to a similar extent.  
Since dermal fibroblasts from irradiated donors demonstrated reduced 

migratory ability (see section 3.5), a scratch wound assay was carried out to 

assess whether FGF2 or preadipocyte conditioned media stimulated cell 

migration. All dermal fibroblasts were derived from breast skin of female 

donors with and without radiotherapy exposure and assayed at passage 3-4. 

The mean age of irradiated donors was 52 years and non-irradiated donors 

was 54 years. The migratory distance of fibroblasts from the edges of the 

scratch wound was measured and analysed at 0, 6, 24 and 48 hours after the 

initial scratch, between fixed points using the template described in section 

2.8.2. FGF2 and preadipocyte conditioned media stimulated an increase in 

migration of human dermal fibroblasts to a similar extent in a scratch wound 

assay. A significant increase in migration of dermal fibroblasts from non-

irradiated donors was observed following incubation with FGF2 (p=0.0468). 

Statistical analysis of two-way ANOVA was performed therefore these p 

values account for all three time points per treatment. An increase in migration 

of dermal fibroblasts from non-irradiated donors was observed following 

incubation with PACM with results approaching significance (p=0.0802). The 

increase in migration of dermal fibroblasts from non-irradiated donors in 

response to treatment is demonstrated in figure 3.31 (A).  An increase in 

migration of dermal fibroblasts from irradiated donors was observed following 

incubation with FGF2 with results approaching significance (p=0.0809). A very 

significant increase in migration of dermal fibroblasts from irradiated donors 

was observed following incubation with PACM (p=0.0023). The increase in 

migration of dermal fibroblasts from irradiated donors in response to treatment 

is demonstrated in figure 3.31. (B). Representative images of dermal 

fibroblasts at 0 and 48 hours from a non-irradiated donor (CON3) are shown 

in Figure 3.32 and from an irradiated donor (IR1) are shown in figure 3.33.  
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Figure 3.34 Comparison of migration of dermal fibroblasts from A- skin 
with no radiotherapy exposure (n=3 donors) and B- skin exposed to 
radiotherapy (n=4 donors) treated with FGF2 and preadipocyte 
conditioned media (PA CM). Percentage reduction in scratch diameter was 

greater for those treated with FGF2 and PA CM than serum free control 

(CON).  Analysis of migration was performed after 6, 24 and 48 hours. Cells 

were assayed in triplicate wells, with six measurements per well. Data 

presented as mean ± SEM. Statistically significant differences illustrated with 

ns= non-significant, * p<0.05, ** p<0.01.  
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Figure 3.35 Representative images of dermal fibroblasts from one non-
irradiated donor (CON4) incubated with serum free (CON) media, FGF2 
and preadipocyte conditioned media (PA CM) at 0, 24 and 48h following 
the creation of a scratch wound. Images taken at X6.5 total magnification, 

scale bar 500μm. White dotted line indicates wound edge.   
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Figure 3.36 Representative images of dermal fibroblasts from one 
irradiated donor (IR1) incubated with serum free (CON) media, FGF2 and 
preadipocyte conditioned media (PA CM) at 0, 24 and 48h following the 
creation of a scratch wound. Images taken at X6.5 total magnification, scale 

bar 500μm. White dotted line indicates wound edge.   
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3.18 Adiponectin did not modulate migration of dermal fibroblasts from 
irradiated skin in a scratch wound assay.  

Adiponectin is also thought to be a component of the secretome of 

preadipocytes. Since FGF2 and preadipocyte conditioned media both 

stimulated dermal fibroblast migration to a similar degree, a scratch wound 

assay was performed to assess whether adiponectin also modulates dermal 

fibroblast migration. Dermal fibroblasts were derived from breast skin of one 

previously irradiated female donor. Incubation with adiponectin at both 1μg/ml 

and 2μg/ml had no effect on dermal fibroblast migration up to 48 hours.  

Images of dermal fibroblasts at 0 and 48 hours are shown in figure 3.34. At 6, 

24, and 48hours adiponectin at concentrations of 1 μg/ml and 2 μg/ml did not 

have an effect on irradiated dermal fibroblast migration as shown in figure 

3.35. FGF2 is also displayed as a positive control for comparison. 

 

Figure 3.37 Representative images of dermal fibroblasts from one irradiated 
donor incubated with serum free (control) media or adiponectin at 
concentrations of 1μg/ml and 2μg/ml.  
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Figure 3.38 Analysis of migration of dermal fibroblasts from irradiated 
skin performed after 6, 24, and 48hours treatment with serum free 
control (CON), Adiponectin 1µg/ml, Adiponectin 2µg/ml and positive 
control (FGF2). Cells were assayed in triplicate wells, with six 

measurements per well. Data presented as mean of 3 technical replicates 

(n=1 donor).  
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3.19 Irradiated stromal vascular fraction conditioned media modulates 
migration of human dermal fibroblasts in culture 
As preadipocyte conditioned media from a non-irradiated donor has been 

shown to stimulate an increase in dermal fibroblast migration (figure 3.30), the 

next step was to investigate whether SVF from irradiated donors can exert a 

similar effect. This will help to understand whether cells in the SVF exhibit long 

standing effects of radiotherapy as seen in dermal fibroblasts.  To assess the 

effect of SVF secreted paracrine factors on fibroblast migration, a scratch 

wound assay was carried out using donor matched dermal fibroblasts and 

conditioned media from SVF cells derived from the same donor who had 

undergone radiotherapy 3 years previously (IR3). Scratch wound assays were 

conducted, and migration measured after 6, 24, and 48hours, between fixed 

points using the template described in section 2.8.2. Images of dermal 

fibroblasts at 0, 6, 24 and 48 hours are shown in figure 3.36 alongside those 

treated with preadipocyte conditioned media (PA CM). SVF conditioned media 

from irradiated donor tissue (SVF CM) stimulated migration of donor matched 

human dermal fibroblasts in a scratch wound assay to a similar extent as the 

PA CM, (see figure 3.37). 
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Figure 3.39 Preadipocyte conditioned media (PACM) and stromal vascular 
fraction conditioned media (SVF CM) accelerate dermal fibroblast migration 
in a scratch wound. Migration assay representative images of one irradiated donor 

dermal fibroblasts (IR3) at 0, 6, 24, and 48 hours following scratching incubated with 

either: serum free (control) media, preadipocyte conditioned media (PA CM) and 

irradiated donor matched stromal vascular fraction conditioned media (SVF CM). 

White dotted line indicates wound edge.  
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Figure 3.40 Comparison of migration of dermal fibroblasts from 
one donor who had previous radiotherapy treatment (IR3) with 
their donor matched SVF conditioned media (SVF CM) and also 
with preadipocyte conditioned media (PA CM). Results show a 

similar effect of SVF CM and PA CM on fibroblast migration. Data 

presented as mean of 3 technical replicates.  
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4 Discussion 

4.1. Summation of aims  

The use of external beam radiotherapy in the management of breast cancer 

patients incurs increased post-operative morbidity following breast 

reconstruction. Impaired wound healing causes reduced functional and 

cosmetic outcomes. ASCs have the potential to provide therapeutic benefits 

in the healing of wounds in irradiated tissue. This study set out to provide 

evidence in support of the therapeutic use of ASCs to improve wound healing 

following radiotherapy. 

4.2 Pronounced in situ changes of irradiated skin reflect changes 
associated with aging.  
Haematoxylin and eosin staining and trichrome staining of breast tissue 

cryosections illustrated the long-lasting damaging effects of radiotherapy 

(figures 3.1 and 3.2). Features observed included flattening of the epidermal-

dermal junction and extensive disorganisation of the ECM in the reticular 

dermis. Flattening of the epidermal-dermal junction will result in a reduction in 

the surface area of the capillary and lymphatic plexus in the papillary dermis. 

Structural changes due to intrinsic aging have long been recognised with the 

most consistent abnormality found in aged skin flattening of the epidermal-

dermal junction (Fenske and Lober, 1986, Williams et al, 2020). Extrinsic 

aging is caused by repeated exposure to environmental factors such as 

ultraviolet radiation (Tsatsou et al, 2012). Donors in this study experienced 

repeated exposure to ionizing radiation through a course of external beam 

radiotherapy, which represents a comparable but more intense mechanism to 

that which occurs in extrinsic aging.   

In this study, these characteristics were observed 1-13 years following 

exposure to radiotherapy. It therefore appears the dermal fibroblasts in 

irradiated skin have retained a damaged phenotype as they are the cells 

primarily responsible for creation and remodelling of the ECM, which was 

extensively disorganised in these patients. Longstanding effects of 
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radiotherapy on dermal fibroblast behaviour such as a change in 

proliferative/metabolic/migratory activity or in their ability to synthesise and 

remodel collagen and other ECM components may give rise to these changes. 

One theory is that dermal fibroblasts undergo changes in their epigenetic 

memory in response to environmental insults that give rise to poor wound 

healing responses as suggested in other conditions such as in type 2 diabetes 

mellitus (Al-Rikabi et al, 2021). On the other hand, an accumulation of 

senescent cells may contribute to radiotherapy associated changes. Dermal 

fibroblasts isolated from intrinsically aged human skin demonstrated 

hallmarks of cellular senescence and had a secretory phenotype with 

increased secretion of MMPs into their secretome (Waldera Lupa et al., 2015). 

Such a change in the secretory profile of dermal fibroblasts exposed to 

radiotherapy may disturb the balance in proteolytic activity necessary to 

maintain the ECM. Cellular senescence is a permanent state of cell cycle 

arrest resulting in alterations in morphology and functionality (Kwon et al, 

2019). Senescent cells demonstrate a loss of replicative potential and 

changes following radiotherapy were present in the skin up to 13 years 

following insult therefore it makes senescence a less likely mechanism for the 

changes seen. Senescent cells are non-proliferative cells with an altered 

secretory phenotype or SASP which can impact negatively on surrounding 

tissue. However, to date there have been few studies on dermal fibroblasts 

isolated from irradiated skin and none on cells from the SVF. Effects of 

irradiation on human skin have long since been reported and are described to 

display features including a thin, atrophic epidermis, loss of the rete peg 

pattern at the dermal interface consistent with our findings (Archambeau et 

al,1995). The dermis has been demonstrated to be markedly hypocellular 

consisting of dense ECM and fibrosis. 

Histological comparison of Trichrome-stained frozen tissue sections (figure 

3.4 and 3.5) highlights a reduced collagen content in irradiated tissue. This 

suggests there are changes in the balance between collagen deposition and 

collagen destruction by dermal fibroblasts.  

While there was high variability in the amount of collagen staining visible in 

irradiated donor skin, there was an obvious reduction in collagen staining 

compared to all the non-irradiated donors. Total collagen levels in human skin 
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have been shown to decrease with advancing age (Cheng et al, 2011).  Skin 

from younger donors exposed to radiotherapy demonstrated less collagen 

staining than an older non-irradiated donor (70 years), highlighting the 

acceleration in dermal ageing induced by radiotherapy. The absence of 

collagen staining was most evident in one donor who experienced most 

substantial side effects of radiotherapy (IR4) as described in appendix 1.  

Due to the infrequency of which breast reduction procedures were performed 

within the NHS, fewer non-irradiated patients were eligible to donate ethical 

tissue for this study. Donors in the non-irradiated group had a much wider age 

range of 32-70 years in contrast to irradiated donors, who ranged from 48-55 

years.  Irradiated donor skin was collected from a tighter age group of donors, 

as this is the age group from which breast reconstruction surgery is commonly 

performed. Nevertheless, the average age of both donor groups used for 

histology was similar at age 52 years. A negative association between 

advancing age and epidermal thickness has been observed with the use of 

non-invasive optical coherence tomography (OCT) as well as in traditional 

biopsy specimens (Tsugita, Nishijima, Kitahara and Takema, 2013). The non-

irradiated donor with the thinnest epidermis was aged 70 years which is 

consistent with the age-related thinning of epidermis (Williams et al, 2020, 

Tsugita et al, 2013). Due to a high variability with age, this group had a 2-fold 

higher standard error of 5.0μm. More donor samples with less variability 

across age groups would reduce the standard deviation across epidermal 

thickness and allow a better comparison.  

One irradiated donor had a mean epidermal thickness of 177μm which was 

5.5-fold greater than the mean of all other donors. According to medical 

records this donor had suffered with the worst clinical side effects of all 

irradiated donors having received radiotherapy 5 years and 1 month prior to 

tissue collection (Appendix 1). Medical records indicated skin retraction, 

sloughing and dehiscence of breast reconstruction in this patient, however 

donor tissue inspection on arrival to the lab indicated simply mild erythema. 

Increased epidermal thickness has been correlated to increased scar 

abnormality observed in keloids (Limandjaja et al., 2016). This donor had no 

previous medical history of keloid scarring but displayed histological 

similarities to keloids which were not seen in all the other donors. When this 
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outlier was excluded from the group, analysis of the irradiated donors 

demonstrated a trend towards a thinner epidermis in irradiated donors (mean 

29.0μm) compared to non-irradiated donors (mean 36.5μm), although 

differences did not reach significance (p=0.1876), probably due to such a 

small and age-variable sample size. Notwithstanding, the results of this 

histometric analysis suggest that radiotherapy may mimic the changes of 

thinner epidermal thickness with advancing age. Age (>60 years) is an 

independent risk factor for impairment in closure of chronic wounds (Sgonc 

and Gruber, 2013). Therefore, changes in the dermal and epidermal histology 

following radiotherapy imitating those seen in aging skin may explain why 

these patients experience poor wound healing. This may negatively impact on 

further surgery such as reconstruction, necessary for the emotional and 

physical wellbeing of patients following breast cancer treatment. Further 

analysis of epidermal thickness could be achieved through reliable non-

invasive techniques such as ultrasonography (Firooz et al, 2016). This 

analysis is performed in vivo therefore this would be a much quicker method 

to analyse a much greater number of patients.  

4.3 Culture of human dermal fibroblasts from irradiated breast skin 
In addition to epidermal thinning, the histology illustrates the long-lasting 

detrimental changes that occur in the dermis following radiotherapy. This 

suggests that the dermal fibroblasts, the cells responsible for the maintenance 

of the ECM may have undergone epigenetic and phenotypic changes. While 

a number of studies have irradiated normal dermal fibroblasts in culture to 

mimic the effects of radiotherapy, these models of irradiated cells are not fully 

representative of cells isolated from irradiated skin (Haubner et al, 2015, Choi 

et al, 2019, Naru et al, 2005, Song et al 2004). It cannot be assumed that 

fibroblast processes disrupted immediately following radiotherapy are the 

same as those responsible for complications presenting years later, such as 

those occurring post operatively following reconstruction surgery. 

There have been few published studies over the past 30 years that have 

successfully cultured dermal fibroblasts from skin exposed to radiotherapy 

treatment. Rudolph et al. (1988) was the first to culture dermal fibroblasts from 
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donors with a history of radiotherapy exposure, 5-18 years previously. Donors 

were aged 45-68 years and were undergoing surgery for radiation injury at 

various sites including: the groin, lower back and neck. These authors found 

dermal fibroblasts from irradiated donors were difficult to establish in culture, 

with a reduced replicative capacity and growth rate in culture (Rudolph et al, 

1988). Since these findings, published in 1988, surprisingly there have been 

few further reports of establishment of dermal fibroblast cultures from skin with 

a history of high dose therapeutic radiotherapy treatment. Despite this, 

Delanian et al (1997) cultured dermal fibroblasts of men and women from 

breast and neck skin who had received 60–70 Gy as post-operative adjuvant 

irradiation. Skin specimens were collected from 6 months up to 9 years after 

irradiation. Dermal fibroblasts from irradiated donor sites were demonstrated 

to have dramatically reduced proliferative rates in comparison to those from 

healthy non-irradiated skin (Delanian et al, 1997).  

One other such study established primary dermal fibroblasts from dorsal 

thoracic skin of donors undergoing palliative irradiation therapy (Illsley et al, 

2000). Biopsies were performed 8 weeks following a single 8Gy fraction of 

radiotherapy, a radiation dose not expected to cause significant clinical 

radiation fibrosis, yet they also demonstrated similar findings of a lower 

proliferative rate in dermal fibroblasts cultured from irradiated sites.  The level 

of radiotherapy exposure in the study by Illsley et al. (2000) twenty years ago 

was significantly lower than the irradiation the donors used in this study were 

exposed to which was 40Gy in 15 fractions, and the length of time that had 

passed following treatment before the fibroblasts were cultured which ranged 

from 1-13 years.  

No other studies have investigated the late effects (1-13 years) of breast 

radiotherapy (40Gy in 15 fractions) on irradiated breast tissue as in this study. 

Understanding changes in dermal fibroblasts from irradiated breast tissue is 

important in order to recognise the resulting problems for wound healing which 

effect the outcomes of breast oncoplastic reconstructive surgery. Therefore, 

this illustrates a detailed report of the changes in the phenotype of primary 

human dermal fibroblasts derived from irradiated breast skin despite the 

difficulties described by Rudolph et al (1988), Delanian et al (1997) and Illsley 

et al (2000). Dermal fibroblasts cultured from irradiated breast skin took 
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substantially longer to grow out from the dermal explants in sufficient numbers 

to enable them to be passaged (10 weeks compared to 3 weeks for normal 

dermal fibroblasts). The extended time required for dermal fibroblasts from 

irradiated skin to explant results in an increased risk of contamination, due to 

skin incubated in dishes for prolonged periods of time. This was generally 

overcome with vigilance in aseptic techniques and regular media changes (of 

2-3 days). These fibroblasts also exhibited longer proliferation times (figure 

3.9) than those from non-irradiated skin therefore they took longer to reach 

confluence. Illsley et al (2000) have described the most recent and similar 

approach to this study, despite it being published 20 years ago. Nonetheless 

this methodology is more informative due to no variability of donor site and the 

dosage donors had received was representative of that received by breast 

cancer patients (40Gy in 15 fractions). Illsley et al (2000) did only short-term 

studies representing changes in dermal fibroblasts just 8 weeks following 

irradiation exposure whereas this study, like Rudolph et al. (1988) 

demonstrates long standing changes up to 13 years following radiotherapy. 

This signifies there must be epigenetic changes in dermal fibroblasts in 

response to radiotherapy as these cells are not recovering their characteristics 

many years after irradiation. Such aberrant cells would be expected to 

undergo autophagy during the repair and regeneration of damaged tissue.  

A reduction in proliferative rate following radiotherapy has been observed at 

as early as 8 weeks and upheld up to over 18 years later (Rudolph et al. 1988, 

Delanian et al, 1997 and Illsley et al, 2000). The damage from ionising 

radiotherapy seems to result in a permanent change in dermal fibroblasts 

phenotype however epigenetic changes are potentially reversible (Aggarwal 

et al, 2015). Irradiation may cause senescence which may explain why these 

cells are more difficult to culture (Maier et al, 2016). A loss of replicative 

potential is characteristic of senescent cells (Waldera Lupa et al., 2015). The 

senescence biomarker p16 and the DNA damage marker γ-H2AX have been 

shown via immunocytochemistry to accumulate in human chest wall radiation 

ulcers after radiotherapy (Wang et al., 2020). In addition, the expression of 

senescence-related genes and proteins has been shown to accumulate over 

time in rat radiation-induced ulcer models (Wang et al., 2020). Despite the 

challenges, this study demonstrated that it is possible to generate cultures of 
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human dermal fibroblasts from irradiated skin which represents a more 

accurate model for investigation of the behaviour of irradiated tissue (figure 

3.6).   

4.3.1 Dermal fibroblasts from human irradiated skin demonstrate a more 
stellate morphology in culture. 
Pathological features of radiotherapy typically include fibrosis. A loss of tissue 

compliance, the development of strictures and impaired gaseous diffusion; all 

contribute to the negative side effects seen clinically following radiotherapy 

(Yarnold and Vozenin Brotons, 2010).  Appearances of fibroblasts in these 

fibrotic tissues in situ may be atypical presenting as bizarre shapes of variable 

sizes containing hyperchromatic, presumably polyploid, nuclei (Yarnold and 

Vozenin Brotons, 2010). Delanian et al. (1998) described the appearance of 

large pleomorphic cells with well-developed cytoskeletal fibres, numerous lacy 

cytoplasmic extensions and a prominent rough endoplasmic reticulum of 

breast and neck human dermal fibroblasts cultured from patients following 60–

70 Gy post-operative adjuvant irradiation (Delanian et al, 1998). This 

description is in keeping with the characteristics observed in dermal fibroblasts 

isolated from human irradiated breast skin in this study. These had long thin 

projections which were quantified through a significant difference in perimeter 

without significant difference in area (figure 3.7). An enlarged and flat cell 

morphology is the most pronounced phenotype of cell senescence therefore 

it is possible that these differences in morphology may result from dermal 

fibroblast senescence (Kwon, 2019). 

In vitro, both LED irradiation and UVA irradiation have been shown to alter 

fibroblast morphology. Yamaba et al. (2016) measured the area of human 

neonatal dermal fibroblasts before and 3 hours after UVA-irradiation of 10 or 

20 J/cm2. They observed human dermal fibroblasts grown on a plastic dish 

had a reduced horizontal area following UVA irradiation and appeared 

elongated in form (Yamaba et al, 2016). This elongation following UVA 

irradiation is in keeping with the increase in perimeter without significant 

difference in area seen in dermal fibroblasts from irradiated skin in this study 

(figure 3.8). Choi et al. (2019) stained human skin fibroblast (American Type 
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Culture Collection) actin filaments with phalloidin following 660 nm light-

emitting diode (LED) irradiation for up to 30 minutes. The length of the actin 

filament was significantly larger on the major axis despite there being no 

difference in the area compared with control (Choi et al., 2019). Both UVA and 

LED irradiation administered in vitro therefore appear to cause a change in 

the morphology of human dermal fibroblasts acutely which reflects the 

changes in this study years following ionizing radiation. One study observed 

morphology of normal human neonatal dermal fibroblasts exposed to 

repeated UVA irradiation thrice weekly in vitro demonstrating an increased 

cellular diameter (Naru et al., 2005). This repeated insult was designed to 

replicate chronic damage, and changes in morphology observed were in 

keeping with changes described acutely. The changes in morphology in the 

human dermal fibroblasts observed in this study, reflects the chronic changes 

in fibroblast form (a more spindled shape) following irradiation injury. This is 

because, contrary to the aforementioned studies, the irradiation insult 

occurred a mean time of 6 years prior to the isolation of dermal fibroblast 

cultures used in the present study. Thus, this is a more accurate 

representation of the physiological effects of irradiation in vivo. It is probable 

that the morphology of fibroblasts following ionising irradiation is also visible 

acutely as demonstrated with the immediate changes subsequent to UVA and 

LED irradiation. The irradiation-induced changes of human dermal fibroblasts 

observed in the present study were maintained up to 13 years following 

irradiation. Regardless of the duration/timing of insult, it is clear that irradiation 

of human dermal fibroblasts results in atypical morphology in vitro with 

characteristically longer projections.  

While the size of cultured dermal fibroblasts from irradiated and non-irradiated 

breast skin was comparable, those from irradiated donors had reduced 

circularity and a more enhanced stellate morphology suggesting the adoption 

of a more active phenotype (figure 3.8). This was reflected in their higher 

metabolic activity (figure 3.10). However, this does not translate into enhanced 

function. Dermal fibroblasts from donors with previous radiotherapy have a 

reduced migratory and proliferative ability (figure 3.9 and figure 3.12), which 

reflects the impaired wound healing and poor outcomes seen in women 

undergoing reconstructive surgery 
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4.3.2 Dermal fibroblasts from human irradiated skin produce the same 
amount of total collagen but exhibit a higher ratio of collagen I/III mRNA. 
Since a reduction of collagen staining was seen in situ in skin exposed to 

radiotherapy, it was also investigated whether dermal fibroblasts display 

functional alterations relating to aberrant collagen homeostasis as has been 

previously reported in dermal fibroblasts from aged skin (Quan and Fisher, 

2015). A Sircol assay was executed in order to look for possible differences in 

total collagen production of dermal fibroblasts from irradiated and non-

irradiated donors. Dermal fibroblasts from donors with or without radiation 

exposure secreted similar amounts of total collagen into their conditioned 

media. Total collagen was also quantified following the creation of a scratch 

wound in order to simulate a wound healing model. There was also no 

significant difference in the amount of total collagen produced following the 

creation of a scratch wound (figure 3.14 and figure 3.15). The Sircol Dye binds 

to collagen types: I, II, III, V & XI and therefore any variation in the proportions 

of these collagen types would not be detected by this assay. 

 Collagen production has been previously investigated in studies performing 

irradiation in vitro. Quantitative detection of collagen synthesis in UVA 

irradiated human dermal fibroblasts was reported by Ryu,et al, (2014), who 

used an in vitro enzyme immunoassay of procollagen type I carboxy-terminal 

peptide (PIP). Procollagen was significantly reduced in 10 J/cm2 UVA-

irradiated cells indicating a reduction in collagen synthesis following UVA-

irradiation (Ryu et al., 2014). This however represents more acute changes 

following irradiation and does not represent the chronic changes in the model 

in this study. In contrast, ionizing irradiation has been shown to increase the 

amount of procollagen production in human dermal fibroblasts in vitro. One 

study executed high performance liquid chromatography (HPLC) on dermal 

fibroblasts isolated from biopsies of 5 donors of mixed gender aged 59-

80years, eight weeks following 8 Gy single fraction 300 kV X-ray radiotherapy. 

Procollagen production was significantly elevated in all 5 donor fibroblasts 

cultured from irradiated skin biopsies than those from control area biopsies, 

although there was high donor variability (Illsley et al, 2000). In these other 

studies, it appears that UVA and clinically applicable ionising irradiation may 

exhibit contrasting effects on the production of collagen precursors.  
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Since no differences were found in the total collagen content of dermal 

fibroblast secretome, differences in the expression of collagen I and III mRNA 

in dermal fibroblasts from donors with and without radiotherapy exposure was 

investigated with qPCR. Type I collagen is comprised of two procollagen type 

I α 1 chains and one procollagen type I α 2 chain, encoded by two separate 

genes, COL1A1 and COL1A2 (Liu et al., 1995). Mutations in the COL1A1 

gene are associated with connective tissue diseases including osteogenesis 

imperfecta and Ehlers-Danlos syndrome. The COL3A1 gene codes for type 

III procollagen and mutations result in type IV Ehlers–Danlos syndrome a 

hereditary connective tissue disorder characterised by tissue fragility 

(Kuivaniemia and Tromp, 2019). Dermal fibroblasts from skin exposed to 

radiotherapy expressed COL1A1 at a 3.8-fold higher level than dermal 

fibroblasts with no irradiation exposure however this did not reach statistical 

significance (p=0.137). COL1A1 gene expression has been shown to be 

reduced in human dermal fibroblasts isolated from elderly donors. This 

contrasts previous findings in this study which demonstrate changes similar to 

aged skin in donors exposed to radiotherapy (Lago and Puzzi, 2019). Dermal 

fibroblasts from irradiated and non-irradiated donors expressed similar levels 

of COL3A1 (figure 3.13). The ratio of mRNA expression of collagen I:III was 

1:3.6 in dermal fibroblasts from irradiated donors and 1:1.3 in dermal 

fibroblasts from donors with no radiotherapy exposure. Increased ratio of 

collagen III to I is a defining feature of an immature scar (Xue and Jackson, 

2015), therefore it does not appear that irradiated tissue behaves in the same 

way as an immature scar. Collagen I is the most abundant type of collagen in 

healthy skin comprising up to 80% of total collagen, whereas collagen III 

contributes just 15% (Xue and Jackson, 2015). Total collagen content has 

been shown to decrease and type I/III ratio has been shown to increase in 

normal human skin with age (Cheng et al, 2011). It therefore appears that the 

changes associated with radiotherapy exposure do not mimic those 

associated with age with respect to collagen production/expression. The ratio 

of collagen I/III is increased in keloid scar tissue (17:1) compared to normal 

scars (6:1) (Xue and Jackson, 2015). Fetal skin has a scarless phenotype and 

collagen III comprises 30–60% of the total collagen compared to just 15% in 

adult skin (Xue and Jackson, 2015). Decreased ratio of Collagen I/III is 
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therefore associated with reduced scarring. Given this study found an 

decrease in the ratio of mRNA expression of collagen I:III, it may be pondered 

why this increase in proportion of collagen III does not allow for scarless 

wound healing as in foetal skin. This suggests that changes in collagen 

expression is less likely to be responsible for the fibrosis seen in irradiated 

skin and an imbalance in collagen breakdown by proteases may contribute to 

development of radiation fibrosis and poor wound healing. 

4.3.3 Protease and protease inhibitor expression profiles in dermal 
fibroblasts from human irradiated skin. 
Since structural changes were seen in situ in skin exposed to radiotherapy 

similar to those observed in aged skin it was investigated whether dermal 

fibroblasts from irradiated skin display functional alterations relating to ECM 

remodelling, as seen in aged skin (Quan and Fisher, 2015). Disorganisation 

of the reticular dermis and a reduction in collagen staining in situ indicate 

dysfunction in the production and remodelling of the ECM. Since significant 

changes were not seen in the total collagen secreted from dermal fibroblasts 

from irradiated skin, it then was necessary to investigate the proteases and 

protease inhibitors involved in remodelling the ECM. MMPs and TIMPs have 

essential roles in the remodelling of the ECM during the remodelling phase of 

wound healing. MMPs are proteases and TIMPs are protease inhibitors which 

regulate the activities of MMPs and play an important role in the turnover of 

the ECM.  Increased expression and activity MMPs and a reduction in the 

activity of TIMPs has been demonstrated in dermal fibroblasts isolated from 

aged skin (Quan and Fisher, 2015). Various studies have shown UV 

irradiation and ionizing irradiation to have an impact on the mRNA and protein 

levels of MMPs and TIMPs in human dermal fibroblasts in vitro.  

The expression profile of proteases and their protein inhibitors was 

determined in this study with a proteome profiler human protease/protease 

inhibitor array. The analysis detected the relative changes of 35 different 

proteases and 32 protease inhibitors in pooled cell lysates of dermal 

fibroblasts from skin with or without prior radiotherapy exposure. An imbalance 

of proteases and their inhibitors may contribute to the dysfunctional wound 
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healing demonstrated in irradiated breast tissue. This study found an increase 

in the presence of 11 proteases and 15 protease inhibitors as well as a 

decrease in 5 proteases and 4 protease inhibitors in dermal fibroblasts from 

irradiated tissue (figure 3.20). Cell lysates were pooled in order to perform this 

protease and protease inhibitor array and as a result, individual donor 

variability is not apparent. Increases were seen in the proteases: a disintegrin 

and metalloprotease containing protein 9 (ADAM 9), a disintegrin and 

metalloprotease with thrombospondin type 1 motifs (ADAMTS1), cathepsin C, 

cathepsin L, MMP 2, MMP3, MMP7, MMP12, MMP13, presenilin, urokinase. 

Decreases were seen in the proteases: capthepsin E, kallikrein 6, kallikrein 

11, MMP10 and pro protein convertase 9.  The protease inhibitors found to be 

increased included: cystatin A, human epididymis protein 4 (HE4), lipocalin 1, 

lipocalin 2, serine protease inhibitor (serpin) A9, serpin A12, serpin B5, serpin 

B8, serpin F1, testican 1, TIMP2, TIMP3, TIMP4, tissue factor pathway 

inhibitor (TFPI) and TFPI2. Protein inhibitors which decreased in irradiated 

breast tissue included: cystatin E/M, cystatin B, testican 2 and TIMP1. Each 

protease and protease inhibitor has diverse physiological functions which are 

finely balanced in skin remodelling and an imbalance of these may result in 

the disorganisation of the ECM seen in the histology of irradiated skin in this 

study.  

MMP1 is a collagenase responsible for collagen type I and III degradation 

(Pittayapruek et al., 2016). This study found no significant changes in the 

mRNA expression and quantity of MMP1 of dermal fibroblasts from irradiated 

donors. This is in contrast to a study by Choi et al, (2019) that showed human 

dermal fibroblasts exposed to UVB irradiation had a significant increase in the 

mRNA expression of MMP1 (1.66-fold). Another study reported that 

monochromatic UV irradiation between wavelengths 302-317nm with 

intensities ranging from 20 to 300 J/m2 increased MMP1 mRNA levels and 

the secretion of corresponding proteins in human dermal fibroblasts 

(Brenneisen et al, 1996). Similarly, mRNA levels and protein levels of MMP1 

also increased following exposure to UVA irradiation (Song, Xia and Bi, 2004). 

Another study replicated similar results showing increased mRNA expression 

MMP1 of normal human fibroblasts following exposure to repeated UVA 

irradiation in vitro (Naru et al, 2005). It appears that these acute changes in 
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MMP1 expression in response to UV irradiation are not seen in fibroblasts 

many years following ionising irradiation. Either these changes are not elicited 

with ionising irradiation or they are resolved over time.  

In contrast, chronic leg wound fibroblasts have previously been demonstrated 

to secrete significantly decreased levels of MMP1 compared to normal 

fibroblasts from the same patient (Cook et al, 2000). One study performed 

ionising irradiation in vitro of human fibroblasts and was more comparable in 

this respect. Haubner et al showed that 2-12Gy external irradiation of normal 

human fibroblasts resulted in the reduction of expression of MMP1 by qPCR 

(Haubner, 2015). It therefore appears UV irradiation in the acute phase 

increases MMP1 expression whereas in both chronic wounds and fibroblasts 

exposed to ionizing irradiation MMP1 expression decreases. This study 

analysed dermal fibroblasts from donors exposed to radiotherapy 1-13 years 

previously and therefore represents much more chronic effects which are not 

comparable to many of these studies on acute effects. In contrast, it illustrates 

that dermal fibroblasts in tissue exposed to radiotherapy do not appear to 

behave in the same way as those in chronic leg wounds.  

Since there was no significant change in MMP1, its inhibitor, TIMP1 was next 

evaluated. This study found a significant increase in the mRNA expression of 

TIMP1 in dermal fibroblasts from irradiated donors (figure 3.18). However, 

contrasting findings were revealed when the presence of the protein in cell 

lysates of dermal fibroblasts from irradiated skin was reduced compared to 

non-irradiated donors (3.18). Similarly, TIMP1 levels determined by 

zymography have been shown to be lower in chronic leg wound fluid than in 

healing mastectomy wound drain fluid (Bullen et al, 1995). This possibly 

indicates that excess proteolysis due to reduction in TIMP1 may result in this 

chronic wound state. However, another study showed an increase in TIMP1 

by ELISA and reverse zymography in chronic leg wound fibroblast conditioned 

media (Cook et al, 2000). Haubner et al, (2015) observed the effects in normal 

human fibroblasts following 2-12Gy external ionizing irradiation and also 

showed an increase in TIMP1 protein expression by ELISA. Our study may 

indicate that post-transcriptional epigenetic modifications may be responsible 

for reducing the production of TIMP1 protein.   
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MMP2 is a gelatinise, able to digest a number of ECM components including 

collagen type I and IV (Pittayapruek et al., 2016). This study found MMP2 

mRNA expression was increased in dermal fibroblasts isolated from skin 

exposed to radiotherapy however this did not reach significance (figure 3.17). 

This finding was supported by the protein analysis as this study also found the 

amount of MMP2 was 2.27-fold higher in cell lysates dermal fibroblasts 

isolated from skin exposed to radiotherapy (figure 3.21). Human dermal 

fibroblasts exposed to UVB irradiation have been shown to have an increased 

mRNA expression of MMP2 (1.45-fold) (Choi et al, 2019). MMP2 degrades 

collagen type I, the most abundant collagen of the dermis, in which mRNA 

expression was increased in dermal fibroblasts with irradiation exposure 

(figure 3.13), however this did not reach statistical significance. It therefore 

appears there may be a higher turnover of collagen in terms of its production 

and degradation in irradiated skin. An imbalance in collagen production and 

degradation may lead to the extensive disorganisation of the ECM seen in the 

dermis on histological analysis (figures 3.1 and 3.2).  

MMP3 is a stromelysin involved in the breakdown of collagen and activates 

other MMPs (1, 7 and 9) however it cannot cleave fibrillar collagen type I 

(Pittayapruek et al., 2016). This study found MMP3 was increased 4.32-fold 

in dermal fibroblasts isolated from skin exposed to radiotherapy (figure 3.19).  

MMP3 is known to activate other MMPs such as MMP7 which was also 

increased 1.7-fold. However, MMP9 remained unchanged in dermal 

fibroblasts exposed to radiotherapy. MMP7 is a matrilysins involved in the 

degradation of collagen type IV, the main collagen component of the 

basement membrane (Pittayapruek et al., 2016). Greater destruction of the 

basement membrane may result in clinically more friable tissue. MMP9 Is a 

gelatinase also involved with collagen type IV degradation Pittayapruek et al., 

2016). 

This study demonstrated an increase in TIMP2 (1.64-fold), TIMP3 (1.87-fold) 

and TIMP4 (1.54-fold) proteins in dermal fibroblasts exposed to radiotherapy 

(figure 3.19). ELISA and reverse zymography has demonstrated that chronic 

leg wound fibroblasts secrete increased levels of TIMP-2 protein into their 

conditioned media (Cook et al, 2000). One study also observed the effects of 

ionising irradiation and showed an increase in TIMP-2 protein expression by 
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ELISA. This occurred in normal human fibroblasts following exposure to 2-

12Gy external irradiation (Haubner, 2015). These data therefore suggest that 

the impaired ability of irradiated dermal fibroblasts to reorganize extracellular 

matrix is related to altered levels of MMP2, MMP3, TIMP1, TIMP2, TIMP3 and 

TIMP4. An imbalance of proteases and their inhibitors provides a mechanism 

to explain the impaired extracellular matrix reorganization that is likely to 

contribute to poor wound healing of irradiated skin. It is clear that similarities 

exist in the mechanisms of damage via photo-aging and ionising irradiation to 

human dermal fibroblasts by the altered expression of MMPs and their tissue 

inhibitors. However, this study represents a unique insight into the expression 

in cultured cells many years following exposure to ionising irradiation. It is 

therefore unsurprising that the alterations in expression and presence of 

MMPs and TIMPs do not completely mirror changes following acute UV 

irradiation and offer a new insight into the long-term damage following 

radiotherapy. More understanding into the complex relationship of MMPs and 

their inhibitors is required in order for a better awareness of the ideal 

composition of these components for optimal wound healing is required.  

4.4 Culture of SVF from human breast tissue 

ASCs have been a source of much interest due to their feasible potential for 

regenerative therapies (Trevor et al, 2020). Animal and human observational 

studies have shown improvement from the grafting of fat and ASCs in CRS 

wounds and fistulae as a result of ionizing irradiation (Riccobono et al. 2012, 

Rigotti et al. 2007, Haubner et al. 2015). However, these studies provide little 

insight into the cellular mechanisms for such favourable outcomes 

demonstrated through the use of ASCs in irradiated wounds. In order to 

investigate these processes more closely and explore whether ASCs may 

positively influence characteristics of dermal fibroblasts which have been 

disrupted by radiotherapy exposure, SVF cells were isolated. SVF consists of 

a heterogeneous group of cells including multipotent mesenchymal stem cells 

termed ASCs (Bora and Majumdar 2017, Daher et al. 2008). SVF may be 

isolated from white adipose tissue such as subcutaneous fat through methods 

involving collagenase digestion (Rodbell 1966, Locke et al. 2009).  
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4.4.1 Culture of SVF from irradiated human breast tissue 
SVF has not been isolated from irradiated human tissue previously yet ASCs 

have demonstrated some degree of radiation resistance in comparison to 

human dermal fibroblasts when exposed to ionising radiation in vitro (Haubner 

et al. 2015). In order to investigate whether SVF cells demonstrated long 

standing effects following radiotherapy in vivo and whether they may support 

dermal fibroblasts exposed to radiotherapy; SVF cells were isolated from 

irradiated tissue. Since this has not been performed previously in the 

literature, a method was first established. While SVF has previously been 

cultured, human SVF from previously irradiated breast tissue was cultured for 

the first time in this study. The final methodology resulted in the successful 

culture of SVF from just 1 of 5 donors exposed to previous radiotherapy in 

comparison to 3 in 4 donors of non-irradiated breast tissue. The one irradiated  

donor from whom SVF was cultured (IR3) was 51 years old and was the only 

donor to undergo wide local excision in the first instance in comparison to 

mastectomy and axillary node clearance. This is a breast conserving 

procedure and therefore much more breast and adipose tissue will have 

remained at the site during the exposure to irradiation. This donor then 

underwent mastectomy immediately prior to breast reconstruction when the 

sample was obtained. It is likely that sufficient volume of adipose tissue 

required for SVF culture was not obtained from the other donors given their 

history of mastectomy. Ample breast tissue and adipose tissue was received 

from all the non-irradiated donors due to the nature of the breast reduction 

procedure and SVF was cultured with a greater success rate from this group. 

IR3 was also the only donor who did not receive chemotherapy nor any other 

medical treatment. These treatments may have also affected the ability to 

culture the SVF from these donors.  

The success rate of the culture of SVF from irradiated tissue was much lower 

than from non-irradiated donors. On the other hand, successful culture of 

dermal fibroblasts from irradiated skin was performed in 4 of 5 donors and 

from non-irradiated skin in 3 of 4 donors. It therefore appeared that SVF cells 

from irradiated tissue were more difficult to establish in culture than dermal 

fibroblasts from irradiated skin. This contrasts the study reported by Haubner 

et al. (2015) who demonstrated that ASC cell proliferation was less affected 
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than normal human fibroblasts following 2-12 Gy of external beam radiation 

(Haubner et al. 2015). This study cultured cells from tissue which has been 

irradiated with much higher doses (40Gy in 15 fractions) a longer period of 

time following (1-13years) and therefore this may explain this difference. 

Despite this reported advantage, by Haubner et al. (2015), of ASCs to 

proliferate following irradiation, they have not been cultured from irradiated 

tissue to date. This may be due to the nature of surgical techniques for 

transplant; where healthy donor tissue is grafted in the diseased recipient site. 

The recipient site is disregarded as a source for donor tissue as it would be 

irrational to provide diseased tissue to a diseased site. Despite this principal, 

the ability to culture cells from the SVF of irradiated tissue allows us to further 

study its behaviour and characteristics. The method used was adapted from 

the literature and numerous variables which were trialled in order to develop 

the finalised protocol detailed in Section 2.3.3. Fundamental practices of 

aseptic non touch techniques were used throughout all cell culture in order to 

minimise contamination of samples and maintain a sterile environment. 

Centrifugation is a widely variable part of protocols published in literature but 

was performed at 600G for 5 minutes in this study. Colemans technique 

illustrated the first standardized protocol for the processing of lipoaspirates 

which recommended centrifugation at 3000rpm (~1200g) for 3 minutes 

(Coleman, 1997). Despite its popularity amongst plastic surgeons, it has since 

been demonstrated that strong centrifugation (900-1800g) results in threefold 

more adipocyte death as compared to low centrifugation (100-400g) (Hoareau 

et al., 2013). The mid-range speed of 600G used in this study ensures a 

balance between centrifugal stresses and cell yield. Another variable, titrated 

to best outcomes in this study, was the collagenase concentration. A final 

optimum concentration of 1mg/mL collagenase in preadipocyte media was 

used for the successful isolation of SVF from irradiated breast tissue. This 

concentration was sufficient for adipose tissue digestion without SVF cell 

damage. Erythrocytes are a major contaminant present in the SVF pellet and 

may be lysed using an Ammonium-Chloride-Potassium (ACK) lysis buffer. 

The use of this buffer appeared to be detrimental to the survival of SVF cells 

and washing steps to remove erythrocytes proved sufficient in this method. 

The cultured population of cells from the SVF of irradiated tissue 



154 
 

demonstrated a high percentage expression of ASC markers: CD105 (100%), 

CD73 (93%), CD10 (58%) and a total absence of negative marker CD45. The 

SVF is a heterogenous group of cells therefore it was unsurprising that SVF 

isolated in this study had a lower percentage expression of ASC markers than 

preadipocytes. Unfortunately, attempts to use fluorescence-activated cell 

sorting (FACS) in order to separate SVF cells expressing ASC markers were 

unsuccessful. Flow cytometry was fruitless due to contamination of the cell 

cultures through an unserviced machine. The whole heterogenous population 

of SVF cells were therefore used in this study, rather than isolating the 

individual population of ASCs. It may be that this radiation exposure allows 

the culture of a higher proportion of stem cells in the SVF due to their relative 

radiation resistance compared to other cell types in the heterogeneous SVF. 

Cultured SVF cells displayed heterogenicity which appeared to decrease with 

each passage. A more homogenous group of cells was present in culture by 

P3 which could mean that a purer population of preadipocytes are generated 

following long-term culture.  

SVF cells, derived from the breast skin of irradiated and non-irradiated donors, 

and preadipocytes demonstrated diverse appearances in culture and 

therefore this was quantified with morphology metrics. ASCs from 

subcutaneous, preperitoneal and visceral adipose tissues have been shown 

to demonstrate a typical ASC fibroblastoid morphology in vitro by the third 

passage (Bi et al, 2019, Silva et al, 2017). Spread cell area, perimeter and 

circularity were calculated to further characterise SVF cells from irradiated 

donors against SVF cells and preadipocytes from non-irradiated donors, see 

figure 3.27. Spread cell area, perimeter and circularity was calculated for SVF 

cells at passage 3 and preadipocytes at passage 6. Preadipocytes were 

analysed at a higher passage, as they were not isolated in the lab and arrived 

at passage 4. Spread cell area of SVF from irradiated donors was the smallest 

and of preadipocytes was the largest with the perimeter also reflecting these 

observations. Preadipocytes also had the lowest circularity indicating they had 

the most spindle like morphology of the cells analysed. This contrasts the 

findings in dermal fibroblasts whereby irradiated dermal fibroblasts 

demonstrated a more spindled morphology than non-irradiated dermal 

fibroblasts. SVF cells from non-irradiated donors demonstrated some donor 
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variability however they were noted to be more similar than the two other 

groups of donors. This information in the morphology of the SVF supports the 

theory that perhaps radiation exposure allows the survival of a particular cell 

type within the heterogenous SVF which is unlikely to be preadipocytes given 

their contrasting morphology. The preadipocyte media used throughout the 

culture of SVF has been shown to also support fibroblasts in this study 

therefore this media may have supported a host of different cells from the 

heterogenous SVF which may be causing the variety in morphology observed. 

4.4.2 Preadipocyte secretome and FGF2 stimulate proliferation of human 
dermal fibroblasts. 
The secretome of ASCs is the source of much interest due to its potential for 

therapeutic strategies for many diseases. FGF-2 has an important role in 

cutaneous wound healing in the promotion of fibroblast proliferation and 

migration and has been shown to be a component of the ASC secretome 

(Cooper et al. 2018, Makino et al. 2009 and Bhang et al. 2011). Preadipocyte 

conditioned media was therefore collected and applied as a treatment to 

dermal fibroblasts along with FGF2 as a positive control. Preadipocyte 

conditioned media and FGF2 stimulated proliferation of human dermal 

fibroblasts from normal breast tissue, but not from those isolated from 

irradiated human breast tissue (figure 3.29). Human dermal fibroblasts from 

irradiated skin had a lower proliferative rate which has been described 

previously by Rudolph et al (1988). This study did not observe any increase 

in the proliferative rate of dermal fibroblasts isolated from irradiated skin in 

response to FGF2 or preadipocyte conditioned media. ASC conditioned media 

has previously been shown to have beneficial effects on proliferation of 

irradiated and keloid fibroblasts. One study showed a reduction in proliferation 

of human dermal fibroblasts following in vitro UVB irradiation (70 mJ/cm2) 

however the pre-treatment of cells with ASC conditioned media gave a 

protective effect in a dose-dependent manner (Kim et al., 2009). In contrast, 

the dermal fibroblasts observed in this study had been exposed to substantial 

ionising irradiation in the past so the differences observed may account to the 

acute nature or the lesser dose of the irradiation administered. Alternatively, 
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it could represent a permanent alteration through epigenetic change in the 

dermal fibroblasts exposed to substantial doses of ionizing irradiation in this 

study. Another study showed that human keloid-derived fibroblast proliferation 

was reduced following treatment with human ASC conditioned media in a 

BrdU proliferation assay (Liu et al., 2018). This suggests that ASCs may down 

regulate proliferation of diseased fibroblasts. It may be that preadipocytes 

have no effect on proliferation however this conclusion cannot be drawn from 

this study as more donors would need to be compared. Cellular senescence, 

a permanently arrested state of cell growth, may provide an explanation as to 

why dermal fibroblasts from irradiated donors demonstrated a lower 

proliferative rate which was unchanged by either FGF2 or preadipocyte 

conditioned media. Studies have shown senescent chronic wound fibroblasts 

have reduced response to FGF2 (Ågren et al., 1999). Co-cultures of dermal 

fibroblasts and preadipocytes from the SVF may be used to further explore 

the interaction of these cell types in order to investigate other mechanisms 

where preadipocytes may improve proliferation. 

4.4.3 Preadipocyte conditioned media and FGF2 have no effect on 
metabolism of dermal fibroblasts from irradiated donors 
Preadipocyte conditioned media and FGF2 appeared to increase the 

metabolic activity of normal human dermal fibroblasts in n=2 donors (figure 

3.30). However, they did not have any effect on human dermal fibroblasts 

isolated from irradiated breast tissue (figure 3.30). Dermal fibroblasts from 

irradiated breast skin had a higher metabolism than those from donors with 

no radiotherapy exposure however this was not performed on enough donors 

to achieve statistical significance. FGF2 and preadipocyte conditioned media 

may not have had an effect on dermal fibroblasts from irradiated tissue due to 

them already metabolising at a maximal rate. Senescent cells are known to 

remain metabolically active, but in an altered state (Kwon, 2019). The Alamar 

blue reaction is based on the reduction of resazurin to resorufin by aerobic 

respiration of metabolically active cells (Tanaka et al, 2011). This increase in 

aerobic respiration may reflect a senescent cell phenotype caused by 

radiotherapy of donors’ years previously. The high metabolism of dermal 
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fibroblasts from irradiated donors observed in this assay may help to explain 

the mechanism of the development of chronic fibrosis observed in irradiated 

tissue. Dysfunctional irradiated fibroblasts may be overly active in their 

production of ECM, causing a dysregulation of disorderly ECM formation and 

resulting fibrosis. 

4.4.4 Preadipocyte conditioned media and FGF2 accelerate migration in 
dermal fibroblasts from irradiated donors 
Preadipocyte conditioned media significantly improved the migration of 

human dermal fibroblasts from irradiated skin in a scratch wound assay (figure 

3.31). This has previously been described in normal human dermal fibroblasts 

by Cooper and colleagues, where ASC conditioned media increased their 

migration in a scratch wound assay by 43% (Cooper et al., 2018). Dermal 

fibroblasts cultured from irradiated breast skin demonstrated reduced rates of 

migration under basal conditions which replicated findings of prolonged 

explantation times required for irradiated tissue (figure 3.12).  This study 

shows that cells exposed to irradiation retain the ability to respond to the 

influence of preadipocytes in terms of migration. The ability of conditioned 

media to exert this effect suggests that there are soluble paracrine factors 

released by preadipocytes which can stimulate migration of dermal fibroblasts. 

Studies have shown that the responses to FGF2 are reduced in senescent 

cells therefore this increased migration in response to FGF2 of dermal 

fibroblasts from irradiated skin contrasts with other evidence to suggest that 

they may have a senescent phenotype (Ågren et al., 1999).  

The concentration of FGF2 used to stimulate migration of dermal fibroblasts 

in the scratch wound assay was 1ng/ml (figure 3.31). FGF2 was present in the 

conditioned media of SVF and preadipocytes at approximately 7-15% of this 

concentration. SVF conditioned media from irradiated donors also improved 

migration of human dermal fibroblasts from irradiated donors in a scratch 

wound assay to a similar extent (figure 3.37). This suggests that the 

preadipocytes in the SVF are causing the enrichment of the conditioned media 

with soluble paracrine factors which act to improve migration of irradiated 

dermal fibroblasts.  Liu et al. (2018) investigated the migration of human 
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keloid-derived fibroblasts in a transwell co-culture system and showed an 

increased cell migration towards ASC conditioned media in comparison to 

serum free media (Liu et al, 2018). FGF2 promotes dermal fibroblast migration 

and therefore was used as positive control for the study of migration of human 

dermal fibroblasts derived from both irradiated and non-irradiated breast skin 

in a scratch-wound assay (Song et al, 2016). Increased migration was 

observed in dermal fibroblasts from irradiated skin treated with FGF2 at a 

concentration of 1ng/ml. As the effect of FGF2 is similar to the effect of 

preadipocyte conditioned media it appeared this may be a key component of 

the secretome of ASCs. Therefore, conditioned media of preadipocytes and 

SVF from irradiated and non-irradiated donors was analysed for presence of 

FGF2. FGF2 was present in the conditioned media of SVF and preadipocytes 

at concentrations between 84-147 pg/mL, see figure 3.38. FGF2 was present 

in the conditioned media of SVF and preadipocytes at approximately 7-15% 

of the concentration which was chosen for the FGF2 positive control. Noverina 

et al. (2019) reported the concentration of FGF in conditioned media as 

1941.83 pg/mL from human ASCs of passage 3, which is much higher than 

the concentration measured in this study and is almost 2-fold of the 

concentration used to stimulate an increase in the migration of dermal 

fibroblasts in this study. They showed that the concentration varied with 

passage and they did not specify time in which these cells were incubated to 

release FGF2 into their conditioned media. This was collected once cells were 

confluent for next passage which suggests a longer time period than in this 

study (Noverina et al, 2019). It is therefore difficult to acertain whether the 

confluency, time or other variable which may have caused these cells to have 

secreted such an increased amount of FGF2 than what was observed in this 

study. Conditioned media from preadipocytes and SVF cells from irradiated 

donor tissue contained higher levels of FGF in comparison to SVF cells from 

non-irradiated donors at approximately twice the concentration (figure 3.38). 

This increase in FGF2 from irradiated donor SVF may represent upregulation 

to aid the wound healing response in irradiated tissue. Preadipocytes may 

secrete higher levels of FGF as they may represent a distinct more active 

component of the heterogenous SVF.  
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4.4.5 Adiponectin, a component of the preadipocyte secretome, did not 
modulate migration in dermal fibroblasts from irradiated donors 
The adipokine, adiponectin, has been identified in the proteome of human 

adipose-derived stem cells through two-dimensional gel electrophoresis-

tandem mass spectroscopy and Western immunoblot (Zvonic et al., 2006). In 

one study, it was demonstrated by qPCR that human neonatal dermal 

fibroblasts express receptors for adiponectin and these cultures were shown 

by ELISA to increase production of collagen I in response to adiponectin at a 

concentration above 1µg/mL in a dose dependant manner (Ezure and Amano, 

2007). It therefore appears that adiponectin secreted by ASCs has a role up-

regulating matrix production by dermal fibroblasts and may have a role in 

wound healing.  

This study demonstrated the presence of adiponectin in the conditioned media 

of preadipocytes and SVF cells from irradiated and non-irradiated tissue at 

concentrations of 14-17ng/mL. This is approximately 100-fold greater than the 

concentration of FGF2 present in the conditioned media of preadipocytes and 

SVF in this study. Noverina et al. (2019) reported that FGF was the highest 

concentration compared to other growth factors however they did not analyse 

for the prescence of adiponectin. This study has shown it is present in much 

higher concentrations than FGF2 therefore it may be that adiponectin also has 

an important function as part of the preadipocyte secretome. In this study, 

adiponectin did not modulate migration of human dermal fibroblasts in a 

scratch wound assay (figure 3.35). This suggests that the paracrine factors 

acting to improve migration secreted by preadipocytes are not likely to be 

adiponectin or the highest concentration used (2μg/ml) was not enough to 

elicit this observation. The rationale for this concentration was that human 

dermal fibroblasts have been shown to significantly increase collagen I 

production above 1µg/mL adiponectin (Ezure and Amano, 2007). This was 

approximately 100-fold higher concentration than that of the conditioned 

media collected from preadipocytes and SVF cells. It therefore appears that 

adiponectin in the conditioned media was not responsible for the increase in 

migration of dermal fibroblasts seen with preadipocyte conditioned media 

(figure 3.31).  therefore, studies were performed on the effect of adiponectin 

on migration to see if this was an active ingredient of the conditioned media.  
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These were Preadipocyte conditioned media contained the lowest amounts of 

adiponectin in comparison to SVF cells isolated from both non-irradiated and 

irradiated tissue (figure 3.39). This may be explained by the fact that the 

preadipocytes obtained commercially are a more homogenous sample of cells 

whereas the SVF cells isolated were likely a more diverse population as they 

were not sorted using flow cytometry or other mechanism. There may be a 

component of the SVF, perhaps another progenitor cell type, which are 

responsible for secreting a higher level of adiponectin than the preadipocytes. 

4.4.6 Components of the SVF secretome include:  VEGF 
In order to further investigate the components of the secretome, which differ 

between commercial preadipocytes and SVF from non-irradiated and 

irradiated tissue, QuantikineELISA studies were performed. Unfortunately, 

only one sample of SVF cells from irradiated tissue could be isolated therefore 

extensive analysis of the differences in SVF cells resulting from previous 

irradiation could not be obtained.  

 

VEGF is a potent angiogenic factor and stimulates neovascularisation. It has 

also been shown to modulate other components of wound healing including 

re-epithelialisation and collagen deposition (Bao et al., 2009). Secretion of 

VEGF is stimulated by hypoxic conditions (Kristensen et al., 2014) and ASCs 

isolated from human subcutaneous adipose tissue have been shown to secrete 

increased amounts of VEGF in response to culture in hypoxic conditions (Rehman 

et al., 2004). The amount of VEGF found in cultured media of preadipocytes 

and stromal vascular fraction cells in this study ranged between 200-

630pg/mL. Noverina et al. (2019) reported concentrations as high as 1800 pg/mL 

in the conditioned media of ASCs of passage 3, which is much higher than the 

concentration measured in this study, as seen with FGF. The absolute values 

of concentration are difficult to compare to this study Noverina et al. (2019) 

did not specify a time period in hours for conditioned media. However, in our 

study the concentration of VEGF was much higher than the concentration of 

FGF which contrasts the findings of the other study (Noverina et al, 2019). 

These differences may be age-related, as the donors in this study ranged from 
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32-70 years in comparison to 25-30 years in the Noverina et al. (2019) study. 

This study found that conditioned media of SVF cells isolated from the eldest 

donor (70 years), who had no previous radiotherapy exposure, contained the 

highest amount of VEGF, at 630pg/mL (figure 3.39). This may be attributed to 

age associated hypoxic conditions in the breast tissue from which the SVF 

was isolated (Bonham, Kuehlmann and Gurtner, 2020). Age-related change 

may play a significant part in donor variation given the recognised inverse 

relationship between patient age and mammographic breast density (Checka 

et al, 2012). Breast tissue is described as denser when there is more glandular 

tissue compared to adipose tissue. Post-menopausal hormonal therapy has 

shown to significantly increase breast density which in itself is a risk factor for 

the development of breast cancer (Harvey et al, 2008). However, further 

collection of old vs young donors would need to be performed in order to 

establish a clearer distinction as to whether age is the responsible factor for 

the observed increased VEGF concentration. VEGF overexpression is well 

documented in breast cancer and serves a pro-angiogenic function to promote 

tumour growth and invasion. As a result, high levels of circulating VEGF 

indicate a poor prognosis in breast cancer patients (Kristensen et al., 2014). 

Bevacizumab is an anti VEGF drug used infrequently to treat metastatic breast 

cancer (NICE, 2018). Therefore, the irradiated donor whose SVF cells were 

isolated did not receive any anti-VEGF neo-adjuvant therapy and therefore 

this did not cause this sample to be misleadingly low.  

4.5 Future research 

4.5.1 Short term 
In the short term the goals for further research in this project are to replicate 

all the perfomed experiments with an increased number of donors. Results 

obtained in this study were derived from a small number of donors who 

demonstrated variability in their characteristics. Unfortunately, due to lab 

closures in the COVID-19 pandemic, results were not obtained for a third non-

irradiated control to meaure proliferation using CyQuant and metabolism 

using alamar blue. This would enable statistical analysis to be performed on 
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these results and give weight to these findings. Another useful comparison 

which will be performed in the near future is the comparison of 

immunocytochemistry staining of SVF isolated from non-irradiated donors. 

This analysis had been performed on irradiated SVF and commercial 

preadipocytes alone however this additional comparison would allow more 

depth in the comprehensive assessment of the differences between irradiated 

and non-irradiated tissue.  

4.5.2 Long term 
Fibroblasts isolated from irradiated human breast skin are much more 

representative of those thought to be involved in the causation of post-

operative complications and poor wound healing in breast reconstruction 

patients. However, there are still further steps which can be taken to make this 

a more representative model for irradiated skin. It is highly probable that 

fibroblasts observed in cell culture on planar surfaces may exhibit an altered 

phenotype if they were to reside in in a three-dimensional structure as they 

would in the skin. Culturing cells on a scaffold surface may simulate a more 

representative environment of the dermal fibroblast. However, the introduction 

of scaffolds creates more variables of physicochemical and microstructural 

properties which have been observed to impact on cell morphology (Gorgieva, 

Štrancar and Kokol, 2014). It is also highly probable that the interaction of 

fibroblasts with other cell types within the skin would have a large impact on 

their behaviour. This has led to the emergence of co-cultures of dermal 

fibroblasts and epidermal keratinocytes in 3D tissue engineered constructs to 

simulate the epidermis and dermis in vitro as so-called skin equivalents 

(Nayak, Dey and Kundu, 2013; Reijnders et al, 2015). For the purposes of this 

study, different 3D matrices and skin-equivalents were not included, however 

this would be an interesting direction for the longer-term direction of this 

research into the behaviour of fibroblasts from irradiated skin. This would help 

direct this primary research towards scaffolds/smart materials which could 

enhance these irradiated fibroblasts to restore their normal function and 

wound healing capabilities vital for good outcomes in breast reconstruction. 
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Dermal fibroblasts used in this study were isolated from both irradiated breast 

tissue and breast reduction tissue, Breast reduction tissue was used as a 

control as it was a source of breast dermal fibroblasts with no exposure to 

radiotherapy however there are some limitations to its use as a control. 

Thoracic-lumbar pain is the most common indication for breast reduction 

surgery; and occurs due to increases in volume and weight of the breasts in 

macromastia (Daane and Rockwell, 1999). In addition to musculoskeletal pain 

this also cause breast skin and Cooper's ligaments to stretch causing breast 

ptosis. In these patients it can be arduous to maintain a good standard of 

hygiene particularly in the inframammary fold resulting in a greater risk of skin 

maceration, intertriginous changes and infection (Wright et al, 2018). 

Macromastia may result from a consequence of poor diet, and obesity which 

are associated with type 2 diabetes mellitus therefore this could represent a 

population of poorer candidates for normal wound healing (Wolfswinkel et al, 

2013). Juvenile breast hypertrophy is also an indication for breast reduction 

procedures and is proposed to result from a hypersensitivity to gonadal 

hormones (Wolfswinkel et al, 2013). Dermal fibroblasts isolated from breast 

skin in this cohort of patients may therefore respond differently than the 

general population. The use of healthy mastectomy skin from non-irradiated 

donors may provide a more suitable control for comparison however would 

present its own challenges due to policies in place to analyse tissue for 

malignancy. The identification of more standardised control donors would 

present an improvement to this project, however this would certainly be 

challenging to overcome.   

Adjuvant therapy is considered in the patient centred approach to breast 

cancer management and may consist of a combination of biological therapy, 

adjuvant chemotherapy and endocrine therapy. Due to the immense variety 

of treatment options the irradiated donors in this study had been exposed to 

different combinations of therapy. Decision making is based on predictive 

factors and clinicians are assisted by NICE guidelines to help make the choice 

of most suitable adjuvant therapy (NICE, 2018). Chemotherapy agents used 

in this study varied but Epirubicin and Cyclophosphamide were most 

commonly prescribed and were given to 4 out of 5 donors. Two patients also 

received Docetaxel and one received Taxol in addition to Epirubicin and 

https://www.sciencedirect.com/topics/medicine-and-dentistry/breast-ptosis
https://www.sciencedirect.com/topics/medicine-and-dentistry/breast-ptosis
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Cyclophosphamide. Other agents prescribed to this patient group included the 

anti-oestrogen agent’s; tamoxifen (given to two patients), and anastrozole 

(given to one patient), and the HER2 receptor blocker; herceptin (given to one 

patient). The patient with the most significant clinical signs of irradiation which 

included dehiscence of breast reconstruction was the only patient who was 

treated with herceptin. Only one patient had no other treatment other than 

radiotherapy and clinically they had a RTOG grade 2.5 skin reaction however 

they did not appear to differ significantly in behaviour than the others. 

Consequently, the donor who did not receive adjuvant chemotherapy is the 

only donor from which SVF cells were isolated. This chemotherapy exposure 

may present an explanation for the inability to culture SVF cells from these 

donors in vitro. Extensive donor information is illustrated in Appendix 1. The 

multiple variables in systemic treatment given to each patient may have an 

effect on the dermal fibroblasts and stromal vascular fraction cells isolated 

from each donor. In order to exclude this donor variability a larger group of 

donor tissue would need to be collected in order to see if various adjuvant 

agents had an effect on dermal fibroblast phenotype.  

To further analyse irradiated skin, histological analysis may provide better 

visualisation of potentially fibrotic tissue. Sirius red collagen staining, and 

immunohistochemistry fibronectin staining would both offer visualisation of the 

ECM in irradiated tissue. Advances into the improvement of wound healing in 

irradiated skin may be gained from the more detailed analysis of the behaviour 

of irradiated fibroblasts. In understanding the changes that occur in irradiated 

fibroblasts we may be able to target specific characteristics that may cause 

abnormal wound healing. Dermal fibroblasts from irradiated skin have been 

cultured and stored in this study and may be further examined to look at 

features of DNA damage though the use of comet assays to detect single and 

double strand breaks and gamma H2AX assay to detect DNA double strand 

breaks (Figueroa-González and Pérez-Plasencia, 2017).  

Characteristics of cellular senescence have been demonstrated in dermal 

fibroblasts isolated from irradiated breast skin in this study. This study 

revealed fibroblasts with irradiation exposure had an enlarged cell 

morphology, lower proliferative rate, reduced response to FGF2 an altered 

metabolism and an altered secretory profile; all of which are characteristics 
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associated with senescence (Kwon, 2019, Ågren et al., 1999). It would be 

useful to take this a step further and look for markers of senescence, such as 

the biomarker p16, through immunocytochemistry (Wang et al., 2020).  

Several interesting differences were found in the expression of numerous 

proteases and protease inhibitors in this study however, individual donor 

variability was not observed due to pooling of donor cell lysates. qPCR 

analysis of several of these protease and protease inhibitors of interest was 

performed in this study. Western blot analysis of additional molecules of 

interest from this array would allow for further determination of these 

differences.  

Future research will aim to further isolate ASCs from the SVF using flow 

cytometry. This will ensure that the effects observed may be fully attributed to 

a single cell type rather than the SVF as a whole. Magnetic-activated cell 

sorting (MACS) and flow cytometry were both attempted as part of this project 

however were unsuccessful due to equipment failure. Further financial 

investment into the project would allow for cell sorting to be possible. 

In order to identify the factors responsible for the increase in migratory 

characteristics of dermal fibroblasts from irradiated skin treated with 

preadipocyte conditioned media, proteomics could be used to fully analyse 

the secretome. Individual growth factors, including FGF, adiponectin and 

VEGF, were quantified in this study. However, proteomics would offer a much 

fuller spectrum of components of the secretome and identify significant up or 

down-regulation following radiotherapy. Another mechanism by which 

adipose derived stem cells may exert their effects is by the secretion of 

extracellular vesicles (EV). One study performed a scratch assay on UVB-

irradiated HDFs and demonstrated that EVs derived from human ASCs 

enhanced their migration (Choi et al, 2019). Proteomic analysis has recently 

been compared of both the conditioned media and EVs of dermal fibroblasts 

and ASCs (Niada et al., 2021). This study could further enhance this 

evaluation in finding differences in the secretome of SVF cells from irradiated 

tissue.  

The impact of preadipocyte conditioned media on gene expression may also 

be studied by repeating qPCR on dermal fibroblasts following treatment. The 

effects of ASC conditioned media have previously been investigated in UVB 
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irradiated human dermal fibroblasts. Pre-treatment with ASC conditioned 

media increased the mRNA expression of collagen I, collagen III, and TIMP1 

and decreased MMP1 expression in both UVB irradiated and control human 

dermal fibroblasts (Guo et al, 2019). Changes in gene expression of dermal 

fibroblasts from irradiated donors may also be apparent following 

preadipocyte conditioned media treatment and may provide some insight into 

the mechanism of how preadipocyte conditioned media improves cell 

migration as seen in this study.  

4.6 Conclusion 
Radiotherapy induces structural changes in breast skin which are still present 

up to 13 years after the treatment. The phenotype of dermal fibroblasts 

isolated from irradiated breast skin in culture is altered and these cells exhibit 

characteristics such as reduced proliferation, metabolism and migration which 

are detrimental to successful wound healing. It is possible to culture cells from 

the SVF of breast tissue previously exposed to ionising radiation. 

Preadipocytes isolated from the SVF secrete paracrine factors which stimulate 

the migration of breast dermal fibroblasts including those from irradiated 

donors. This study gives promise that preadipocytes in the SVF may offer a 

solution to the clinical problem of poor wound healing in irradiated tissue. More 

investigation is required in order to better understand the mechanisms by 

which improvement of wound healing may occur and offer a platform for new 

therapies for patients exposed to radiotherapy. 
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5 Presentations, awards and publications 

5.1 Oral Presentations 
a) L.V. Trevor, K. Riches-Suman, A.L. Mahajan, M.J. Thornton. Pre-

adipocytes modulate the migration, proliferation and metabolism of dermal 

fibroblasts derived from breast skin following radiotherapy: applications for 

wound healing. British Association of Plastic, Reconstructive and Aesthetic 

Surgeons Annual Winter Scientific Meeting, Monaco, 2019. 

 

b) L.V. Trevor, A.L. Mahajan, M.J. Thornton. Modulation of the migration, 

proliferation and metabolism of dermal fibroblasts from irradiated breast skin 

by pre-adipocytes: applications for wound healing.  European Tissue Repair 

Society Annual Scientific Meeting, Munich, Germany, 2019. 

 

c) L.V. Trevor, A.L. Mahajan, M.J. Thornton. Modulation of the migration, 

proliferation and metabolism of dermal fibroblasts from irradiated breast skin 

by pre-adipocytes: applications for wound healing. European Plastic Surgery 

Research Council, Munich, Germany, 2019. 

 

d) L.V. Trevor, K. McElwee, A.L. Mahajan, M.J. Thornton. Pre-adipocytes in 

irradiated skin stimulate the migration of fibroblasts and aid wound healing. 

European Association of Plastic Surgeons Annual Meeting, Helsinki, 

Finland, 2019. 

5.2 Poster Presentations 
a) L.V. Trevor, K. Riches-Suman, A.L. Mahajan, M.J. Thornton. Overcoming 

wound healing complications of radiotherapy in breast dermal fibroblasts 

through the influence of pre-adipocytes. Society for Investigative 

Dermatology Annual Meeting, Scottsdale, USA (Virtual Conference due to 

COVID-19 pandemic), 2020. 

 

b) L.V. Trevor, K. Riches-Suman, A.L. Mahajan, M.J. Thornton. Overcoming 

wound healing complications following radiotherapy in breast dermal 
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fibroblasts through the influence of pre-adipocytes. British Society for 

Investigative Dermatology Annual Meeting, Cardiff, Wales, 2020 – 

Postponed due to COVID-19 pandemic. 

 

c) L.V. Trevor, K. McElwee, A.L. Mahajan, M.J. Thornton. Pre-adipocytes in 

irradiated skin stimulate the migration of fibroblasts and aid wound healing. 

Faculty of life sciences research and development open day, Bradford, UK, 

2019.  

 

d) L.V. Trevor, K. McElwee, A.L. Mahajan, M.J. Thornton. Paracrine factors 

secreted by human pre-adipocytes stimulate the migration of dermal 

fibroblasts derived from breast skin following radiotherapy: potential roles in 

wound healing? British Society for Investigative Dermatology Annual 

Meeting, Bradford, UK, 2019. 

 

e) L.V. Trevor, N.V. Botchkareva, A.L. Mahajan, D.J. Tobin. Isolation and 

characterisation of stromal vascular fraction derived from radiotherapied 

breast tissue. Chemistry and biosciences conference, Bradford, UK, 2018. 

5.3 Awards 
a) President's Prize was awarded for oral presentation at the British 

Association of Plastic Reconstructive and Aesthetic Surgeons Annual Winter 

Scientific Meeting, Monaco, 2019. 

 

b) Travel award for British Society for Investigative Dermatology Annual 

Meeting 2020. 

5.4 Publications 

a) Trevor, L., Riches-Suman, K., Mahajan, A. and Thornton, M., 2020. 

Adipose Tissue: A Source of Stem Cells with Potential for Regenerative 

Therapies for Wound Healing. Journal of Clinical Medicine, 9(7), p.2161. 
 

b) Trevor, L., Riches-Suman, K., Mahajan, A. and Thornton, J., 2020. 804 
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Overcoming wound healing complications of radiotherapy in breast dermal 

fibroblasts through the influence of pre-adipocytes. Journal of Investigative 

Dermatology, 140(7), p.S105. 

 

c) S. Rahman1, L. Trevor, J.Q. Tay, A. Kilshaw, A. Naik, P. Bhaskar, 

2020.The Future of Reconstructive Surgery Using Stem Cell Enriched Fat 

Grafts: A Systematic Review and Meta-Analysis. British Journal of Surgery, 

107 Issue Supplement 3, pp.153. 

 

d) L.V. Trevor, A.L. Mahajan, M.J. Thornton, 2019. Modulation of the 

migration, proliferation and metabolism of dermal fibroblasts from irradiated 

breast skin by pre-adipocytes: applications for wound healing.  Wound 

Repair and Regeneration, 28(2), pp. A3. 

 

e) L.V. Trevor, K. McElwee, A.L. Mahajan, M.J. Thornton, 2019. Paracrine 

factors secreted by human pre-adipocytes stimulate the migration of dermal 

fibroblasts derived from breast skin following radiotherapy: potential roles in 

wound healing? British Journal of Dermatology, 180(6), pp e180. 
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Appendix 1- Extended Donor Collected Data 
Sample Code IR3 IR2 IR4 IR1 IR5 

Symbol      

Age 51 50 54 48 55 

Diagnosis Intermediate 

grade DCIS, 

grade II 

invasive 

ductal 

carcinoma  

Extensive DCIS 

and grade II 

invasive ductal 

carcinoma 

High grade 

DCIS and 

grade II 

invasive ductal 

carcinoma  

Grade II 

invasive lobular 

carcinoma 

Grade I tubular 

cancer X2 

BRCA Gene Unknown Negative Unknown Unknown Unknown 
Receptor ER Unknown Positive, 

Allred/ 

Quick 

score 3/8 

Positive, 

Allred/ 

Quick 

score 2/8 

Positive, 

Allred/ 

Quick 

score 8/8 

Positive, 

Allred/ 

Quick 

score 8/8 

PR Unknown Positive, 

Allred/ 

Quick 

score 6/8 

Unknown Unknown Not 

requested 

HER

2 

Unknown Positive Positive Negative Negative 

Breast 

cancer 

surgical 

manage-

ment 

Type Left wide 

local 

Excision 

Right 

mastectomy 

and axillary 

clearance 

Right 

mastectomy 

and axillary 

clearance 

Right 

mastectomy 

and axillary 

clearance 

Left 

mastectomy 

and axillary 

clearance 

Date Feb 2015 14.06.04 29.01.13 21.03.16 22.08.17 

Radio-

therapy  

Dose = 

40 Gy, 

15 

fraction’s 

Time 

prior to 

sample 

2 years & 

11 

months 

13 years 

& 3 

months 

5 years & 

1 month 

1 year & 

10 months 

1 year 

Side 

effects 
RTOG grade 

2.5 skin 

reaction in 

inframammary 

fold, 

subcutaneous 

oedema, 

tethered 

scarring 

Minor skin fold 

retraction in 

axilla 

Skin retraction, 

sloughing and 

dehiscence of 

breast 

reconstruction 

Grade 1 skin 

reaction 

Healthy 

mastectomy 

scar 
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Chemo-

therapy 
Type  Nil prior Epirubicin 

and cyclo-

phosphamide 

x4 followed 

by Taxol x4 

Epirubicin 

and cyclo-

phosphamide 

x4 and 

Docetaxel x3 

Epirubicin 

and cyclo-

phosphamide 

x3 and 

Docetaxel x 3 

Epirubicin 

and cyclo-

phosphamide 

Time 

Length 
- 6 months 4 months 4 months 4 months 

Other 

treatment 
Type Nil prior Tamoxifen Herceptin + 

Delayed DIEP 

reconstruction 

Tamoxifen Anastrozole + 

Add aspirin 

trial 

Dose - 20mg OD 18 cycles 20mg OD 1mg OD 
Time 

length 
- 5 years  12 months  21 months 

(ongoing) 

13 months, 

(ongoing) 

Surgery type 

from which 

donor tissue 

was obtained 

Left skin 

sparing 

mastectomy 

and 

immediate 

DIEP re-

construction 

Right DIEP 

Re-

construction 

Scar 

resection 

from DIEP 

dehiscence 

DIEP re-

construction 

Left DIEP re-

construction 

Ethnicity Caucasian Caucasian Caucasian Caucasian Caucasian 

Samples 

Available 

Irradiated 

breast DF 

+ 

Irradiated 

breast 

SVF 

Irradiated 

breast DF 

Irradiated 

breast DF 

Irradiated 

breast DF 

+ Normal 

abdo DF 

Irradiated 

breast DF 

+ Normal 

abdo DF  

Smoking status Never Never Ex-smoker Ex-smoker Ex-smoker  

Table of extended data collated from irradiated donors. DCIS denotes 

ductal carcinoma in situ, BRCA is an abbreviation for breast cancer gene, 

PR denotes progesterone receptor, ER denotes oestrogen receptor, HER2 

denotes human epidermal growth factor receptor 2, RTOG denotes 

Radiation Therapy Oncology Group, DIEP denotes deep inferior epigastric 

perforator artery, DF denotes dermal fibroblast and SVF denotes stromal 

vascular fraction.  
 

 



172 
 

Appendix 2- Cyquant standard curve 

 
CyQuant assay standard curve for the conversion of absorbance into 
cell number used in dermal fibroblast proliferation experiments.  

y = 2.3056x + 3332.8 
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Appendix 3- Proliferation curve with individual non irradiated 
donor plots 
 

Dermal fibroblasts were treated with serum-free media and analysis of 
fluorescence intensity was performed over 5 days. Cell number was 
quantified using CyQUANT standard curve. Cells were assayed in 
quadruplicate wells. N=2 fibroblasts from breast tissue without 
radiation exposure (DF) and N=4 fibroblasts from irradiated breast 
tissue (IR-DF) were compared. Individual non irradiated donors 
illustrated with corresponding symbols (see table 2.2). Summative 
data also presented as mean cell number ± SEM. 
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Appendix 4- Collagen standard curve 

  
Sircol assay standard curve for the conversion of absorbance into 
collagen concentration used in total quantification of collagen 
experiments. 

y = 0.0582x + 0.7985 
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Appendix 5- FGF2 standard curve

  
ELISA standard curve for the conversion of absorbance into FGF2 
concentration, used in quantification of preadipocyte and SVF cell 
secretome. 
 

y = 0.0034x + 0.129 
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Appendix 6- Adiponectin standard curve 

 
ELISA standard curve for the conversion of absorbance into 
Adiponectin concentration, used in quantification of preadipocyte and 
SVF cell secretome. 
 

y = 0.0133x + 0.1556 
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Appendix 7- VEGF standard curve 

 
ELISA standard curve for the conversion of absorbance into VEGF 
concentration, used in quantification of preadipocyte and SVF cell 
secretome. 
 

 

 

 

 

 

 

 

 

 

 

 

 

y = 0.0023x + 0.1168 



178 
 

References 
Aggarwal, R., Jha, M., Shrivastava, A. and Jha, A., 2015. Natural 

compounds: Role in reversal of epigenetic changes. Biochemistry 

(Moscow), 80(8), pp.972-989. 

Ågren, M., Steenfos, H., Dabelsteen, S., Hansen, J. and Dabelsteen, E., 

1999. Proliferation and Mitogenic Response to PDGF-BB of 

Fibroblasts Isolated from Chronic Venous Leg Ulcers is Ulcer-Age 

Dependent. Journal of Investigative Dermatology, 112(4), pp.463-469. 

Al-Rikabi, A., Tobin, D., Riches-Suman, K. and Thornton, J., 2021. Dermal 

fibroblasts cultured from donors with type 2 diabetes mellitus retain an 

epigenetic memory associated with poor wound healing 

responses. Scientific reports, 11, pp.1474. 

Ansell, D., Kloepper, J., Thomason, H., Paus, R. and Hardman, M., 2011. 

Exploring the “Hair Growth–Wound Healing Connection”: Anagen 

Phase Promotes Wound Re-Epithelialization. Journal of Investigative 

Dermatology, 131(2), pp.518-528. 

Archambeau, J., Pezner, R. and Wasserman, T., 1995. Pathophysiology of 

irradiated skin and breast. International Journal of Radiation 

Oncology*Biology*Physics, 31(5), pp.1171-1185. 

Arda, O., Göksügür, N. and Tüzün, Y. (2014). Basic histological structure 

and functions of facial skin. Clinics in Dermatology, 32(1), pp.3-13. 

Baker, R., Urso-Baiarda, F., Linge, C. and Grobbelaar, A., (2009). 

Cutaneous Scarring: A Clinical Review. Dermatology Research and 

Practice, 2009, pp.1-7. 

Bao, P., Kodra, A., Tomic-Canic, M., Golinko, M., Ehrlich, H. and Brem, H., 

(2009). The Role of Vascular Endothelial Growth Factor in Wound 

Healing. Journal of Surgical Research, 153(2), pp.347-358. 

Barry M, Kell M. R (2011) Radiotherapy and breast reconstruction: a meta-

analysis. Breast Cancer Res Treat, 127 (1), 15-22. 

Becker, A. J., Mc, C. E. and Till, J. E. (1963) Cytological demonstration of 

the clonal nature of spleen colonies derived from transplanted mouse 

marrow cells. Nature 197, 452-4. 



179 
 

Bertozzi, N., Simonacci, F., Grieco, M., Grignaffini, E. and Raposio, E. 

(2017). The biological and clinical basis for the use of adipose-derived 

stem cells in the field of wound healing. Annals of Medicine and 

Surgery, 20, pp.41-48.  

Bhang, S., Cho, S., La, W., Lee, T., Yang, H., Sun, A., Baek, S., Rhie, J. and 

Kim, B., 2011. Angiogenesis in ischemic tissue produced by spheroid 

grafting of human adipose-derived stromal cells. Biomaterials, 32(11), 

pp.2734-2747. 

Bi, H., Li, H., Zhang, C., Mao, Y., Nie, F., Xing, Y., Sha, W., Wang, X., Irwin, 

D. M., & Tan, H. (2019). Stromal vascular fraction promotes migration 

of fibroblasts and angiogenesis through regulation of extracellular 

matrix in the skin wound healing process. Stem cell research & 

therapy, 10(1), 302.  

Bielefeld, K. A., Amini-Nik, S. and Alman, B. A. (2013) Cutaneous wound 

healing: recruiting developmental pathways for regeneration. Cell Mol 

Life Sci 70 (12), 2059-81. 

 Bio-rad. (2013). SsoAdvanced™ Universal SYBR® Green Supermix 

Instruction Manual. [online] Available at: https://www.bio-

rad.com/webroot/web/pdf/lsr/literature/10031339.pdf [Accessed 5 

Sep. 2019]. 

Bonham, C., Kuehlmann, B. and Gurtner, G., 2020. Impaired 

Neovascularization in Aging. Advances in Wound Care, 9(3), pp.111-

126. 

Bora, P. and Majumdar, A. S. (2017) Adipose tissue-derived stromal 

vascular fraction in regenerative medicine: a brief review on biology 

and translation. Stem Cell Res Ther 8 (1), 145. 

Bourin, P., Bunnell, B. A., Casteilla, L., Dominici, M., Katz, A. J., March, K. 

L., Redl, H., Rubin, J. P., Yoshimura, K. and Gimble, J. M. (2013) 

Stromal cells from the adipose tissue-derived stromal vascular 

fraction and culture expanded adipose tissue-derived stromal/stem 

cells: a joint statement of the International Federation for Adipose 

Therapeutics and Science (IFATS) and the International Society for 

Cellular Therapy (ISCT). Cytotherapy 15 (6), 641-8. 



180 
 

Bullen, E., Longaker, M., Updike, D., Benton, R., Ladin, D., Hou, Z. and 

Howard, E., 1995. Tissue Inhibitor of Metalloproteinases-1 Is 

Decreased and Activated Gelatinases Are Increased in Chronic 

Wounds. Journal of Investigative Dermatology, 104(2), pp.236-240. 

Bunnell, B. A., Flaat, M., Gagliardi, C., Patel, B. and Ripoll, C. (2008) 

Adipose-derived stem cells: isolation, expansion and differentiation. 

Methods 45 (2), 115-20. 

Brenneisen, P., Oh, J., Wlaschek, M., Wenk, J., Briviba, K., Hommel, C., 

Herrmann, G., Sies, H. and Scharffetter-Kochanek, K., (1996) 

Ultraviolet B Wavelength Dependence for the Regulation of Two 

Major Matrix-Metalloproteinases and Their Inhibitor TIMP-1 in Human 

Dermal Fibroblasts. Photochemistry and Photobiology, 64(4), pp.649-

657. 

Cavinato, M. and Jansen-Dürr, P., 2017. Molecular mechanisms of UVB-

induced senescence of dermal fibroblasts and its relevance for 

photoaging of the human skin. Experimental Gerontology, 94, pp.78-

82. 

Checka CM, Chun JE, Schnabel FR, Lee J, Toth H, (2012).The relationship 

of mammographic density and age: implications for breast cancer 

screening. AJR Am J Roentgenol, 198(3):W292-5.  

Chen, Y. J., Liu, H. Y., Chang, Y. T., Cheng, Y. H., Mersmann, H. J., Kuo, 

W. H. and Ding, S. T. (2016) Isolation and Differentiation of Adipose-

Derived Stem Cells from Porcine Subcutaneous Adipose Tissues. J 

Vis Exp  (109), e53886. 

Cheng, W., Yan-hua, R., Fang-gang, N. and Guo-an, Z., 2011. The content 

and ratio of type I and III collagen in skin differ with age and injury. 

African Journal of Biotechnology, 10(13), pp.2524-2529. 

Chiang, N. Y. Z., & Verbov, J. Dermatology: a handbook for medical 

students and junior doctors 2nd Edition. London : British Association 

of Dermatologists, 2014. Available from http://www.bad.org.uk/library-

media/documents/Dermatology%20Handbook%20for%20medical%2

0students%202nd%20Edition%202014%20Final2(2).pdf Accessed: 

13/08/19 

http://www.bad.org.uk/library-media/documents/Dermatology%20Handbook%20for%20medical%20students%202nd%20Edition%202014%20Final2(2).pdf
http://www.bad.org.uk/library-media/documents/Dermatology%20Handbook%20for%20medical%20students%202nd%20Edition%202014%20Final2(2).pdf
http://www.bad.org.uk/library-media/documents/Dermatology%20Handbook%20for%20medical%20students%202nd%20Edition%202014%20Final2(2).pdf


181 
 

Choi, J., Cho, W., Choi, Y., Kim, J., Park, H., Kim, S., Park, J., Jo, D. and 

Cho, Y., (2019). Functional recovery in photo-damaged human 

dermal fibroblasts by human adipose-derived stem cell extracellular 

vesicles. Journal of Extracellular Vesicles, 8(1), p.1565885. 

Choi, S., Chang, S., Biswas, R., Chung, P., Mo, S., Lee, M. and Ahn, J. 

(2019). Light-emitting diode irradiation using 660 nm promotes human 

fibroblast HSP90 expression and changes cellular activity and 

morphology. Journal of Biophotonics, 12(9). 

Coleman SR. 1997, Facial recontouring with lipostructure. Clinics in Plastic 

Surgery, 24(2):347-367. 

Cook, H., Stephens, P., Davies, K., Thomas, D. and Harding, K., 2000. 

Defective Extracellular Matrix Reorganization by Chronic Wound 

Fibroblasts is Associated with Alterations in TIMP-1, TIMP-2, and 

MMP-2 Activity. Journal of Investigative Dermatology, 115(2), pp.225-

233. 

Cooper, D., Wang, C., Patel, R., Trujillo, A., Patel, N., Prather, J., Gould, L. 

and Wu, M. (2018). Human Adipose-Derived Stem Cell Conditioned 

Media and Exosomes Containing MALAT1 Promote Human Dermal 

Fibroblast Migration and Ischemic Wound Healing. Advances in 

Wound Care, 7(9), pp.299-308. 

Daane, S. and Rockwell, W., (1999). Breast Reduction Techniques and 

Outcomes: A Meta-analysis. Aesthetic Surgery Journal, 19(4), 

pp.293-303. 

Delanian, S., Martin, M., Bravard, A., Luccioni, C. and Lefaix, J. (1998). 

Abnormal phenotype of cultured fibroblasts in human skin with 

chronic radiotherapy damage. Radiotherapy and Oncology, 47(3), 

pp.255-261. 

Denu, R., Nemcek, S., Bloom, D., Goodrich, A., Kim, J., Mosher, D. and 

Hematti, P. (2016). Fibroblasts and Mesenchymal Stromal/Stem Cells 

Are Phenotypically Indistinguishable. Acta Haematologica, 136(2), 

pp.85-97. 

Desouky, O., Ding, N. and Zhou, G. (2015). Targeted and non-targeted 

effects of ionizing radiation. Journal of Radiation Research and 

Applied Sciences, 8(2), pp.247-254. 



182 
 

Dick, M. and Limaiem, F. (2019). Histology, Fibroblast. [online] 

Ncbi.nlm.nih.gov. Available at: 

https://www.ncbi.nlm.nih.gov/books/NBK541065/#article-21730.s3 

[Accessed 3 Sep. 2019]. 

Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F., 

Krause, D., Deans, R., Keating, A., Prockop, D. and Horwitz, E. 

(2006) Minimal criteria for defining multipotent mesenchymal stromal 

cells. The International Society for Cellular Therapy position 

statement. Cytotherapy 8 (4), 315-7. 

Dormand, E., Banwell, P. and Goodacre, T. (2005). Radiotherapy and 

wound healing. International Wound Journal, 2(2), pp.112-127. 

Driskell, R., Jahoda, C., Chuong, C., Watt, F. and Horsley, V. (2014). 

Defining dermal adipose tissue. Experimental Dermatology, 23(9), 

pp.629-631. 

Driskell, R., Lichtenberger, B., Hoste, E., Kretzschmar, K., Simons, B., 

Charalambous, M., Ferron, S., Herault, Y., Pavlovic, G., Ferguson-

Smith, A. and Watt, F., (2013). Distinct fibroblast lineages determine 

dermal architecture in skin development and repair. Nature, 

504(7479), pp.277-281. 

Dubey, N., Mishra, V., Dubey, R., Deng, Y., Tsai, F. and Deng, W. (2018). 

Revisiting the Advances in Isolation, Characterization and Secretome 

of Adipose-Derived Stromal/Stem Cells. International Journal of 

Molecular Sciences, 19(8), p.2200. 

Evans, N., Oreffo, R., Healy, E., Thurner, P. and Man, Y. (2013). Epithelial 

mechanobiology, skin wound healing, and the stem cell niche. Journal 

of the Mechanical Behavior of Biomedical Materials, 28, pp.397-409. 

Ezure, T. and Amano, S., 2007. Adiponectin and leptin up-regulate 

extracellular matrix production by dermal fibroblasts. BioFactors, 

31(3-4), pp.229-236. 

Fenske, N. and Lober, C. (1986). Structural and functional changes of 

normal aging skin. Journal of the American Academy of Dermatology, 

15(4), pp.571-585. 



183 
 

Figueroa-González, G., & Pérez-Plasencia, C. (2017). Strategies for the 

evaluation of DNA damage and repair mechanisms in cancer. 

Oncology letters, 13(6), 3982–3988.  

Filomeno, P. A., Kim, K. P., Yoon, N., Rashedi, I., Dayan, V., Kandel, R. A., 

Wang, X. H., Felizardo, T. C., Berinstein, E., Jelveh, S., Filomeno, A., 

Medin, J. A., Ferguson, P. C. and Keating, A. (2018) Human 

mesenchymal stromal cells do not promote recurrence of soft tissue 

sarcomas in mouse xenografts after radiation and surgery. 

Cytotherapy 20 (8), 1001-1012. 

Firooz, A., Rajabi-Estarabadi, A., Zartab, H., Pazhohi, N., Fanian, F. and 

Janani, L. (2016). The influence of gender and age on the thickness 

and echo-density of skin. Skin Research and Technology, 23(1), 

pp.13-20. 

Freeman SC, Sonthalia S. Histology, Keratohyalin Granules. [Updated 2019 

Jan 9]. In: StatPearls [Internet]. Treasure Island (FL): StatPearls 

Publishing; 2019 Jan-. Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK537049/ Accessed: 13/08/19 

Gang, E., Bosnakovski, D., Figueiredo, C., Visser, J. and Perlingeiro, R. 

(2006). SSEA-4 identifies mesenchymal stem cells from bone 

marrow. Blood, 109(4), pp.1743-1751. 

Gawkrodger, D. and Ardern-Jones, M. (2017). Dermatology. 6th ed. 

Edinburgh: Elsevier. 

Gieringer, M., Gosepath, J. and Naim, R. (2011) Radiotherapy and wound 

healing: principles, management and prospects (review). Oncol Rep 

26 (2), 299-307. 

Gimble, J. and Guilak, F. (2003) Adipose-derived adult stem cells: isolation, 

characterization, and differentiation potential. Cytotherapy 5 (5), 362-

9. 

Gimble, J. M., Katz, A. J. and Bunnell, B. A. (2007) Adipose-derived stem 

cells for regenerative medicine. Circ Res 100 (9), 1249-60. 

Gorgieva, S., Štrancar, J. and Kokol, V. (2014). Evaluation of 

surface/interface-related physicochemical and microstructural 

properties of gelatin 3D scaffolds, and their influence on fibroblast 

https://www.ncbi.nlm.nih.gov/books/NBK537049/


184 
 

growth and morphology. Journal of Biomedical Materials Research 

Part A, 102(11), pp.3986-3997. 

Gu, Q., Wang, D., Gao, Y., Zhou, J., Peng, R., Cui, Y., Xia, G., Qing, Q., 

Yang, H., Liu, J. and Zhao, M. (2002). Expression of MMP1 in 

Surgical and Radiation-Impaired Wound Healing and Its Effects on 

the Healing Process. Journal of Environmental Pathology, Toxicology 

and Oncology, 21(1), p.8. 

Guo M, Dong Z, Qiao J, et al. Yu C, Sun Q,Hu K,Liu G,Wei L, Yao B, Man 

Q, Sun X, Liu Z, Song Z, Yu C, Chen Y, Luo Q, Liu S and Ai H. (2014) 

Severe acute radiation syndrome: treatment of a lethally 60Co-source 

irradiated accident victim in China with HLA-mismatched peripheral 

blood stem cell transplantation and mesenchymal stem cells. J Radiat 

Res. 55(2):205–209 

Guo, S., Wang, T., Zhang, S., Chen, P., Cao, Z., Lian, W., Guo, J. and 

Kang, Y., 2019. Adipose-derived stem cell-conditioned medium 

protects fibroblasts at different senescent degrees from UVB 

irradiation damages. Molecular and Cellular Biochemistry, 463(1-2), 

pp.67-78. 

Halfon, S., Abramov, N., Grinblat, B. and Ginis, I. (2011). Markers 

Distinguishing Mesenchymal Stem Cells from Fibroblasts Are 

Downregulated with Passaging. Stem Cells and Development, 20(1), 

pp.53-66. 

Harvey, J. A., Santen, R. J., Petroni, G. R., Bovbjerg, V. E., Smolkin, M. E., 

Sheriff, F. S., & Russo, J. (2008). Histologic changes in the breast 

with menopausal hormone therapy use: correlation with breast 

density, estrogen receptor, progesterone receptor, and proliferation 

indices. Menopause, 15(1), 67–73.  

Hassan, W. U., Greiser, U. and Wang, W. (2014) Role of adipose-derived 

stem cells in wound healing. Wound Repair Regen 22 (3), 313-25. 

Haubner, F., Muschter, D., Pohl, F., Schreml, S., Prantl, L. and Gassner, H. 

G. (2015) A Co-Culture Model of Fibroblasts and Adipose Tissue-

Derived Stem Cells Reveals New Insights into Impaired Wound 

Healing After Radiotherapy. Int J Mol Sci 16 (11), 25947-58. 



185 
 

Haydont, V., Neiveyans, V., Perez, P., Busson, É., Lataillade, J., Asselineau, 

D. and Fortunel, N., 2020. Fibroblasts from the Human Skin Dermo-

Hypodermal Junction are Distinct from Dermal Papillary and Reticular 

Fibroblasts and from Mesenchymal Stem Cells and Exhibit a Specific 

Molecular Profile Related to Extracellular Matrix Organization and 

Modeling. Cells, 9(2), p.368. 

Hiraoka, C., Toki, F., Shiraishi, K., Sayama, K., Nishimura, E. K., Miura, H., 

Higashiyama, S. and Nanba, D. (2016) Two clonal types of human 

skin fibroblasts with different potentials for proliferation and tissue 

remodeling ability. J Dermatol Sci 82 (2), 84-94. 

Hoareau, L., Bencharif, K., Girard, A., Gence, L., Delarue, P., Hulard, O., 

Festy, F. and Roche, R., 2013. Effect of centrifugation and washing 

on adipose graft viability: A new method to improve graft 

efficiency. Journal of Plastic, Reconstructive & Aesthetic Surgery, 

66(5), pp.712-719. 

Ho A.Y, Hu Z. I, Mehrara B. J, Wilkins E. G, (2017) Radiotherapy in the 

setting of breast reconstruction: types, techniques, and timing. The 

Lancet Oncology 18 (12), 742-753. 

Hoeller, U., Tribius, S., Kuhlmey, A., Grader, K., Fehlauer, F. and Alberti, W., 

2003. Increasing the rate of late toxicity by changing the score? A 

comparison of RTOG/EORTC and LENT/SOMA scores. International 

Journal of Radiation Oncology*Biology*Physics, 55(4), pp.1013-1018. 

IAEA. (1988). MEDICAL ASPECTS OF THE CHERNOBYL ACCIDENT 

PROCEEDINGS OF AN ALL-UNION CONFERENCE ORGANIZED 

BY THE USSR MINISTRY OF HEALTH AND THE ALL-UNION 

SCIENTIFIC CENTRE OF RADIATION MEDICINE, USSR 

ACADEMY OF MEDICAL SCIENCES, AND HELD IN KIEV, 11-13 

MAY 1988. [online] Available at: 

https://inis.iaea.org/collection/NCLCollectionStore/_Public/20/075/200

75974.pdf?r=1&r=1 [Accessed 4 Sep. 2019]. 

Illsley, M., Peacock, J., McAnulty, R. and Yarnold, J., 2000. Increased 

collagen production in fibroblasts cultured from irradiated skin and 

effect of TGF β1– clinical study. British Journal of Cancer, 83(5), 

pp.650-654. 



186 
 

Jacobson, L., Johnson, M., Dedhia, R., Niknam-Bienia, S. and Wong, A. 

(2017). Impaired wound healing after radiation therapy: A systematic 

review of pathogenesis and treatment. JPRAS Open, 13, pp.92-105. 

Jahoda, C. and Reynolds, A., 2001. Hair follicle dermal sheath cells: unsung 

participants in wound healing. The Lancet, 358(9291), pp.1445-1448. 

James, W., Berger, T. and Elston, D. (2006). Andrews’ Diseases of the Skin: 

Clinical Dermatology. 10th ed. Philadelphia: Elsevier Saunders, p.1. 

Janson, D., Saintigny, G., van Adrichem, A., Mahé, C. and El Ghalbzouri, A., 

2012. Different Gene Expression Patterns in Human Papillary and 

Reticular Fibroblasts. Journal of Investigative Dermatology, 132(11), 

pp.2565-2572. 

Jassem, J. (2017). Post-mastectomy radiation therapy after breast 

reconstruction: Indications, timing and results. The Breast, 34, 

pp.S95-S98. 

Jeong, W., Yang, X., Lee, J., Ryoo, Y., Kim, J., Oh, Y., Kwon, S., Liu, D. and 

Son, D. (2016) Serial changes in the proliferation and differentiation of 

adipose-derived stem cells after ionizing radiation. Stem Cell 

Research & Therapy 7 (1), 117. 

Kamala, O. (2014) Differences in the expression of inhibitors of apoptosis 

proteins, oestrogen receptors, and responses to oestradiol under 

normal and wound induced conditions. University of Bradford: 

University of Bradford. 

Karnoub, A. E., Dash, A. B., Vo, A. P., Sullivan, A., Brooks, M. W., Bell, G. 

W., Richardson, A. L., Polyak, K., Tubo, R. and Weinberg, R. A. 

(2007) Mesenchymal stem cells within tumour stroma promote breast 

cancer metastasis. Nature 449 (7162), 557-63. 

Kern, S., Eichler, H., Stoeve, J., Kluter, H. and Bieback, K. (2006) 

Comparative analysis of mesenchymal stem cells from bone marrow, 

umbilical cord blood, or adipose tissue. Stem Cells 24 (5), 1294-301. 

Kiang, J. G., Garrison, B. R., Burns, T. M., Zhai, M., Dews, I. C., Ney, P. H., 

Cary, L. H., Fukumoto, R., Elliott, T. B. and Ledney, G. D. (2012) 

Wound trauma alters ionizing radiation dose assessment. Cell Biosci 

2 (1), 20. 



187 
 

Kim, W., Park, B., Park, S., Kim, H. and Sung, J. (2009). Antiwrinkle effect of 

adipose-derived stem cell: Activation of dermal fibroblast by secretory 

factors. Journal of Dermatological Science, 53(2), pp.96-102. 

Kim, W. S., Park, B. S., Sung, J. H., Yang, J. M., Park, S. B., Kwak, S. J. 

and Park, J. S. (2007) Wound healing effect of adipose-derived stem 

cells: a critical role of secretory factors on human dermal fibroblasts. J 

Dermatol Sci 48 (1), 15-24. 

King, M. (2014). Integrative medical biochemistry Examination and Board 

Review. [New York]: McGraw-Hill Education. 

Klopp, A. H., Gupta, A., Spaeth, E., Andreeff, M. and Marini, F., 3rd (2011) 

Concise review: Dissecting a discrepancy in the literature: do 

mesenchymal stem cells support or suppress tumor growth? Stem 

Cells 29 (1), 11-9. 

Kristensen, T., Knutsson, M., Wehland, M., Laursen, B., Grimm, D., Warnke, 

E. and Magnusson, N., 2014. Anti-Vascular Endothelial Growth 

Factor Therapy in Breast Cancer. International Journal of Molecular 

Sciences, 15(12), pp.23024-23041. 

Kroll S. S, Robb G. L, Reece G. P, Miller M. J, Evans G. R, Baldwin B. J, 

Wang B, Schusterman M. A (1998) Does prior irradiation increase the 

risk of total or partial free-flap loss? J Reconstr Microsurg 14(4):263–

268  

Kruglikov, I. and Scherer, P. (2016). Dermal Adipocytes: From Irrelevance to 

Metabolic Targets?. Trends Endocrinol Metab, 27(1), pp.1-10. 

Kuivaniemia, H. and Tromp, G. (2019). Type III collagen (COL3A1): Gene 

and protein structure, tissue distribution, and associated diseases. 

Gene, 707, pp.151–171.  

Kwon, S. M., Hong, S. M., Lee, Y. K., Min, S., & Yoon, G. (2019). Metabolic 

features and regulation in cell senescence. BMB reports, 52(1), 5–12.  

Lago, J. and Puzzi, M. (2019). The effect of aging in primary human dermal 

fibroblasts. PLOS ONE, 14(7), p.e0219165. 

Lee, J., Lee, P. and Wu, X. (2017). Molecular and cytoskeletal regulations in 

epidermal development. Seminars in Cell & Developmental Biology, 

69, pp.18-25.  



188 
 

Lee, Y., Mottillo, E. and Granneman, J. (2014). Adipose tissue plasticity from 

WAT to BAT and in between. Biochimica et Biophysica Acta (BBA) - 

Molecular Basis of Disease, 1842(3), pp.358-369. 

Limandjaja, G., Broek, L., Waaijman, T., Veen, H., Everts, V., Monstrey, S., 

Scheper, R., Niessen, F. and Gibbs, S., 2016. Increased epidermal 

thickness and abnormal epidermal differentiation in keloid 

scars. British Journal of Dermatology, 176(1), pp.116-126. 

Lindroos, B., Suuronen, R. and Miettinen, S. (2011). The Potential of 

Adipose Stem Cells in Regenerative Medicine. Stem Cell Reviews 

and Reports, 7(2), pp.269-291. 

Liu, J., Ren, J., Su, L., Cheng, S., Zhou, J., Ye, X., Dong, Y., Sun, S., Qi, F., 

Liu, Z., Pleat, J., Zhai, H. and Zhu, N. (2018). Human adipose tissue-

derived stem cells inhibit the activity of keloid fibroblasts and fibrosis 

in a keloid model by paracrine signaling. Burns, 44(2), pp.370-385. 

Liu, X., Wu, H., Byrne, M., Jeffrey, J., Krane, S. and Jaenisch, R. (1995). A 

targeted mutation at the known collagenase cleavage site in mouse 

type I collagen impairs tissue remodeling. Journal of Cell Biology, 

130(1), pp.227-237. 

Locke M., Windsor J. and Dunbar P. R. (2009) Human adipose-derived stem 

cells: isolation, characterization and applications in surgery. ANZ J 

Surg 79 (4), 235-44.  

Lopez Perez, R., Münz, F., Vidoni, D., Rühle, A., Trinh, T., Sisombath, S., 

Zou, B., Wuchter, P., Debus, J., Grosu, A., Saffrich, R., Huber, P. and 

Nicolay, N., (2019). Mesenchymal stem cells preserve their stem cell 

traits after exposure to antimetabolite chemotherapy. Stem Cell 

Research, 40, p.101536. 

Maier, P., Hartmann, L., Wenz, F. and Herskind, C. (2016). Cellular 

Pathways in Response to Ionizing Radiation and Their Targetability 

for Tumor Radiosensitization. International Journal of Molecular 

Sciences, 17(1), p.102. 

Makino, T., Jinnin, M., Muchemwa, F., Fukushima, S., Kogushi-Nishi, H., 

Moriya, C., Igata, T., Fujisawa, A., Johno, T. and Ihn, H. (2009). Basic 

fibroblast growth factor stimulates the proliferation of human dermal 



189 
 

fibroblasts via the ERK1/2 and JNK pathways. British Journal of 

Dermatology, 162(4), pp.717-723. 

Mescher, A. (2018). Junqueira's Basic Histology. 15th ed. New York, N.Y.: 

McGraw-Hill Education LLC. 

Mildmay-White A. and Khan W. (2017) Cell Surface Markers on Adipose-

Derived Stem Cells: A Systematic Review. Curr Stem Cell Res Ther 

12 (6), 484-492. 

Momoh A. O., Colakoglu S., de Blacam C, Gautam S, Tobias A. M, Lee B. T. 

(2012) Delayed autologous breast reconstruction after 

postmastectomy radiation therapy: is there an optimal time? Ann 

Plast Surg, 69 (1) 14-18 

Naru, E., Suzuki, T., Moriyama, M., Inomata, K., Hayashi, A., Arakane, K. 

and Kaji, K. (2005). Functional changes induced by chronic UVA 

irradiation to cultured human dermal fibroblasts. British Journal of 

Dermatology, 153(s2), pp.6-12. 

Nayak, S., Dey, S. and Kundu, S. (2013). Skin Equivalent Tissue-

Engineered Construct: Co-Cultured Fibroblasts/ Keratinocytes on 3D 

Matrices of Sericin Hope Cocoons. PLoS ONE, 8(9), p.e74779. 

NHS England. (2019). F01. Blood and Marrow Transplantation. [online] 

Available at: https://www.england.nhs.uk/commissioning/spec-

services/npc-crg/blood-and-infection-group-f/f01/ [Accessed 4 Sep. 

2019]. 

NICE.(2018 ) Early and locally advanced breast cancer: diagnosis and 

management Published: July 2018  

https://www.nice.org.uk/guidance/ng101/chapter/Recommendations#r

adiotherapy Accessed July 2018  

Nicolay, N. H., Lopez Perez, R., Saffrich, R. and Huber, P. E. (2015) Radio-

resistant mesenchymal stem cells: mechanisms of resistance and 

potential implications for the clinic. Oncotarget 6 (23), 19366-80. 

Niada, S., Giannasi, C., Magagnotti, C., Andolfo, A. and Brini, A. (2021) 

Proteomic analysis of extracellular vesicles and conditioned medium 

from human adipose-derived stem/stromal cells and dermal 

fibroblasts. Journal of Proteomics, 232, p.104069. 

https://www.nice.org.uk/guidance/ng101/chapter/Recommendations#radiotherapy
https://www.nice.org.uk/guidance/ng101/chapter/Recommendations#radiotherapy


190 
 

Noverina, R., Widowati, W., Ayuningtyas, W., Kurniawan, D., Afifah, E., 

Laksmitawati, D., Rinendyaputri, R., Rilianawati, R., Faried, A., 

Bachtiar, I. and Wirakusumah, F., 2019. Growth factors profile in 

conditioned medium human adipose tissue-derived mesenchymal 

stem cells (CM-hATMSCs). Clinical Nutrition Experimental, 24, pp.34-

44. 

O’Donoghue, J., Olsen, S., Haywood, R. and White, K. (2018). Your Guide 

to breast reconstruction. [online] BAPRAS. Available at: 

http://www.bapras.org.uk/docs/default-source/Patient-Information-

Booklets/web_2018-bapras-abs-breast-recon-guide.pdf?sfvrsn=2 

[Accessed 4 Sep. 2019]. 

Oedayrajsingh-Varma, M. J., van Ham, S. M., Knippenberg, M., Helder, M. 

N., Klein-Nulend, J., Schouten, T. E., Ritt, M. J. and van Milligen, F. J. 

(2006) Adipose tissue-derived mesenchymal stem cell yield and 

growth characteristics are affected by the tissue-harvesting 

procedure. Cytotherapy 8 (2), 166-77. 

Olascoaga, A., Vilar-Compte, D., Poitevin-Chacon, A. and Contreras-Ruiz, J. 

(2008) Wound healing in radiated skin: pathophysiology and 

treatment options. Int Wound J 5 (2), 246-57. 

Pittayapruek, P., Meephansan, J., Prapapan, O., Komine, M. and Ohtsuki, 

M. (2016) Role of Matrix Metalloproteinases in Photoaging and 

Photocarcinogenesis. International Journal of Molecular Sciences, 

17(6), p.868. 

Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K., Douglas, R., 

Mosca, J. D., Moorman, M. A., Simonetti, D. W., Craig, S. and 

Marshak, D. R. (1999) Multilineage potential of adult human 

mesenchymal stem cells. Science 284 (5411), 143-7. 

Qiao, L., Xu, Z. L., Zhao, T. J., Ye, L. H. and Zhang, X. D. (2008) Dkk-1 

secreted by mesenchymal stem cells inhibits growth of breast cancer 

cells via depression of Wnt signalling. Cancer Lett 269 (1), 67-77. 

Quan, T. and Fisher, G. (2015). Role of Age-Associated Alterations of the 

Dermal Extracellular Matrix Microenvironment in Human Skin Aging: 

A Mini-Review. Gerontology, 61, pp.427-434. 



191 
 

Ralf, U. and Petra, G. (2002). Management of Cutaneous Radiation Injuries: 

Diagnostic and Therapeutic Principles of the Cutaneous Radiation 

Syndrome. Military Medicine, 167(suppl_1), pp.110-112. 

Ravikanth, M., Manjunath, K., Ramachandran, C., Soujanya, P. and 

Saraswathi, T. (2011). Heterogenecity of fibroblasts. Journal of Oral 

and Maxillofacial Pathology, 15(2), p.247. 

Rehman, J., Traktuev, D., Li, J., Merfeld-Clauss, S., Temm-Grove, C. J., 

Bovenkerk, J. E., Pell, C. L., Johnstone, B. H., Considine, R. V. and 

March, K. L. (2004) Secretion of angiogenic and antiapoptotic factors 

by human adipose stromal cells. Circulation 109 (10), 1292-8. 

Reijnders, C., van Lier, A., Roffel, S., Kramer, D., Scheper, R. and Gibbs, S. 

(2015). Development of a Full-Thickness Human Skin Equivalent In 

Vitro Model Derived from TERT-Immortalized Keratinocytes and 

Fibroblasts. Tissue Engineering Part A, 21(17-18), pp.2448-2459. 

Riccobono, D., Agay, D., Scherthan, H., Forcheron, F., Vivier, M., Ballester, 

B., Meineke, V. and Drouet, M. (2012) Application of adipocyte-

derived stem cells in treatment of cutaneous radiation syndrome. 

Health Phys 103 (2), 120-6. 

Rigotti, G., Marchi, A., Gali, M., Baroni, G., Benati, D., Krampera, M., Pasini, 

A. and Sbarbati, A. (2007). Clinical Treatment of Radiotherapy Tissue 

Damage by Lipoaspirate Transplant: A Healing Process Mediated by 

Adipose-Derived Adult Stem Cells. Plastic and Reconstructive 

Surgery, 119(5), pp.1409-1422. 

Rivas, F. (2010) In this Issue: Inflammation. Cell 140 (6), 755,757. 

Rodbell, M. (1966) Metabolism of isolated fat cells. II. The similar effects of 

phospholipase C (Clostridium perfringens alpha toxin) and of insulin 

on glucose and amino acid metabolism. J Biol Chem 241 (1), 130-9.  

Rosen, E. and Spiegelman, B. (2006). Adipocytes as regulators of energy 

balance and glucose homeostasis. Nature, 444(7121), pp.847-853. 

Ross, M. and Pawlina, W., 2011. Histology: A Text And Atlas. 6th ed. 

Philadelphia: Wolters Kluwer/Lippincott Williams & Wilkins Health, 

p.928. 



192 
 

Rudolph R, Vande Berg J, Schneider JA, Fisher J; Poolman W. (1988) 

Slowed growth of culturedfibroblasts from human radiation 

wounds.PlastReconstr Surg 82(4):669–675. 

RYU, J., PARK, S., KIM, I., CHOI, Y. and NAM, T., 2014. Protective effect of 

porphyra-334 on UVA-induced photoaging in human skin fibroblasts. 

International Journal of Molecular Medicine, 34(3), pp.796-803. 

Saely, C., Geiger, K. and Drexel, H. (2012). Brown versus White Adipose 

Tissue: A Mini-Review. Gerontology, 58(1), pp.15-23. 

Sarantopoulos, C., Banyard, D., Ziegler, M., Sun, B., Shaterian, A. and 

Widgerow, A. (2017). Elucidating the Preadipocyte and Its Role in 

Adipocyte Formation: a Comprehensive Review. Stem Cell Reviews 

and Reports, 14(1), pp.27-42. 

Sgonc, R. and Gruber, J., 2013. Age-Related Aspects of Cutaneous Wound 

Healing: A Mini-Review. Gerontology, 59, pp.159-164. 

Silva, K. R., Côrtes, I., Liechocki, S., Carneiro, J. R., Souza, A. A., Borojevic, 

R., Maya-Monteiro, C. M., & Baptista, L. S. (2017). Characterization 

of stromal vascular fraction and adipose stem cells from 

subcutaneous, preperitoneal and visceral morbidly obese human 

adipose tissue depots. PloS one, 12(3), e0174115.  

Shimizu, H. (2017). Shimizu's Dermatology. 2nd ed. John Wiley & Sons, 

Incorporated. 

Singer, A. J. and Clark, R. A. (1999) Cutaneous wound healing. N Engl J 

Med 341 (10), 738-46. 

Singh, S., Kurfurst, R., Nizard, C., Schnebert, S., Perrier, E. and Tobin, D., 

2010. Melanin transfer in human skin cells is mediated by filopodia—a 

model for homotypic and heterotypic lysosome-related organelle 

transfer. FASEB Journal, 24(10), pp.3756-3769. 

Somogyi, R., Ziolkowski, N., Osman, F., Ginty, A. and Brown, M. (2018). 

Breast reconstruction: Updated overview for primary care 

physicians. Can Fam Physician, 64(6), pp.424-432. 

Song, XZ, Xia, JP. and Bi, ZG, 2004. Effects of (-)-epigallocatechin-3-gallate 

on expression of matrix metalloproteinase-1 and tissue inhibitor of 

metalloproteinase-1 in fibroblasts irradiated with ultraviolet A. Chin 

Med J (Engl), 117(12), pp.1838-41. 



193 
 

Song, Y., Zhu, Y., Ding, J., Zhou, F., Xue, J., Jung, J., Li, Z. and Gao, W. 

(2016). Distribution of fibroblast growth factors and their roles in skin 

fibroblast cell migration. Molecular Medicine Reports, 14(4), pp.3336-

3342. 

Sorrell, J., Baber, M. and Caplan, A., 2008. Human dermal fibroblast 

subpopulations; differential interactions with vascular endothelial cells 

in coculture: Nonsoluble factors in the extracellular matrix influence 

interactions. Wound Repair and Regeneration, 16(2), pp.300-309. 

Soundararajan, M. and Kannan, S. (2018). Fibroblasts and mesenchymal 

stem cells: Two sides of the same coin?. Journal of Cellular 

Physiology, 233(12), pp.9099-9109. 

Stone, H. B., Coleman, C. N., Anscher, M. S. and McBride, W. H. (2003) 

Effects of radiation on normal tissue: consequences and 

mechanisms. Lancet Oncol 4 (9), 529-36.  

Sun, W., Ni, X., Sun, S., Cai, L., Yu, J., Wang, J., Nie, B., Sun, Z., Ni, X. and 

Cao, X. (2016). Adipose-Derived Stem Cells Alleviate Radiation-

Induced Muscular Fibrosis by Suppressing the Expression of TGF-

β1. Stem Cells International, 2016, pp.1-9. 

Tanaka, T. Q., & Williamson, K. C. (2011). A malaria gametocytocidal assay 

using oxidoreduction indicator, alamarBlue. Molecular and 

biochemical parasitology, 177(2), 160–163.  

Tang, W., Zeve, D., Suh, J., Bosnakovski, D., Kyba, M., Hammer, R., 

Tallquist, M. and Graff, J. (2008). White Fat Progenitor Cells Reside 

in the Adipose Vasculature. Science, 322(5901), pp.583-586.  

Thyagarajan, B. and Foster, M. (2017). Beiging of white adipose tissue as a 

therapeutic strategy for weight loss in humans. Hormone Molecular 

Biology and Clinical Investigation, 31(2). 

Tibbs, M. (1997). Wound healing following radiation therapy: a 

review. Radiotherapy and Oncology, 42(2), pp.99-106. 

Topouzi, H., Boyle, C., Williams, G. and Higgins, C., 2020. Harnessing the 

Secretome of Hair Follicle Fibroblasts to Accelerate Ex Vivo Healing 

of Human Skin Wounds. Journal of Investigative Dermatology, 140(5), 

pp.1075-1084.e11. 



194 
 

Trevor, L., Riches-Suman, K., Mahajan, A. and Thornton, M., 2020. Adipose 

Tissue: A Source of Stem Cells with Potential for Regenerative 

Therapies for Wound Healing. Journal of Clinical Medicine, 9(7), 

p.2161. 

Tsatmali, M., Ancans, J. and Thody, A. J. (2002) ‘Melanocyte Function and 

Its Control by Melanocortin Peptides’, Journal of Histochemistry & 

Cytochemistry, 50(2), pp. 125–133. 

Tsatsou, F., Trakatelli, M., Patsatsi, A., Kalokasidis, K. and Sotiriadis, D., 

2012. Extrinsic aging UV-mediated skin 

carcinogenesis. Dermatoendocrinol, 4(3), pp.285-297. 

Tsugita, T., Nishijima, T., Kitahara, T. and Takema, Y., 2013. Positional 

differences and aging changes in Japanese woman epidermal 

thickness and corneous thickness determined by OCT (optical 

coherence tomography). Skin Research and Technology, 19(3), 

pp.242-250. 

Veen RE, Kal HB. (2007) Postoperative high-dose- rate brachytherapy in the 

prevention of keloids. Int J Radiat Oncol Biol Phys. 69(4), 1205-1208. 

Verhaegen PD, van Zuijlen PP, Pennings NM, van Marle J, Niessen FB, van 

der Horst CM, and Middelkoop E (2009) Differences in collagen 

architecture between keloid, hypertrophic scar, normotrophic scar, 

and normal skin: an objective histopathological analysis. Wound 

Repair Regen . 17(5), 649-56 

Wagner, J., 2013. Therapy of pathological scars. JDDG: Journal der 

Deutschen Dermatologischen Gesellschaft, 11(12), pp.1139-1157. 

Waldera Lupa, D.M., Kalfalah, F.,  Safferling, K., Boukamp, 

P., Poschmann, G., Volpi, E., Götz-Rösch, C., Bernerd, F., Haag, 

L., Huebenthal, U., Fritsche, E., Boege, F., Grabe, N., Tigges, J., 

Stühler, K., Krutmann, J. (2015). Characterization of skin aging-

associated secreted proteins (SAASP) produced by dermal fibroblasts 

isolated from intrinsically aged human skin. J. Invest. Dermatol., 135, 

pp. 1954-1968. 

Wang, H., Wang, Z., Huang, Y., Zhou, Y., Sheng, X., Jiang, Q., Wang, Y., 

Luo, P., Luo, M. and Shi, C., 2020. Senolytics (DQ) Mitigates 



195 
 

Radiation Ulcers by Removing Senescent Cells. Frontiers in 

Oncology, 9. 

Wang, J., Boerma, M., Fu, Q. and Hauer-Jensen, M. (2006). Radiation 

responses in skin and connective tissues: effect on wound healing 

and surgical outcome. Hernia, 10(6), pp.502-506. 

Wang, J., Dodd, C., Shankowsky, H., Scott, P. and Tredget, E., 2008. Deep 

dermal fibroblasts contribute to hypertrophic scarring. Laboratory 

Investigation, 88(12), pp.1278-1290. 

Weller R, Hunter H, Mann MW. Clinical Dermatology. Hoboken: John Wiley 

& Sons, Incorporated; 2015. 

Williams, R., Westgate, G., Pawlus, A. and Thornton, J., 2020. Age-related 

changes in female scalp dermal sheath and dermal fibroblasts: how 

the hair follicle environment impacts hair aging. Journal of 

Investigative Dermatology, (in press). 

Wolfswinkel, E., Lemaine, V., Weathers, W., Chike-Obi, C., Xue, A. and 

Heller, L., (2013). Hyperplastic Breast Anomalies in the Female 

Adolescent Breast. Seminars in Plastic Surgery, 27(01), pp.049-055. 

Wright, E., Lee, G., Boneti, C., Vasconez, L. and De La Torre, J., 

(2018). The Breast. 5th ed. Elsevier, pp.477-491.e2. 

Xue, M. and Jackson, C. (2015). Extracellular Matrix Reorganization During 

Wound Healing and Its Impact on Abnormal Scarring. Advances in 

Wound Care, 4(3), pp.119-136. 

Yamaba, H., Haba, M., Kunita, M., Sakaida, T., Tanaka, H., Yashiro, Y. and 

Nakata, S. (2016). Morphological change of skin fibroblasts induced 

by UV Irradiation is involved in photoaging. Experimental 

Dermatology, 25, pp.45-51. 

Yarnold, J. and Brotons, M. C. (2010) Pathogenetic mechanisms in radiation 

fibrosis. Radiother Oncol 97 (1), 149-61. 

Yoshimura, K., Shigeura, T., Matsumoto, D., Sato, T., Takaki, Y., Aiba-

Kojima, E., Sato, K., Inoue, K., Nagase, T., Koshima, I. and Gonda, K. 

(2006) Characterization of freshly isolated and cultured cells derived 

from the fatty and fluid portions of liposuction aspirates. J Cell Physiol 

208 (1), 64-76. 



196 
 

Yuan, B., Broadbent, J., Huan, J. and Yang, H. (2017). The Effects of 

Adipose Stem Cell–Conditioned Media on Fibrogenesis of Dermal 

Fibroblasts Stimulated by Transforming Growth Factor-β1. Journal of 

Burn Care & Research, 39(1),129-140. 

Zawacki, B. and Jones, R., 1967. Standard depth burns in the rat: The 

importance of the hair growth cycle. British Journal of Plastic Surgery, 

20, pp.347-354. 

Zuk, P. A., Zhu, M., Mizuno, H., Huang, J., Futrell, J. W., Katz, A. J., 

Benhaim, P., Lorenz, H. P. and Hedrick, M. H. (2001) Multilineage 

cells from human adipose tissue: implications for cell-based 

therapies. Tissue Eng 7 (2), 211-28. 

Zvonic, S., Lefevre, M., Kilroy, G., Floyd, Z., DeLany, J., Kheterpal, I., 

Gravois, A., Dow, R., White, A., Wu, X. and Gimble, J., 2006. 

Secretome of Primary Cultures of Human Adipose-derived Stem 

Cells. Molecular & Cellular Proteomics, 6(1), pp.18-28. 

 


	Abstract
	Radiotherapy caused extensive disorganisation of the reticular dermis and flattening of the epidermal-dermal junction. Dermal fibroblasts cultured from irradiated skin had a pronounced spindle shaped morphology with longer thinner projections and took...
	Acknowledgements
	COVID-19 pandemic
	List of Figures
	List of Tables
	Abbreviations
	1 Introduction
	1.1 The Skin
	1.1.1 Anatomy of the integumentary system
	1.1.2 The epidermis
	1.1.3 The basement membrane
	1.1.4 The dermis
	1.1.5 The hypodermis
	1.1.6 Fibroblasts
	1.1.7 Collagen
	1.2 Wound healing
	1.2.1 Inflammatory stage
	1.2.2 Proliferation stage
	1.2.3 Remodelling
	1.2.4 Scarring
	1.3 Radiotherapy
	1.3.1 Irradiated dermal fibroblasts
	1.3.2 Radiotherapy in the treatment of breast cancer
	1.4 Breast reconstruction
	1.4.1 Breast reconstruction and radiotherapy
	1.5 Stem Cells
	1.5.1 Human mesenchymal stem cells (MSCs)
	1.5.2 MSCs and malignancy
	1.5.3 MSCs from bone marrow
	1.6 Adipose-derived stromal cells (ASCs)
	1.6.1 Isolation of ASCs
	1.6.2 Characteristics of ASCs
	1.6.3 The ASC secretome
	1.6.4 ASCs and wound healing
	1.6.5 Applications of ASCs to wound healing in irradiated tissue
	1.6.6 Difficulties and resistance of irradiated ASCs
	1.7 Aims and objectives
	The ability of human skin to heal is significantly negatively impacted by external beam radiotherapy. Despite this, radiotherapy in addition to surgery is frequently used to eradicate breast cancer and may have a functional and cosmetic impact due to ...
	Aims:
	 To ascertain the long-term structural impairment of irradiated breast skin
	 To establish whether phenotypic differences exist in dermal fibroblasts cultured from irradiated donors that may impact on wound healing
	 To confirm whether ASCs can be cultured from irradiated breast tissue
	 To determine whether ASCs confer beneficial effects on irradiated dermal fibroblasts, specifically in relation to wound healing properties.
	Objectives:
	 Evaluate long term histological changes in the structural organisation of breast tissue in situ.
	 Characterisation of human dermal fibroblasts cultured from irradiated and non-irradiated donor tissue, in terms of proliferation, metabolism, migration, and expression of collagens, MMPs and TIMPs.
	 Culture and characterisation of human ASCs from the SVF of irradiated donor tissue, using a panel of antibodies specific to preadipocytes.
	 Analysis of specific growth factors in the ASC secretome, and the influence of the whole secretome on the proliferation, metabolism and migration of dermal fibroblasts from irradiated and non-irradiated skin.
	2 Materials and Methods
	2.1 Materials
	2.1.2 Human Skin Samples
	2.1.3 Cell culture media
	2.1.4 Human primary cell lines used
	2.2 Methods
	2.2.1 Cryosectioning of frozen tissue sections
	2.2.1.1 Hematoxylin and Eosin staining of frozen tissue sections
	2.2.1.2 Histometric analysis of epidermal thickness from haematoxylin and eosin sections of irradiated and non-irradiated breast tissue.
	2.2.1.3 Trichrome staining of frozen tissue sections
	2.2.2 Cell Culture
	2.2.2.1 Establishment of primary cells cultures from human skin
	2.2.2.2 Primary dermal fibroblast isolation, culture, and passaging
	2.2.2.3 Culture media changed to facillitate experiments
	2.2.2.4 Stromal vascular fraction isolation, culture and passaging
	2.2.2.5 Preadipocyte culture and passaging
	2.2.2.6 Cell counting/Viability
	2.2.2.7 Cryopreserving and thawing of human dermal fibroblasts, stromal vascular fraction and preadipocytes.
	2.2.2.8 Measuring morphology of cultured dermal fibroblasts
	2.2.3 Proliferation of dermal fibroblasts from donors with and without radiotherapy exposure; quantitated by CyQuant assay
	2.2.4 Metabolic activity of human dermal fibroblasts isolated from donors with and without radiotherapy exposure quantitated by AlamarBlue® assay
	2.2.5 Migration of human dermal fibroblasts, from donors with and without previous radiotherapy exposure; following mechanical wounding in vitro using a scratch wound assay
	2.2.5.1 Analysis of migration
	2.2.6 Quantitative real-time PCR (qRT-PCR) to determine changes in transcriptional expression of genes in DFs cultured from irradiated and non-irradiated skin
	2.2.6.1 RNA extraction
	2.2.6.2 DNase Digestion
	2.2.6.3 RNA Quantification
	2.2.6.4 RNA Purification
	2.2.6.5 cDNA synthesis
	2.2.6.6 Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
	2.2.6.7 Statistical analysis of qRT-PCR results
	2.2.7 Total collagen production of dermal fibroblasts from donors with previous radiotherapy and donors with no irradiation exposure.
	2.2.8 Determination of the relative levels of selected human protease and protease inhibitors in cell lysates of human dermal fibroblasts from Ctrl and IR donors
	2.2.8.1 Preparation of cell lysates
	2.2.8.2 Total protein quantification of cell lysates
	2.2.8.3 Proteome profiler array
	2.2.9 Identifying cell surface markers of preadipocytes by immunocytochemistry
	2.2.9.1 Quantification of protein expression
	2.2.10 Collecting conditioned media
	2.2.11 Quantification of components of the preadipocyte and SVF cells secretome.
	2.2.11.1 Quantification of FGF secreted by preadipocytes and SVF cells from donors with and without radiotherapy exposure.
	2.2.11.2 Quantification of adiponectin secreted by preadipocytes and SVF cells from donors with and without radiotherapy exposure.
	2.2.11.3 Quantification of VEGF secreted by preadipocytes and SVF cells from donors with and without radiotherapy exposure.
	2.2.12 Proliferation of dermal fibroblasts, in response to preadipocyte conditioned media and FGF2; quantitated by CyQuant assay
	2.2.13 Metabolic activity of human dermal fibroblasts, in response to preadipocyte conditioned media and FGF2; quantitated by AlamarBlue® assay
	2.2.14 Migration of human dermal fibroblasts treated with preadipocyte conditioned media, FGF2 and SVF conditioned media following mechanical wounding in vitro using a scratch wound assay
	2.2.15 Migration of human dermal fibroblasts treated with adiponectin following mechanical wounding in vitro using a scratch wound assay
	3 Results
	3.1.1 Epidermal thickness in irradiated donors is thinner than in non-irradiated donors.
	3.1.2 Skin from breast previously exposed to radiotherapy exhibited less collagen content in situ than breast skin with no exposure.
	3.2 Primary cultures of human dermal fibroblasts from irradiated breast skin took longer to establish than from non-irradiated skin.
	3.2.1 Dermal fibroblasts from donors exposed to radiotherapy have a more pronounced stellate morphology than those from donors with no previous radiotherapy.
	3.3 Human dermal fibroblasts from irradiated human breast tissue have a reduced rate of proliferation than those derived from tissue with no irradiation exposure.
	3.4 Human dermal fibroblasts from irradiated human breast tissue have an increased metabolic activity that parallels aging fibroblasts
	3.5 Human dermal fibroblasts from irradiated human breast skin have a reduced rate of migration than those with no irradiation exposure.
	3.6.1 A higher ratio of collagen I/III mRNA was expressed in irradiated donors.
	3.6.2 Human dermal fibroblasts from non-irradiated and irradiated breast skin secrete the same amount of total collagen
	Figure 3.14 Comparison of total collagen in culture media of dermal fibroblasts after 36 hours from donors who had previous radiotherapy (IR-DF, n=3) and donors with no irradiation exposure (DF, n=2). Analysis of collagen content was performed after 3...
	3.7 Dermal fibroblasts from irradiated donors had a higher mRNA expression of TIMP1 when compared with donors not exposed to radiotherapy. No significant differences in MMP1, MMP2 were observed.
	3.8 Dermal fibroblasts from irradiated breast tissue exhibit substantial changes in expression of numerous proteolytic enzymes.
	3.9 The establishment of a protocol for isolating human stromal vascular fraction from previously irradiated breast tissue.
	3.10 Stromal vascular fraction cells from previously irradiated and non-irradiated human breast tissue had differing morphology when compared to commercial preadipocytes.
	3.11 Stromal vascular fraction from previously irradiated human breast tissue expressed a panel of preadipocyte markers identified in preadipocytes.
	3.12 Preadipocytes and SVF cells from irradiated tissue secreted higher levels of FGF into conditioned media than SVF cells from non-irradiated tissue.
	3.13 Preadipocytes secreted less adiponectin into conditioned media than SVF cells from irradiated and non-irradiated tissue.
	3.14 SVF cells from the eldest donor with no radiotherapy exposure secreted the highest amount of VEGF in comparison to preadipocytes and SVF from irradiated and non-irradiated donors.
	3.15 Neither FGF2 nor the preadipocyte secretome had any effect on the proliferation of human dermal fibroblasts cultured from irradiated human breast tissue.
	3.16 Metabolic activity of dermal fibroblasts from irradiated human breast tissue was unaffected by incubation with either preadipocyte conditioned media or FGF2.
	3.17 Incubation with FGF2 and preadipocyte conditioned media increases migration of human dermal fibroblasts from irradiated and non-irradiated donors in culture to a similar extent.
	3.18 Adiponectin did not modulate migration of dermal fibroblasts from irradiated skin in a scratch wound assay.
	Adiponectin is also thought to be a component of the secretome of preadipocytes. Since FGF2 and preadipocyte conditioned media both stimulated dermal fibroblast migration to a similar degree, a scratch wound assay was performed to assess whether adipo...
	3.19 Irradiated stromal vascular fraction conditioned media modulates migration of human dermal fibroblasts in culture
	4 Discussion
	4.1. Summation of aims
	The use of external beam radiotherapy in the management of breast cancer patients incurs increased post-operative morbidity following breast reconstruction. Impaired wound healing causes reduced functional and cosmetic outcomes. ASCs have the potentia...
	4.2 Pronounced in situ changes of irradiated skin reflect changes associated with aging.
	4.3 Culture of human dermal fibroblasts from irradiated breast skin
	4.3.1 Dermal fibroblasts from human irradiated skin demonstrate a more stellate morphology in culture.
	4.3.2 Dermal fibroblasts from human irradiated skin produce the same amount of total collagen but exhibit a higher ratio of collagen I/III mRNA.
	4.3.3 Protease and protease inhibitor expression profiles in dermal fibroblasts from human irradiated skin.
	4.4 Culture of SVF from human breast tissue
	4.4.1 Culture of SVF from irradiated human breast tissue
	4.4.2 Preadipocyte secretome and FGF2 stimulate proliferation of human dermal fibroblasts.
	4.4.3 Preadipocyte conditioned media and FGF2 have no effect on metabolism of dermal fibroblasts from irradiated donors
	4.4.4 Preadipocyte conditioned media and FGF2 accelerate migration in dermal fibroblasts from irradiated donors
	4.4.5 Adiponectin, a component of the preadipocyte secretome, did not modulate migration in dermal fibroblasts from irradiated donors
	4.4.6 Components of the SVF secretome include:  VEGF
	4.5 Future research
	4.5.1 Short term
	4.5.2 Long term
	4.6 Conclusion
	5 Presentations, awards and publications
	5.1 Oral Presentations
	5.2 Poster Presentations
	5.3 Awards
	5.4 Publications
	Appendix 1- Extended Donor Collected Data
	Appendix 2- Cyquant standard curve
	Appendix 3- Proliferation curve with individual non irradiated donor plots
	Appendix 4- Collagen standard curve
	References

