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Abstract 

Introduction:  Scar tissue formation during wound repair can be devastating for affected 

individuals and can lead to reduced tissue function or whole organ failure. Our group has 

previously isolated and characterised a novel, progenitor cell population from the buccal 

mucosa.  These Oral Mucosa Lamina Propria-Progenitor Cells (OMLP-PCs) are multipotent, 

highly immuno-suppressive and anti-bacterial.  The smallest of the Extracellular Vesicles 

(EVs), termed exosomes are of endosomal origin and typically range in size between 30-

130nm and have recently demonstrated to play an important role in stem cell mediated repair.  

Methods:  Three OMLP-PC cell strains were hTERT immortalised to produce three OMLP-

PC cell lines (OMLP-PCL).  The line which demonstrated the greatest level of plasticity was 

used for EV isolation and EVs were isolated from the OMLP-PCL conditioned medium.  EVs 

where characterised based upon the Journal of Extracellular Vesicles minimal essential 

criteria to characterise extracellular vesicles.  The effects of OMLP-PCL, MSC and the two 

ReNeuron SEVs were assessed in a number of in vitro wound healing assays (proliferation, 

migration, myofibroblast formation) as well as a 3D ex-vivo corneal wound healing model. 

Results:  Immortalised OMLP-PCLs demonstrated a normal fibroblast like morphology, 

expressed the expected progenitor cell surface markers but demonstrated some differences 

in respect to their multipotency and immunosuppressive properties. One OMLP-PCL 

completely mirrored the related cell strain and hence this was utilised to produce EVs.  EVs 

isolated from this OMLP-PCL and EVs from MSCs and the two ReNeuron SEV products, were 

demonstrated to be SEVs as assessed by NTA, Cryo-EM, floatation density and Flow 

Cytometry. OMLP-PCL and MSC SEVs significantly increased both skin fibroblast proliferation 

and wound repopulation/migration in vitro whereas neither ReNeuron SEV effected cell 

proliferation.  OMLP-PCL, MSC and one of the ReNeuron SEVs were also demonstrated to 

significantly inhibit myofibroblast formation in vitro.  Fluorescently labelled SEVs demonstrated 

uptake into an ex vivo cornea culture model but demonstrated no significant increase in 

corneal re-epithelisation.    
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1.1 Wound Healing  

 

The process of wound healing consists of four continuous and overlapping phases: 

haemostasis, inflammation, new tissue formation and remodelling.  For successful wound 

closure all phases must occur in the correct order and for the correct duration.  Many factors 

can interfere with one or more of the phases, leading to prolonged closure or the formation of 

a chronic wound.  Conversely, under the correct conditions, wounds can heal without the 

formation of a scar.   

 

1.1.1 Normal Dermal Wound Healing 

 

In adult humans the process of normal wound closure has four distinct but overlapping phases: 

haemostasis, inflammation, new tissue formation and remodelling (Fig. 1.1).  Each of these 

phases occurs as a carefully regulated and systematic cascade that correlates with the 

appearance of different cell types in the wound at various stages of the healing process 

(Lawrence, 1998). Initially haemostasis must occur to stop blood loss and provide an initial 

matrix for the migration of other cell types.  Following haemostasis neutrophils enter the wound 

site and begin the critical task of cleaning up the wound space, removing any foreign material, 

damaged tissue and bacteria by phagocytosis.  This is part of the inflammatory phase.  

Macrophages also appear and continue to clean the wound by phagocytosis as well as 

releasing Platelet Derived Growth Factor (PDGF) and Transforming Growth Factor-b (TGFb) 

into the wound (Weber et al., 2016).  Once the wound is clean, fibroblasts migrate into the 

wound space depositing new extracellular matrix (ECM) as part of the new tissue formation 

phase.  Angiogenesis takes place supplying oxygen to the local tissue.  Keratinocytes migrate 

across the surface of the wound to create a permanent barrier.  Newly synthesized ECM 

becomes more highly ordered and cross-linked during the final maturation phase.  
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1.1.1.1 Haemostasis 

Following the initial trauma, the first stage of wound repair is haemostasis.  Rapid 

vasoconstriction and clot formation occur around the damaged tissue to minimize blood loss.  

Platelets coagulate in the wound space and initiate the wound healing response by the release 

of a number of soluble factors including PDGF, Insulin-like Growth Factor (IGF-1), Epidermal 

Growth Factor (EGF), Fibroblast Growth Factors (FGF) and TGF-b (Lawrence, 1998). As 

blood spills into the site of injury, platelets and other blood components become activated as 

they come into contact with exposed fibrillar collagens, fibronectin and other exposed ECM 

components.  This contact triggers the release of clotting factors from the platelets and the 

formation of a blood clot (Lawrence, 1998).  The blood clot is required to reduce bleeding into 

the wound site.  Contraction of vascular smooth muscle cells in the circular muscle layer 

causes rapid contraction of damaged vessels and can even temporarily stop bleeding from an 

arteriole with a diameter of <0.5cm (Velnar et al., 2009).  However, this process is only 

effective in transversely interrupted vessels and will not reduce bleeding in longitudinally 

damaged vessels (Velnar et al., 2009).  Vascular smooth muscle tone is only effective for a 

few minutes.  As hypoxia and acidosis build up in the wound site, vascular smooth muscle 

cells passively relax and bleeding resumes.  Locally generated thrombin induces further 

platelet aggregation and secretion to form a platelet plug that acts to fill the initial wound space.  

With the conversion of fibrinogen to fibrin by thrombin, a fibrin clot is formed stopping any 

further bleeding (Strecker-McGraw et al., 2007).  The outer surface of the fibrin clot dries and 

acts to seal the inner wound space under a scab.  Under the surface of the scab, the fibrin 

network acts as an initial scaffold for the migration of leukocytes, fibroblasts, keratinocytes 

and endothelial cells that will ultimately heal the wound.  While causing the initial haemostasis, 

platelets also significantly contribute to other processes of wound healing.  For example, the 

release of growth factors such as TGF-b, PDGF, IGF-1 and EGF are all needed for new tissue 

regeneration (reviewed by (Velnar et al., 2009).   
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Inflammation 

New Tissue Formation 

Remodelling 

Minutes        Hours    Days    Weeks     Months 

 Haemostasis 

 Platelets Fibrin clot formation 
Vasoactive mediator release 
Cytokine and growth factor release 

Mast Cells  Platelet activating mediator release 
   Vasoactive and chemotactic mediator release 
Neutrophils,   Chemotaxis, inflammation  
Macrophages   Cytokine and growth factor release 
 

 

Skin Resurfacing 
Keratinocytes    Re-epithelisation  
Dermal restoration 
Endothelial cells  Angiogenesis 
Fibroblasts    Fibroplasia 
 
 

Keratinocytes   Epidermis maturation 
Myofibroblasts   Wound contraction  
    Apoptosis and scar maturation 
Endothelial cells   Apoptosis and scar maturation  
 

 
Figure 1.1: The four overlapping phases of normal wound healing, showing the major cell present at each stage and their effect.  



Chapter 1. General Introduction 

 5 

1.1.1.2 Inflammation 

The inflammatory phase follows the initial haemostasis.  Local inflammation and influx of 

immune cells acts to establish an immune barrier against any potential invading micro-

organisms.  This phase is also divided into two, an early and late phase inflammatory 

response.  

 

1.1.1.1.1 The early inflammatory phase  

The early inflammatory phase begins during the late phases of coagulation and haemostasis. 

The complement cascade is activated along with other molecular events that signal to 

neutrophils to infiltrate the wound site, whose main function, together with resident 

macrophages, is to clean up the wound site (Broughton et al., 2006). This is vital for the healing 

of the wound as it has been shown that acute wounds that have a bacterial imbalance will not 

heal (Robson, 1997), therefore neutrophils begin by phagocytosing bacteria to remove and 

destroy them from the wound site.  Various chemo-attractive agents including TGF-b, 

complement components C3a and C5a as well as formylmethionyl peptides produced from 

bacteria and platelet products attract neutrophils to the wound site within 24-26 hours of injury 

(Robson et al., 2001).  Due to these chemotactic stimuli alterations in neutrophil surface 

adhesion molecules causes them to become sticky and adhere to post-capillary endothelial 

cells close to the wound site. Due to a gradient of selectin/integrin receptors leading to the 

wound site as well as the pressure from the blood flow, neutrophils begin to roll along the 

endothelial cells towards the wound site.  Chemokines secreted close to the wound site 

activate stronger cell surface receptors that cause neutrophils to stop rolling at the wound site 

and pass between the vascular endothelial cells by a process known as diapedesis (Gutierrez-

Fernandez et al., 2007, Koh and DiPietro, 2011, Salazar et al., 2016).  Once in the wound site, 

neutrophils phagocytose invading bacteria and foreign materials, destroying them by the 

release of proteolytic enzymes and oxygen derived free radical species (Ebaid, 2014).  Once 
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the wound site has been cleaned by the neutrophils/macrophages, the neutrophils must be 

removed before progression to the next healing phase.   

 

1.1.1.1.2 The late inflammatory phase  

The arrival of macrophages into the wound site indicates the beginning of the late inflammatory 

phase. Drawn to the wound site by a myriad of chemoattractive agents including: clotting 

factors, complement components, cytokines such as PDGF, TGF-b, Leukotriene B4, platelet 

derived factor IV and collagen and elastin breakdown products, macrophages usually appear 

48-72 hours after the initial injury and begin by clearing any remaining neutrophils (Servold, 

1991, Weber et al., 2016).  These macrophages are fundamental for the later stages of the 

wound healing process.  Macrophages act as a key regulatory cell providing an abundance of 

potent tissue growth factors; particularly TGF-b1 but also TGF-b3, tumour necrosis factor 

alpha (TNF-a) heparin binding epidermal growth factor, FGF and collagenase, activating 

keratinocytes, fibroblasts and endothelial cells (Hayashi et al., 1989, Lim et al., 2003, 

Diegelmann and Evans, 2004, Andersson-Sjoland et al., 2011, Nemenoff, 2012).  The last 

cells to enter the wound site during this late phase inflammation are the lymphocytes.  

Lymphocytes are attracted to the wound site by Interleukin-1 (IL-1), complement components 

and immunoglobulin G (IgG) breakdown products at around 72 hours (Hunt et al., 1984, Hunt, 

1988, Hart, 2002).    

 

1.1.2 New Tissue Formation 

 

Once haemostasis has been achieved, the wound cleaned of bacteria and the immune 

responses set in place there is a shift towards tissue repair.  The new tissue formation phase, 

often referred to as the proliferative phase, usually occurs around 72 hours following the initial 

wounding and lasts for about 2 weeks.  It is characterised by fibroblast migration and 

deposition of newly synthesised matrix that replaces the provisional fibrin and fibronectin 
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network.  Within the proliferative phase there are 4 main processes that take place: 

angiogenesis, proliferation/migration, re-epithelialisation and wound contraction and each will 

be briefly discussed. 

 

1.1.2.1 Angiogenesis 

Angiogenesis is vital for wound repair due to the high oxygen demand needed during this high 

energy consuming process.  Activation of toll like receptors on macrophages triggers a switch 

between the release of pro-inflammatory cytokines to the release of Vascular Endothelial 

Growth Factor (VEGF) (Wilgus and DiPietro, 2012).  Initially there is no vascular supply in the 

wound centre, so viable tissue which is limited to the wound margins is perfused by uninjured 

vessels and through diffusion through the interstitium. Within a few days new capillaries sprout 

from existing vessels forming vascular arcades that penetrate the wound clot creating a 

localised microvascular environment (Wilgus and DiPietro, 2012).   

 

1.1.2.2 Proliferation/ migration 

Towards the end of the inflammatory phase, fibroblasts begin to accumulate at the wound site 

and become the predominate cell type within the wound by the end of the first week (Bochaton-

Piallat et al., 2016).   The majority of the fibroblasts involved in the wound healing process are 

thought to have come from the uninjured neighbouring tissue and migrate into the wound 

being attracted to factors such as TGF-b and PDGF released by the inflammatory cells 

however, a small population of the fibroblasts involved arise from blood-borne circulating stem 

cells/precursors known as fibrocytes (Song et al., 2010). Initially fibroblasts migrate within the 

wound using the cross linked fibrin filaments before depositing collagen which they can adhere 

to (Broughton et al., 2006).    

 

Granulation tissue appears within the wound site between 2-5 days of wounding and continues 

to grow until the wound is sealed.  This granulation tissue is specifically designed to seal the 
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wound under the scab and facilitate cellular migration. Granulation tissue is made up from the 

provisional ECM (fibronectin, hyaluronan, type III collagen, glycosaminoglycans, 

glycoproteins, proteoglycans and elastin), fibroblasts, inflammatory cells and endothelial cells 

(Gross et al., 1995).  The predominant components of the provisional ECM, fibronectin and 

hyaluronan maintain tissue hydration allowing for better cell migration throughout the tissue 

(Gross et al., 1995, Barker and Engler, 2017).  

 

1.1.2.3 Re-epithelialisation 

The formation of granulation tissue into an open wound allows for re-epithelialisation to take 

place over the wound surface.  Basal keratinocytes from the wound edge and dermal 

appendages are the main cells responsible for re-epithelialisation at the wound surface.  

Keratinocytes advance as a sheet across the wound surface, proliferating at the leading edge 

until they meet in the middle.  Depending on the severity of the wound, keratinocyte migration 

can occur straight after wounding as proliferation is not required before migration (Bartkova et 

al., 2003). However, keratinocytes cannot migrate over non-viable tissue so dependent on the 

depth and severity of the wound, the formation of granulation tissue may be needed before 

keratinocyte migration occurs (Raja et al., 2007).   

 

Migration of keratinocytes over the wound site is stimulated due to the lack of contact inhibition 

(Yates et al., 2012).  Before keratinocytes migrate, they change shape becoming longer and 

flatter, extending cellular processes such as lamellipodia or filopodia. Epithelial cells climb 

over each other in order to migrate.  The first cells to attach to the underlying basement 

membrane form the stratum basale. Throughout reepithelialisation the only epithelial cells to 

proliferate are the cells at the wound edge (Bartkova et al., 2003). Upon the two wound sides 

meeting the keratinocytes contact inhibit their proliferation stimulating them to re-differentiate 

and form a mature epithelium (Yates et al., 2012).  
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1.1.2.4 Wound Contraction 

Wound contraction is a highly monitored and controlled process within the wound healing 

process as contraction for too long can lead to severe loss of function and disfigurement. On 

exposure to hyaluronan, PDGF and TGF-b1 fibroblasts differentiate into myofibroblasts within 

the granulation tissue (Bochaton-Piallat et al., 2016).  Myofibroblasts contain a-smooth muscle 

actin, the same as the actin found within contractile smooth muscle cells.  This contractile 

apparatus found within these cells is able to reorganise the wound.  Myofibroblasts are 

attracted to fibronectin and fibrin found within the granulation tissue and fibrin clot. They form 

connections to the ECM at the wound edges by a fibronexus: thousands of intergrin receptors 

coming together linking individual extracellular fibronectin fibres and actin microfilaments 

found within the myofibroblast (Singer et al., 1984, Bochaton-Piallat et al., 2016).  They also 

attach across the cell membrane to molecules in the ECM. Each myofibroblast has many of 

these attachments allowing them to contract the ECM when the cells contract thereby reducing 

the wound size.  As the wound edges are pulled together, fibroblasts lay down and cross link 

further ECM predominantly consisting of type I collagen to reinforce the wound and stop it 

relaxing again (Bochaton-Piallat et al., 2016).  Once the wound is sufficiently contracted the 

myofibroblasts stop contracting the wound and undergo apoptosis.  Degradation of the 

provisional matrix leads to a decrease in hyaluronic acid and an increase in chondroitin 

sulphate, which triggers fibroblast to stop migrating into the wound space (Bochaton-Piallat et 

al., 2016) signalling the end of the proliferative phase and the beginning of the remodelling 

and maturation phase of wound healing.   

 

1.1.3 Maturation and remodelling 

 

The final stage of wound healing aims to regain tissue integrity and strength; remodelling the 

relatively weak granulation tissue replacing it with a strong collagenous scar tissue that can 

regain up to 80% of its original strength (Velnar et al., 2009).  This stage of wound healing can 
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last up to 1 or 2 years after the initial trauma. During this time the originally disordered type III 

collagen is replaced by highly aligned type I collagen that is aligned along the tensile lines 

(Meyer et al., 1982, Jorgensen, 2003).  Since physiological activity is reducing at the wound 

site, the scar loses its red appearance as excess blood vessels are removed by apoptosis 

(Velnar et al., 2009). 

 

The wound healing process occurs in a tightly regulated manner with each phase occurring at 

the correct time and for the correct duration.  If this wound healing process does not occur as 

it is supposed to, patients can be left with a chronic, non-healing wound such as a venous leg 

ulcer or pathological scarring such as a keloid scar.  

 

1.1.4 Scarless wound healing   

 

Scar formation ultimately results in excessive accumulation of relatively unorganised ECM.  

Although scar formation and remodelling occurs for years after the initial wounding, complete 

restoration of the normal ECM is never achieved.  In contrast to adult wound healing, foetal 

skin wound healing can occur without the formation of a scar. This observation was first 

reported in 1979 (Rowlatt, 1979) and the exact mechanism behind this is still under 

investigation.  

 

Scarless foetal wound healing has been observed in mice, rats, pigs, monkeys and humans 

(Colwell et al., 2005).  In humans, scarring of wounds occurs after approximately 24 weeks of 

gestation however, wound size also plays a factor; as wound size increases the ability to heal 

scarlessly is lost earlier in gestation (Cass et al., 1997). The foetal dermis is able to regenerate 

a non-disrupted highly organized matrix that is identical to that of the original tissue as well as 

re-form dermal structures such as sweat glands and hair follicles (Beanes et al., 2002). The 
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main differences between scarless foetal wound healing and adult wound healing are 

summarized in table 1.1.  

 

 

Table 1.1: Summary of the major differences between adult scarring and foetal scarless 

wound healing.  

 

Factor Adult Wound Healing Foetal Wound Healing Reference 
Fibrin Clot Present Absent (Beanes et al., 2002) 

Inflammatory 
Response 

Significant None (Olutoye et al., 1996) 

Platelet 
aggregation 

Efficient Poor (Olutoye et al., 1996) 

Myofibroblasts High Low (Estes et al., 1994) 

Collagen Type High Type I 
Low Type III 

High Type III 
Low Type I 

(Merkel et al., 1988) 

HA Levels Low HA High HA (Alaish et al., 1994) 

TGF-b High TGF-b1 and TGF-b2 
Low TGF-b3 

High TGF-b3 
Low TGF-b1 and TGF-b2 

(Nath et al., 1994) 

Wound healing 
phenotype 

Scarring Scarless   

 

 

Originally attributed to the sterile intrauterine environment, scarless foetal wound healing has 

since been shown to not be dependent on the intrauterine environment but instead due to the 

intrinsic properties of the foetal tissue.  For example, wounds in foetal marsupials developing 

outside of the uterus inside a maternal pouch heal scarlessly (Armstrong and Ferguson, 1995).  

Adult skin grafted onto a developing foetus and returned to the womb demonstrated wounds 

in the adult skin did not heal scarlessly but adjacent wounds in the foetus healed without the 

formation of a scar (Longaker et al., 1994).   

 

Although the exact mechanism for foetal scarless wound healing is not completely delineated, 

a number of differences have been observed between the way foetal wounds and adult 
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wounds heal.  It is these differences between ECM deposition, inflammation and predominant 

cell types that lead to a scarless wound healing phenotype.  

 

1.1.5 ECM Deposition  

 

The ECM plays an important role in wound healing as it facilitates cellular adhesion and 

migration.  The foetal ECM is better organised than the adult wound ECM to facilitate more 

rapid cellular migration and proliferation.   

 

During foetal wound healing an initial type III collagenous matrix is rapidly deposited in a fine 

reticular network that is indistinguishable from uninjured skin (Beanes et al., 2002).  There is 

also a small amount of type I collagen deposition however, unlike during adult wound healing 

there is a much greater ratio of type III collagen to type I (Merkel et al., 1988). The type I 

collagen laid down in the adult wound has greater strength and rigidity but may impair or 

reduce cellular migration and regeneration. 

 

1.1.6 The inflammatory response  

 

Foetal wound healing shows a drastically reduced inflammatory response with little to no 

inflammation at the wound site (Olutoye et al., 1996).  In 1993 Frantz et al. introduced 

inflammation into foetal wounds that would normally demonstrate scarless healing.  They 

noticed an increase in wound macrophages, neutrophils and collagen deposition that lead to 

a dose dependent increase in scarring (Frantz et al., 1993).   This observation suggested 

inflammation plays an important role in the formation of a scar.   
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The reduced inflammatory response can partly be explained by the lack of platelet aggregation 

and degranulation following the initial trauma. Foetal platelets produce less PDGF, TGF-b1 

and TGF-b2 than the equivalent adult platelets however, they show no difference in size, 

content and organization (Olutoye et al., 1996). The point at which platelets aggregate as they 

would do in an adult wound coincides with the point foetal wounds can no longer heal 

scarlessly, indicating the importance these foetal platelets may have in the scarless wound 

healing phenotype.  

 

1.1.7 Fibroblasts  

 

Fibroblasts are responsible for the synthesis and remodelling of the ECM within the wound.  

In both adult and foetal wound healing, fibroblasts reside in the uninjured tissue and also as 

immature fibroblasts circulating within the blood (Suga et al., 2014).  In vitro foetal and adult 

fibroblasts show differences in the collagens they produce.  Foetal fibroblasts produce more 

type III and IV collagen when compared to adult fibroblasts, correlating with the collagen 

deposited within foetal and adult wounds (Thomas et al., 1988). 

 

Foetal fibroblast also demonstrate higher levels of hyaluronic acid receptors than adult 

fibroblasts (Mast et al., 1992).  Hyaluronic acid is a non-sulphated glycosaminoglycan that has 

a high negative charge and so traps water molecules allowing for better cell migration (Alaish 

et al., 1994). In foetal wounds hyaluronic acid concentrations in the wound increases more 

rapidly than in adult wounds (Mast et al., 1992); another factor that could lead to the scarless 

wound phenotype.  

 

There are also differences between the myofibroblast cell populations between the adult and 

foetal wounds (Bochaton-Piallat et al., 2016). In the adult wound, myofibroblasts can be 

detected after about 1 week of the initial wounding with their highest concentration found 
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between 2-3 weeks.  Foetal wounds however, have little/no myofibroblasts present at any 

period during the healing process (Estes et al., 1994).   The number of myofibroblasts present 

during foetal scarring wounds and adult wound healing correlates to the severity or degree of 

scarring (Estes et al., 1994). 

 

1.1.8 Growth factors and cytokines  

Since its discovery TGF-b has been thought to play a major role in wound healing.  All three 

isoforms (TGF-b1, TGF-b2 and TGF-b3) have been shown to play a role in wound healing.  

Adult wound healing shows an increased expression of TGF-b1 and TGF-b2 whereas their 

levels are unchanged in foetal wound healing (Nath et al., 1994).  Sponges containing soluble 

TGF-b1 placed over foetal wounds are capable of inducing fibrosis and scarring (Krummel et 

al., 1988). Using blocking antibodies towards TGF-b1 and TGF-b2 has shown in an adult rat 

excisional wound healing model, to reduce scarring (Shah et al., 1994).   

 

In wounds that heal scarlessly there is significantly more TGF-b3 expression while TGF-b1 

expression remains the same (Nath et al., 1994).  Scarring foetal wounds show the opposite, 

an increase in TGF-b1 and a decreased expression of TGF-b3 (Nath et al., 1994).  Topical 

administration of TGF-b3 in a rat model showed a significant decrease in scarring suggesting 

it may be the ratio of TGFb-1 to TGF-b3 that determines the scarring phenotype (Shah et al., 

1995).   

 

1.1.9 Oral mucosal wound healing  

Wounds within the oral mucosa heal in an accelerated fashion often with little or no scar 

formation when compared to skin wound healing. However, like foetal wound healing, the 

exact mechanism of oral scarless wound healing is yet to be completely determined.  If you 

were to compare the oral mucosal epithelium and the skin epidermis, the oral mucosal 
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epithelium would be visibly thicker than that of the skin and while the two have comparable 

functions, there are also a number of differences between the two. The presence of sweat 

glands, sebaceous glands and hair follicles present in the skin and salivary glands present 

within the oral mucosa (Glim et al., 2013).  Additionally, there are differences found between 

the keratinocytes found within the oral and skin epithelium.  It has been demonstrated oral 

keratinocytes produce a greater amount and a more rapid production of IL-6 (Li et al., 1996) 

with IL-6 deficient knockout mice demonstrating significantly reduced wound closure 

highlighting the importance of IL-6 in wound heling (Lin et al., 2003).  

 

Saliva has proven to play a role in oral wound healing. Patients suffering from xerostomia, a 

dry mouth caused by the reduction or absence of saliva, demonstrate delayed healing of oral 

wounds (Epstein and Scully, 1992).  In vitro salivary anti-microbial peptides stimulate 

increased wound healing rates (scratch assay) for both oral and dermal fibroblasts. 

Specifically, histatin has been demonstrated to be beneficial for both oral and dermal wound 

healing (Oudhoff et al., 2009).  Leptin found within the saliva, stimulates oral keratinocyte cell 

proliferation as well as increasing the secretion of Keratinocyte growth factor (KGF), resulting 

in increased rates of repair (Groschl et al., 2005).   

 

Fibroblasts also play a pivotal role in the differences between oral and dermal wound healing. 

Dermal fibroblasts extracted from mouse wounds demonstrated an activated, myofibroblast-

like phenotype whereas oral fibroblasts isolated from the tongue demonstrated a significant 

reduction or even no differentiation into myofibroblasts (Schrementi et al., 2008).  Others have 

also reported differences between oral and dermal fibroblasts, noting differences in the 

myofibroblast differentiation potential from both sources. In vitro, when oral fibroblasts are 

stimulated with TGFb1 they demonstrate a significantly reduced ability to form myofibroblasts 

demonstrating little to no alpha smooth muscle actin (aSMA) production and a reduced 

hyaluronic acid peri-cellular coat (Stephens et al., 2001a, Dally et al., 2017).  Additionally, 
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human buccal mucosal fibroblasts demonstrate significantly increased secretion of KGF and 

HGF which may suggest why oral wounds heal faster than dermal wounds (Stephens et al., 

2001b, Gron et al., 2002, Ebisawa et al., 2011).  However, in vivo, more aSMA positive 

fibroblasts have been identified in oral wounds when compared to dermal wounds, even after 

60 days post wounding (Mak et al., 2009).  

 

1.1.10 Corneal Wound Healing  

 

Corneal wound healing occurs in much the same manner as dermal wound healing however 

there are a number of distinct differences.  Corneal wound healing can be divided into four 

distinct components: the latent or lag phase, cell migration, cell proliferation and cell adhesion. 

All three components are part of a continuous process but the length or contribution of each 

component can vary depending on the wound size and depth.  We acknowledge stromal 

wound healing is an important and significant area within corneal wound healing however, this 

thesis will only focus on corneal epithelial wound healing. 

 

1.1.10.1 Corneal Epithelial Wound Healing  

 

The latent phase, the first phase of corneal wound healing is characterised by cellular 

regeneration and usually occurs within 4-6 hours post injury. Increased levels of matrix 

metalloproteinases (MMPs) and specifically MMP9 within the tear film acts to break down the 

damaged epithelial basement membrane. The increase in MMPs also reduces cellular 

adhesion due to the disassembly of hemi-desmosomes, to enhance cell migration reviewed 

in (Ljubimov and Saghizadeh, 2015). During this phase other damaged cells from the 

epithelium or stroma undergo apoptosis and are removed from the area within the tear film. 

Basal epithelial cells produce fibronectin which is secreted into the epithelial defect which acts 

as a foundation for adjacent undamaged epithelial cells to migrate over (Crosson et al., 1986). 
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Epithelial cells at the wound edge flatten and send out filopodia and lamellipodia to form 

temporary attachments to the wound substrate beginning the process of cell migration. 

Adjacent cells remain connected via desmosomes therefore, as cells at the wound edge begin 

to migrate adjacent cells remain connected, spreading as an epithelial sheet to cover the 

wound area. The temporary attachments are cleaved and the process repeated until the 

wound area is completely covered by a single later of cells, a process that typically takes 

between 24-48 hours depending on the wound size (Ljubimov and Saghizadeh, 2015).   

 

After the migration of epithelial cells across the wound is complete the single layer of cells, 

proliferates to restore the normal epithelial thickness. Following this, epithelial restratification 

occurs, with basal cells leaving the basal cell layer to move upwards through the epithelium, 

differentiating and becoming postmitotic. As the cells move towards the surface of the 

epithelium they flatten to form the squamous surface cells (Bukowiecki et al., 2017).  Tight 

junctions, adherens junctions and desmosomes are re-formed between cells allowing the 

corneal epithelium to function as a barrier to external factors. Finally, hemidesmosomes are 

reformed to firmly anchor the newly formed epithelial layer to the underlying stroma. If no 

damage was done to the epithelial basement membrane this process can take only days.  

However, if damage to the basement membrane did occur, the process of firmly anchoring 

and reattaching the epithelium to the stroma can take a number of months.  

 

1.2 Adult Stem Cells  

 

Adult stem cells (ASCs) have promised new hope for tissue repair and regeneration.  Unlike 

embryonic stem cells (ESCs), ASCs have few ethical issues surrounding their use due to the 

fact they can be isolated from adult tissues.  Their ability to both differentiate into different 

tissues and modulate cellular responses is beginning to emphasis their clinical relevance.  
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Adult stem cells can be isolated from a number of different tissues including: skeletal muscle 

(Beauchamp et al., 1999), the liver (Theise et al., 1999) and the central nervous system 

(Reynolds and Weiss, 1992).  These ASCs are often termed precursor or progenitor cells to 

reflect their ability to differentiate into several different cell types reminiscent of their origin.  To 

date, the most studied and commonly studied ASC is the mesenchymal stromal cell (MSC). 

 

1.2.1 Mesenchymal Stromal Cells  

MSCs were originally identified in the bone marrow by Friedenstein et al. in 1968. They are a 

heterogeneous ASC population of mesodermal origin that can be easily isolated from other 

bone marrow cell populations.  However, the heterogeneity of MSCs may make regulation of 

any uniform treatment difficult (Verbeek, 2013).  Clonal expansion could improve homogeneity 

however, clonal expansion can lead to varied phenotypes and differences in gene expression 

and differentiation capabilities (Tremain et al., 2001).  To maximise the uniformity of MSC 

populations the Mesenchymal and Tissue Stem Cell Committee of the International Society of 

Cellular Therapy outlined phenotypic, morphological and functional characteristics of cells to 

be classified as MSCs (Dominici et al., 2006). Cells must therefore adhere to these 

characteristics to be classified as MSCs.  The outline specifies cells must be adherent to tissue 

culture plastic, have a fibroblast like morphology and be able to undergo extensive proliferation 

resulting in the formation of colonies.  Cells must be positive for surface antigens: CD73, 

CD90, and CD105, and negative for: CD45, CD34, CD14 or CD11b, CD79α or CD19 and 

major histocompatibility complex (class II) (Dominici et al., 2006).  Finally, the outline specifies 

cells must be able to differentiate into adipocytes, osteocytes and chondrocytes when exposed 

to the appropriate differentiation conditions.  

 

It is well documented that MSCs also have immunoregulatory functions.  These 

immunoregulatory functions, first highlighted by Bartholemew et al. (2002), demonstrated that 

intravenous injections of allogeneic MSCs into baboons increased skin graft survival 
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(Bartholomew et al., 2002).  These immune regulatory functions have also been demonstrated 

in human (Perico et al., 2011) and rodent (Inoue et al., 2006, Casiraghi et al., 2012) models.  

 

More recently people have been studying the Extracellular Vesicles (EVs) released by MSCs.  

These MSC EVs have also been shown to have many significant functions both in vitro and in 

vivo  (Cantaluppi et al., 2012, Reis et al., 2012, van Koppen et al., 2012, Lee et al., 2013, Li 

et al., 2013, Geiger et al., 2015, Shabbir et al., 2015, Zhang et al., 2015c, Li et al., 2017a, 

Quan et al., 2017, Cunnane et al., 2018, Dougherty et al., 2018, Fang et al., 2019, Sjoqvist et 

al., 2019b, Zhao et al., 2019). 

 

1.2.2 Oral Mucosa Lamina Propria-Progenitor Cells  

Wound healing within the oral mucosa is generally considered to be more “foetal like”.  

Reduced inflammation, rapid re-epithelisation and differential fibroblast responses result in 

minimal scar formation within the buccal mucosa (Irwin et al., 1994, Stephens et al., 1996).  

Isolated by our group in 2005, Oral Mucosa Lamina Propria-Progenitor Cells (OMLP-PCs) are 

a novel source of ASCs.   

 

1.2.2.1 Origin in development 

The oral mucosa consists of a stratified squamous epithelium overlying a connective tissue 

termed the lamina propria. This connective tissue, the lamina propria is very loosely structured 

allowing for high levels of cell adhesion and is therefore populated by multiple cell types 

including fibroblasts,  lymphocytes, plasma cells, macrophages, and mast cells (Nanci, 2014). 

As well as this it has been demonstrated that the lamina propria contains a progenitor cell 

population (Davies et al., 2010, Marynka-Kalmani et al., 2010) that could be responsible for 

the differential wound healing responses.     
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Like all connective tissues of the oral cavity, OMLP-PCs have been demonstrated to have an 

origin from the neural crest (Davies et al., 2010, Nanci, 2014).  Davies et al. demonstrated this 

by showing the colony forming efficiency (CFE) of OMLP-PCs was significantly increased 

when cultured with soluble Jagged 1 than when cultured with control media, similar to the CFE 

of positive control neural crest stem cells. To further confirm a neural crest origin, known neural 

crest markers (slug, snail, sox10 and twist) were immuno-identified (immunofluorescence and 

Western Blotting) (Davies et al., 2010).  

 

1.2.2.2 Clonal expansion 

OMLP-PCs are capable of clonal expansion from a single cell in vitro limiting the heterogeneity 

within the population (Davies et al., 2010).  Clonally expanding from a single cell offers distinct 

advantages over use of a heterogeneous population.  Clonal expansion allows for accurate 

and consistent expansion of a pure cell population making it more desirable for use in 

therapeutics. However, it has been reported that there can be distinct genetic and 

differentiation capabilities between clones from a single patient (Tremain et al., 2001) and that 

with prolonged expansion in vitro the potential for differences to arise within clones increases. 

 

1.2.2.3 Differentiation capabilities 

OMLP-PCs express similar cell surface markers to MSCs. Both are CD34 and CD45 negative, 

and CD44, CD90, CD105 and CD166 positive. Other similarities between the two ASCs 

include the ability to undergo rapid proliferation (Davies et al., 2010) however, there is 

expression of active telomerase in OMLP-PCs (Davies et al., 2010) but not in MSCs 

(Zimmermann et al., 2003). This potentially gives the oral progenitors a distinct clinical 

advantage as in elderly patients the abundance of MSCs found within the bone marrow 

decreases with age (Stolzing et al., 2008). Like MSCs OMLP-PCs are capable of 

differentiating down mesodermal lineages. Davies et al. 2010 showed the successful 

differentiation of OMLP-PCs down the mesodermal lineage into chondrocytes confirmed by 
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Van Gieson’s staining for collagen, aggrecan immunocytochemistry and reverse transcription 

polymerase chain reaction (RT-PCR) for typical chondrocyte genes Sox9, type II collagen and 

aggrecan. Osteoblast differentiation confirmed by positive Von Kossa staining for calcium 

deposition and adipogenic induction confirmed by positive Oil Red O staining for lipid.   

 

Due to their association with the neural crest, it was hypothesised OMLP-PCs could be 

differentiated down a neuronal lineage. OMLP-PC clones were expanded in monolayer on 

laminin coated plates in a two stage differentiation protocol for neuronal and Schwann cells.  

Over the first stage of the differentiation period OMLP-PC phenotype changed towards distinct 

neuroshphere like bodies.  Using defined neuronal induction medium containing Nerve Growth 

Factor, Brain Derived Growth Factor and Neurotrophin 3, the OMLP-PC derived neurospheres 

were driven down neuronal differentiation pathways as evidenced by positive expression of 

neural markers Nestin, b-III Tubulin, Glial Fibrillary Acidic Protein and Neuro Fillament 

Medium. However, whilst there is some evidence for the functionality of these neurons through 

calcium imaging experiments, an absence of any patch clamping leads one to describe these 

cells as ‘neuronal like’. 

 

1.2.2.4 Immunoregulatory functions of OMLP-PCs 

The immune regulatory functions of MSCs has been well documented with numerous studies 

demonstrating the ability for human MSCs to promote expansion of CD4+ CD25+ and FoxP3+ 

regulatory T cells while inhibiting T and B cell proliferation, differentiation and chemotaxis in 

vitro (Le Blanc et al., 2003a, Le Blanc et al., 2003b).  Davies et al. (2012) have also 

demonstrated the immunosuppressive capability of OMLP-PCS, with results indicating a far 

greater level of immunosuppression to that observed in MCSs (Davies et al., 2012).  

 

Davies et al. (2012) used clonally expanded OMLP-PCs and demonstrated, using mixed 

lymphocyte cultures (MLC), their potent immunosuppressive capabilities.  Experiments 
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revealed that OMLP-PCs were capable of limiting peripheral blood lymphocyte proliferation 

towards baseline levels in a dose and HLA class II independent manner. It had been previously 

demonstrated that many ASCs including bone marrow derived MSCs (BM-MSCs), periodontal 

ligament stem cells and human umbilical cord perivascular cells were capable of 

immunomodulation in a dose dependent manner in similar MLC experiments (Le Blanc et al., 

2003b, Ennis et al., 2008, Wada et al., 2009).  Davies et al. (2012) demonstrated the enhanced 

potency OMLP-PCs have when compared to these other ASCs.  With these other ASCs it was 

reported that an optimum proportion of 10% stem cell to responder cell was needed to achieve 

optimal results.  OMLP-PCs however, demonstrated similar levels of immunosuppression 

using just 1 cell per reaction (0.001% OMLP-PCs to responder cells) making them potentially 

10 000 times more immunosuppressive.  Furthermore, analysis of PBL viability (post MLC) by 

trypan blue exclusion, followed by annexin V staining to assess apoptosis confirmed the 

observed levels of immunosuppression were due to an inhibitory effect and not due to the 

induction of apoptosis or cell death in the responder cells.   

 

Repetition of these findings using ‘non-contact’ (transwell culture) culture systems 

demonstrated the OMLP-PC immunosuppressive effects were not due to cell-cell contact but 

instead due to the release of soluble factors in an HLA class II independent manner (Davies 

et al., 2012).  These results suggest different mechanisms of immunoregulation for OMLP-

PCs compared to other ASCs that could potentially be due to the extracellular vesicles 

secreted by OMLP-PCs.  For MSCs as well as periodontal ligament stem cells it has previously 

been reported that whilst the suppression of lymphocytes can occur in a contact-independent 

system, cell-cell contact is required for complete inhibition (Najar et al., 2009, Wada et al., 

2009).   

 

1.2.2.5 Antibacterial properties of OMLP-PCs 

More recently the antibacterial properties of OMLP-PCs in vitro have also been explored.  It 

was reported that OMLP-PCs were capable of inhibiting bacterial growth (Gram negative & 
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Gram positive) through a contact independent mechanism, partially through the secretion of 

haptoglobin and osteoprotegerin (Board-Davies et al., 2015). Unlike MSCs OMLP-PCs did not 

need to be stimulated with interferon-g to convert them to an inflammatory phenotype 

promoting the expression of indoleamine 2,3-dioxygenase (IDO; an immunosuppressive 

factor known to have antibacterial effects) nor did they require conditioning with bacteria for 

them to exert their antibacterial effects (Krasnodembskaya et al., 2012, Board-Davies et al., 

2015, Lee et al., 2017). It was also shown that the antibacterial properties of OMLP-PCs were 

inhibited with the addition of a neutralising osteoprotegerin (OPG) antibody into the 

conditioned medium confirming the OPG secreted by OMLP-PCs was at least partially 

responsible for their effects.   

 

1.2.2.6 OMLP-PC Summary  

The multipotency, immunomodulatory and antibacterial properties OMLP-PCs demonstrated 

in vitro suggests them to be a preferential cell type in regenerative medicine and tissue 

engineering. The minimally invasive isolation of OMLP-PCs is also advantageous over that of 

BM-MSCs that require an invasive and painful isolation. The ability for clonal expansion from 

a single cell also lends itself to therapeutic medicine.  Most importantly for this investigation, 

OMLP-PCs demonstrate many of their effects with a contact independent mechanism, 

highlight the importance and potency of the OMLP-PC secretome.  With many studies showing 

that MSC derived extracellular vesicles are capable of reproducing the effects of the cells 

themselves it is not unreasonable to hypothesis that some of the OMLP-PC effects are due to 

secreted extracellular vesicles.  

 

1.3 Extracellular Vesicles  

 

EVs are lipid bilayer-delimited particles that are naturally secreted or released from cells both 

in vitro and in vivo.  Diverse EV subtypes include apoptotic bodies, microparticles, oncosomes, 
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microvesicles, ectosomes and exosomes.  These EV subtypes have been classified based 

mainly on their biogenesis but can also be defined by their varying size, cargo or cellular 

source.  Apoptotic bodies are large vesicles (1-5µm in diameter) that are formed by cells 

undergoing apoptosis. They can be characterised by phosphatudylserine externalisation and 

may contain fragmented DNA (Hauser et al., 2017).  Microvesicles are plasma membrane 

derived vesicles formed by the budding or blebbing of the plasma membrane and are between 

100-1000nm in diameter (Figure 1.2).  Exosomes however, are produced by a complex 

process terminating in the exocytosis of multi vesicular bodies (MVB) that releases the 30-

150nm exosomes into the extracellular space (Figure 1.2).  
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Figure 1.2 : Extracellular vesicles are a heterogeneous population of lipid bound membrane vesicles that 

are secreted by cells into the extracellular space. Apoptotic bodies are formed when cells undergo 

programmed cell death.  Microvesicles bud directly from the plasma membrane and exosomes are formed 

from the inward budding of the plasma membrane to form a MVB that later binds with the plasma 

membrane and releases its contents by exocytosis.  

Recipient Cells 
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1.3.1 Exosomes  

Exosomes are nano-sized EVs that are released by most cell types both in vivo and in vitro.  

In vivo they can be found in many body fluids such as blood, urine, cerebro spinal fluid , milk, 

amniotic fluid and saliva (Xu et al., 2019).  Typically between 30-150nm in diameter, exosomes 

are smaller than other microvesicles that may also be released by the cell.  Exosomes are 

quickly becoming a significant area of interest in medicine.  They offer potential for use as 

biomarkers for health and disease, regenerative medicine and immune therapies.   

 

EVs were first observed in the early 1970s (Crawford, 1971).  Originally these EVs were 

thought to be produced by outward budding from the plasma membrane.  However, it was 

shown in the 1980s that there was a more complex process for exosome secretion (Harding 

et al., 1983, Pan et al., 1985).  They demonstrated that small vesicles were formed by inward 

budding of the plasma membrane to give rise to a structure called the multi vesicular body 

(MVB) that could then fuse with the plasma membrane releasing the vesicles into the cytosol 

(Pan et al., 1985). However, it was not until 1987 that the term ‘exosome’ was first proposed 

for EVs of endosomal origin (Johnstone et al., 1987).   The detection of messenger Ribonucleic 

Acid (mRNA) and micro-RNA (miRNA) inside these vesicles sparked yet further interest in 

exosomes as a mode of delivering RNA intercellularly (Statello et al., 2018).  It is currently 

clear that exosomes are involved in cellular communication over both long and short distances 

(Simons and Raposo, 2009), and that this communication involves the transfer of proteins and 

lipids (Raposo and Stoorvogel, 2013).  It is still unclear as to whether exosomes and other 

EVs have different or identical functions.  Understanding the relationships between vesicular 

diversity and biological function is however an enormously complex task, but doing so may 

give us a better understanding of potential therapeutic and diagnostic applications for vesicles.  
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1.3.1.1 Exosome Biogenesis and Structure  

 

Exosomes are formed in the endocytic tract within the MVB.  Pre-formed  exosomes contained 

within the MVB compartments are released into the extracellular fluid space when the outer 

membrane of the MVB fuses with the plasma membrane releasing the exosomes (Pan et al., 

1985).  Proteins are segregated in the outer membrane of the MVB prior to being internalized 

by membrane invagination.  It has long been thought that the sorting of proteins in the MVB is 

due to a group of proteins known as the endosomal sorting complex required for transport 

(ESCRT). ESCRT consists of four complexes plus associated proteins: ESCRT-0 is 

responsible for clustering cargo, ESCRT-I along with ESCRT-II are responsible for inducing 

bud formation, ESCRT-III drives vesicle scission and the accessory proteins, in particular 

VPS4 ATPase, allow dissociation and recycling of the ESCRT machinery (Reviewed by 

(Kowal et al., 2014).  Other members of the ESCRT family include TSG101 and Alix, two 

proteins that are highly enriched within exosomes and are commonly used and accepted as 

EV markers (Lener et al., 2015).  Depletion of TSG101, an ESCRT-1 component, as well as 

the depletion of hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs), an 

ESCRT-0 component showed a significant reduction in exosome production from HeLa cells 

and Retinal Pigment Epithelial cells respectively (Abrami et al., 2013, Colombo et al., 2013), 

however in other cell-model systems attenuating ESCRT components do not always lead to 

vesicle output deficiencies. Hence coming to terms with the machinery regulating vesicle 

biogenesis, intracellular traffic and secretion remains system dependent and very challenging. 

 

Once in the MVB, exosomes need to be secreted following transport to the plasma membrane.  

Within recent years the understanding of the mechanisms behind the mobilization of the 

secretory MVB to the plasma membrane have been extensively studied, summarized in table 

2. The RAB family of small GTPase proteins controls different steps of intracellular vesicle 

trafficking (Stenmark, 2009).  RAB proteins are involved in the docking of the MVB to the 

plasma membrane which is required to allow the fusion between the MVB and the plasma 
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membrane before the exosomes contained within the MVB can be released.  Ostrowski et al 

(2010) showed that depletion of RAB5A, RAB9A, RAB2B, RAB27A and RAB27B using small 

interfering RNA (siRNA), significantly decreased exosome production in HeLa-CITA cells.  

However, depletion of RAB11A and RAB7 did not affect exosome secretion (Ostrowski et al., 

2010).  Yet again in other cell types, attenuating RAB11A expression did negatively impact 

vesicle output (Yeung et al., 2018), so that the regulators of these processes appear very cell-

type dependent rather than universal rules. 
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Table 1.2: Factors influencing the fusion of the MVB to the plasma membrane.  

Name Major 
intracellular 
localization 

Cell type used 
in study 

Vesicle markers 
used 

Reference 

RAB FAMILY 
RAB2B Endoplasmic 

Reticulum and 
Golgi 
apparatus 

HeLa-CITA CD63, MHC II, 
CD81 

(Ostrowski et 
al., 2010) 

RAB5A Early 
endosomes 

HeLa-CITA CD63, MHC II, 
CD81 

(Ostrowski et 
al., 2010) 

RAB7 Late endosome  MCF-7 CD63, syndecan 1 
C-Terminal fragment 

(Baietti et al., 
2012) 

RAB9A Late endosome HeLa-CITA CD63, MHC II, 
CD81 

(Ostrowski et 
al., 2010) 

RAB11 Recycling and 
early 
endosome 
sorting 

K562 TFR, HSC70, 
Asetylcholinesterase 
activity 

(Savina et al., 
2005) 

RAB27A Late endosome 
and lysosome-
related 
organelles 

HLa-CITA 
 
B16-F10 

CD63, MHC II, 
CD81 
Alix, TSG101 

(Ostrowski et 
al., 2010) 
(Peinado et al., 
2012) 
 

RAB27B Late endosome 
and lysosome-
related 
organelles 

HeLa-CITA CD63, MHC II, 
CD81 

(Ostrowski et 
al., 2010) 

RAB35 Recycling 
endosomes  

RPE1 Flotillin-1 (Abrami et al., 
2013) 

SNARE Family 
VAMP7 Lysosomes 

and late 
endosomes 

K562 Acetylcholinesterase 
activity 

(Fader et al., 
2009) 

YKT6 Eary and 
recycling 
endosomes 

HEK293 WNT3A, CD81 (Gross et al., 
2012) 
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1.3.2 Microvesicles  

Microvesicles are formed from the outward budding of the plasma membrane (Raposo and 

Stoorvogel, 2013).  While blebbing of the plasma membrane has long been known to produce 

apoptotic bodies, blebbing of the plasma membrane of healthy cells to form microvesicles and 

the mechanisms in which this process occurs are only recently beginning to emerge.  The 

process of microvesicle formation involves several molecular rearrangements within the 

plasma membrane including changes in lipid components and protein composition as well as 

changes in Ca2+ levels (van Niel et al., 2018).  Ca2+ dependent enzymatic machineries 

including flippases and floppases, scramblases and calpain drive the rearrangement in the 

asymmetry of membrane phospholipids resulting in the exposition of phosphatidylserine to the 

cell surface causing physical bending of the plasma membrane. The underlying actin 

cytoskeleton is restructured to favour membrane budding and the formation of microvesicles 

(Piccin et al., 2007).  

 

Lipids and other membrane associated cargos are localised to sites of microvesicle budding 

through their affinity to lipid rafts or by anchoring to plasma membrane lipids (Shen et al., 

2011) in an analogous way to the budding of HIV and other retroviruses (Yang and Gould, 

2013).  Cytosolic components destined for secretion within microvesicles require their binding 

to the inner membrane of the plasma membrane, an association that is dependent on their 

plasma membrane anchors and high order complexes that concentrates them to small 

membrane domains which will bud to form the microvesicle.  It is still unclear how nucleic 

acids, which are commonly found within microvesicles are targeted towards the cell surface 

for incorporation within these vesicles (Bolukbasi et al., 2012).   

 

The differences in the biogenesis of both microvesicles and exosomes likely results in a 

difference in time between the generation and secretion of the two EV types.  The release of 

microvesicles would probably be faster due to cargos only needing to be present at the plasma 
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membrane to be incorporated into the microvesicle.  Subsequently their release from the cells 

would directly follow their generation.  Unlike microvesicles exosomes require additional 

processes and sorting of cargos inside the MVE and then to the ILVs as well as additional 

steps to target MVEs to the plasma membrane for secretion.  These differences in time from 

generation to secretion between microvesicles and exosomes could act as additional 

regulatory checkpoints (van Niel et al., 2018). 

 

1.3.3 SEV isolation   

Cell derived vesicles are principally viewed as either arising from the plasma membrane or of 

endosomal origin.  Since there are no definitive markers for EV subtypes (exosome or 

microvesicle, etc), attributing specific EVs to a particular biogenesis pathway without 

observing the process using live cell imaging techniques, remains extremely difficult.  

 

To add to the complexity of EV characterisation there is significant overlap in the proteins 

found within different EV types. Typical exosome markers such as flotillin-1, HS70 proteins, 

MHC I or MHC II have also been identified in vesicles which pelleted at low speed (10 000xg) 

and therefore are not specific exosome markers (Kowal et al., 2016).  Kowal et al. (2016) have 

completed a comprehensive proteomics study of different EV subtypes of different sizes, 

densities and tetraspannin composition from a single cell type.  Their study found any cell 

membrane protein can be used to demonstrate the vesicular nature of particles as membrane 

proteins should be present in all EV types.  Glycoprotein-96 and possibly other endoplasmic 

reticulum associated proteins are mainly present in large EVs (pellet at low speeds, 2k – 10K 

xg). Actinin-4 and mitofillin and possibly other mitochondrial proteins are present in both large 

and medium sized EVs but are absent in SEVs. Syntenin-1, TSG101, A Disintegrin and 

metalloproteinase domain-containing protein (ADAM) 10 and EH Domain Containing 4 are 

only present in SEVs with Syntenin-1 and TSG101 being specific to the tetraspannin (CD9, 

CD81 and CD63) enriched SEVs representing bona fide “exosomes” (Kowal et al., 2016).  A 
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graphical representation of both exosome and microvesicle structure and contents can be 

seen in figure 1.3. 

 

Recently the International Society of Extracellular Vesicles (ISEV), a group of scientists with 

a long-term interest in extracellular vesicles has set about guidelines in order to normalise the 

terminology used to classify or discuss EV subtypes (Thery et al., 2018).  This proposition 

paper suggests naming vesicles that are <200nm SEVs and vesicles >200nm large or medium 

EVs (LEV or MEV) with size ranges specified. Alternatively, EVs could be classified based 

upon their density (low, middle or high) with each density range specified or based upon their 

biochemical composition (CD63+/CD81+- EVs, Annexin A5-stained EVs, etc).  For this thesis, 

SEVs isolated and used will be referred to as SEVs and not exosomes as their exact 

subcellular origin cannot be determined.  
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Figure 1.3: Enrichment of proteins and lipids found on the surface and within exosomes and microvesicles.  

There is a significant overlap in proteins found within both exosomes and microvesicles as well as a 

potential overlap in particle size and morphology despite their different biogenesis pathways. Therefore, it 

can be extremely difficult to classify particles as exosomes or microvesicles hence the term SEV for 

particles traditionally referred to as exosomes.  Figure adapted from (van Niel et al., 2018) and produced 

using Biorender. 

Exosome 

Microvesicle 
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There are a number of different techniques commonly used for isolating SEVs. None of which 

are perfect. SEVs can and have successfully been isolated from a number of sources including 

blood plasma (Alikhani et al., 2007, McDonald et al., 2013), urine (Huebner et al., 2015, 

Nielsen et al., 2017, Street et al., 2017), cerebrospinal fluid (Shi et al., 2015, Welton et al., 

2017, Yagi et al., 2017), saliva (Lasser et al., 2008, Zlotogorski-Hurvitz et al., 2015, 

Katsiougiannis et al., 2017), breast milk (Admyre et al., 2007, Sauter et al., 2016, Hock et al., 

2017)  and cell culture media from multiple cell types (Salimu et al., 2017, Zhu et al., 2017). 

SEVs can be isolated form almost any liquid that is in contact with cells and the cells can 

therefore release their vesicles into the surrounding extracellular space.  

 

A cells secretome can often be very complex.  Cells secrete a large array of proteins, lipids, 

cytokines and other EVs.  For a successful isolation of SEVs, one needs to remove as many 

of these other contaminating proteins resulting in a pure and concentrated source of SEVs.  A 

number of protocols have been established to do this and a wide variety are currently being 

used in a number of laboratories all over the world.  Some protocols are relatively simple such 

as ultracentrifugation where as others can be more complex such as using affinity beads. 

Overall, the purity of the final product depends on its intended purpose as some applications 

such as SEVs protein analysis by mass spectrometry need a high SEVs purity whereas 

assessing the effect of cellular migration with different SEVs doses not require such a high 

level of purity but does require a significant quantity. Generally, contaminating proteins are 

accepted within an SEVs isolation, even for clinical grade products, as long as the 

contaminants are all know and are all safe and are reproducible (Lener et al., 2015). In fact 

some EV functions may be diminished in cases of high purity, as the biology may depend on 

synergistic effects with avesicular components of the secretome (Witwer et al., 2019). 

 

1.3.3.1 Differential ultracentrifugation 

Differential ultracentrifugation is considered the conventional means of SEVs isolation.  

Differential ultracentrifugation aims to separate proteins and EVs based on different 
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sedimentation properties.  The exemplar study by Raposo (1996) highlighted the utility of 

serial centrifugation, at increasing speeds to sequentially eliminate cells, and structural 

components in the secretome. The first steps are to eliminate large dead cells and cellular 

debris, typically by spinning the cell supernatant at 500xg and then at 2000xg each time 

disposing of the pellet and keeping the supernatant.  The supernatant is again spun, this time 

at a higher speed of 10 000xg to pellet small cellular debris and larger microvesicles.  Again, 

the pellet is disposed of and the supernatant taken for a final spin at around 70 to 100 000xg 

to pellet the 30-150nm SEVs. 

 

One of the major flaws of differential ultracentrifugation is the small volumes that can be run 

in a single rotor, with most rotors holding a maximum of 400mL.  This makes the scale up 

needed for a clinical product extremely difficult. The second drawback of this protocol is the 

final 70 to 100 000xg spin not only pellets SEVs but also pellets material such as protein 

aggregates.  Finally, ultracentrifugation can cause damage to EVs.  The final spin at 70 to 100 

000xg forces the EVs to pellet, this and the subsequent re-suspension required  can lead to 

EV-complexation and rupture (Thery et al., 2006).  ISEV recommends analysis to show EVs 

retain their integrity and are not ruptured during the final pelleting step (Lener et al., 2015), but 

with nanoscale vesicles quantifying the ratio of ruptured to intact vesicles is very difficult.. 

 

1.3.3.2 Differential ultracentrifugation using density-based separation  

Similar to standard differential ultracentrifugation, the use of a sucrose cushion aims to provide 

a cleaner final SEV preparation, devoid of some of the material that may co-sediment under 

high centrifugal fields.  It is known that SEVs have a buoyant density between 1.11-1.2g/mL 

(Raposo et al., 1996b), and as such separating based on density may eliminate soluble 

proteins, linear membrane fragments and other components that exhibit distinct density 

profiles.  Performing a continuous gradient, akin to Raposo (1996) is very time consuming 

however, and is certainly not a methodology that can be used for even moderate scale 

isolations. Instead, and based on a priori understanding of vesicle density, the use of density 
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cushions such as 30% Sucrose/D2O have been very useful, for laboratory and clinical studies 

(Lamparski et al., 2002). This method involves overlaying the pre-cleared supernatant on top 

of a 30% sucrose deuterium oxide (D2O) cushion which is ultracentrifuged at 100 000xg 

allowing for the majority of SEVs to be retained within the sucrose cushion while contaminating 

protein aggregates are pelleted.  The sucrose containing SEVs are then removed and the 

SEVs within are washed and pelleted.  As with conventional ultracentrifugation, this process 

is limited by rotor size and therefore makes scale up challenging. 

 

1.3.3.3 Affinity kits  

Exosomes can be isolated using an immuno-magnetic isolation approach for which there is 

no need for ultracentrifugation. Magnetic beads can be coated with a known antibody that is 

found on the membrane of the SEVs, for example CD63 (Caby et al., 2005).  The cell culture 

supernatant is incubated with the beads for 24hrs to ensure saturation before the bead- SEVs 

complexes are separated using a powerful magnet.  This process offers a number of 

advantages over ultracentrifugation including the lack of requirement for high speed 

ultracentrifugation and associated rotors, and costs.  The affinity approach is also likely 

gentled in terms of retaining EV integrity.  However prior knowledge of the EV-outer membrane 

protein repertoire is needed given the selection is usually based on antibody binding to an EV-

surface protein.  However, lectins are currently under investigation as potential semi-selective 

vesicle isolation strategies, as well as charge-based capture using heparin (Balaj et al., 2015, 

Deregibus et al., 2016).  Affinity isolation however is generally not well suited for scale up and 

may suffer from the isolation of only a sub-population of vesicles that may miss some critically 

relevant vesicles key for biology. Affinity methods overall are costly, especially if using 

antibodies.  
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1.3.3.4 Ultrafiltration  

The fundamentals of ultrafiltration for SEVs isolation are no different to conventional 

membrane filtration by which particles are separated based upon their size or molecular 

weight.  SEVs can be isolated by ultrafiltration which is a relatively fast isolation technique 

when compared to differential ultrafiltration and does not require any specialist equipment.  

Cell conditioned medium can be concentrated using 100KDa molecular weight cut off 

(MWCO) filters that allow for particles smaller than 100KDa to pass through the filter while 

retaining 90% of particles 100KDa or larger.  

 

The most scalable ultrafiltration technique is tangential flow filtration (TFF).  TFF can be scaled 

in accordance with good manufacturing practices (GMP) to allow for clinical scale up 

(Lamparski et al., 2002).  The process of TFF allows fluid to pass in parallel to the filter rather 

than being pushed through membrane perpendicularly which can block the filter pores. The 

continuous process of filtration allows for large volumes of medium to be concentrated while 

also removing large proteins and retaining the smaller SEVs.  TFF has successfully been used 

to isolate SEVs from 25-40L of conditioned medium (CM) demonstrating the capability to cope 

with the scale up needed for a translational therapeutic (Vishnubhatla et al., 2014). There are 

issues however as the vesicles do interact with a filter membrane, and eventually cause the 

formation of a gel-layer, increased vesicle complexation/aggregation. Nevertheless, the 

method is effective as a selective concentration approach, but will need further steps to further 

refine the retentate towards a purified vesicle isolate. 

 

1.3.3.5 Precipitation based isolation  

There are several potential approaches to selective vesicle precipitation, through the use of 

salt-gradients, PEG and a range of commercially available exosome isolation kits, including: 

ExoQuick™ (Ststem Bioscience), Total exosome isolation reagent (Life Technologies) and 

ExoSpin (Cell Guidance Systems).  All three techniques or kits require a precipitation of protein 

which includes EVs.  CM is mixed with the precipitation reagent as described by the 
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manufacturers instructions to form intentional vesicle-complexation.  Such aggregated 

material can be pelleted by low speed centrifugation.  Although relatively quick and simple, 

precipitation based kits demonstrate significantly more contaminating protein when compared 

to differential ultracentrifugation with a sucrose cushion (Webber and Clayton, 2013), as they 

are generally poorly selective for vesicles.  There are also issues in terms of the impact of the 

precipitation process on vesicle integrity. Dis-aggregation of post precipitated vesicles may 

also be a significant issue in some cases.  Unlike other precipitation based kits, ExoSpin uses 

a size exclusion column to ‘clean up’ the SEV product, removing contaminating proteins and 

the precipitant.  Comparative studies of all three precipitation based kits demonstrate ExoSpin 

produces a significantly purer SEV product compared to the other commercial kits tested 

(Lobb et al., 2015, Soares Martins et al., 2018).    

 

1.3.3.6 Other methods for SEV isolation 

With SEV biology becoming a significant area of study, new methods for SEV isolation are 

continuously being developed aiming to improve on vesicle purity, cost or specificity to isolate 

exotic SEV subtypes.  These methods relate to small scale isolations and are rather 

idiosyncratic and therefore will not be discussed in detail. Flow-field-flow fractionation uses a 

porous rectangular channel and a parabolic flow that carries a sample along the channel.  A 

cross flow then controls and distributes the particles against the channel wall.  Smaller 

particles diffuse further along the accumulation wall and are therefore eluted before the larger 

particles (Zhang and Lyden, 2019).  Surface acoustic wave based approaches and 

microfluidics have also both been used to successfully isolate SEVs (Guo et al., 2018, Lu et 

al., 2019). 

 

1.3.3.7 SEV isolation summary 

The decision on which SEVs purification techniques to use will ultimately depend on the 

sample purity required, the quantity of exosomes, the complexity of the starting material and 
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whether or not the SEVs need to be functional.  Irrespective of the method chosen to isolate 

the SEVs it is imperative that the SEVs are sufficiently characterized and can be reproducibly 

isolated in a controlled and reliable method.  

 

1.3.4 SEV Characterisation  

Due to the vast array of possible SEVs isolation techniques, starting material and   

investigators experience and instrumentation, SEVs characterisation is necessary.  The 

executive committee of the ISEV have produced a proposition paper outlining the minimal 

experimental criteria required for the characterisation of EVs (Lotvall et al., 2014). Firstly, EVs 

must be isolated form extracellular fluids such as blood, urine, cerebrospinal fluid or cell 

conditioned media. Secondly, a general overview of the protein composition of the EVs must 

be provided including the detection of 3 or more SEV-enriched proteins in a semi-quantitative 

manner.  As well as this, extracellular proteins that are not expected to be seen associated 

with SEVs should be determined as a means of assessing the purity of the SEV isolates. 

Lovall et al. (2014) suggest that techniques such as western blotting, flow cytometry or global 

proteomic analysis by mass spectroscopy are suitable techniques for EV characterisation. 

Thirdly, characterisation of single vesicles should be presented.  Methods to enable this could 

include Cryo-electron microscopy (Cryo-EM) or atomic force microscopy (AFM) where images 

show a wide view where multiple vesicles can be observed as well as close up images of 

single vesicles can be scrutinized.  Size distribution measurements by nanoparticle tracking 

analysis (NTA), dynamic light scattering (DLS) or resistive pulse sensing (RPS) provide 

particle size data for a large number of vesicles. This size distribution data should be 

compared to either the EM or AFM data as the size distribution analysis does not distinguish 

membrane vesicles from other co-isolated non-membrane vesicles.  The ISEV proposition 

paper also encourages functional studies to show a dose dependant effect of SEVs (Lotvall 

et al., 2014).  This 2014 proposition paper has since been updated to include details on SEV 

topology and to clarify SEV nomenclature (Thery et al., 2018).  
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1.4 SEVs for improved wound healing  

 

In recent years, advances in regenerative medicine have shown great promise in promoting 

soft tissue wound healing.  MSCs and human-ESCs (hESCs) have been the most commonly 

used cell types and have been demonstrated to facilitate cutaneous wound healing both in 

vitro and in vivo (Lee et al., 2011b, Biazar and Keshel, 2013, Nakamura et al., 2013).  

However, procedures involved in harvesting MSCs from adult tissue are often invasive and 

the proliferation and differentiation capabilities of MSCs are often limited by a finite life span 

in culture.  Furthermore, studies have demonstrated that MSCs mediate their tissue protective 

properties through paracrine mechanisms (Shen et al., 2013, Liang et al., 2014) and that SEVs 

are the likely effectors (Zhang et al., 2012, Shabbir et al., 2015, Zhang et al., 2015c). 

 

Zhang et al. (2015) differentiated human induced pluripotent stem cells (iPSC) into MSCs as 

it has been previously been shown that iPSC-MSCs exert stronger therapeutic effects in tissue 

repair than bone marrow MSCs (Lian et al., 2010).  EVs isolated from iPSC-MSCs by 

differential ultracentrifugation showed a cup like morphology by transmission electron 

microscopy and showed positive expression of exosomal markers CD63, CD81 and CD9 

(Zhang et al., 2015c).  Using simple cell counts along with a simple scratch assay, they 

demonstrated that iPSC-MSC SEVs induced proliferation and migration in a dose dependant 

manner.  In vitro experiments utilising human dermal fibroblasts also showed an increase in 

type I and III collagen, elastin secretion when stimulated with iPSC-MSC SEVs.  In vivo 

experiments demonstrated subcutaneous injections of iPSC-MSC SEVs around wound sites 

on the backs of adult SD rats lead to accelerated re-epithelialisation, reduced scar widths and 

the promotion of collagen maturity (Zhang et al., 2015c). These iPSC-MSC SEVs also 

stimulated accelerated angiogenesis in vitro and in vivo.   
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Similar results have been described by Shabbie et al. (2015).  These authors showed that 

exosomes isolated from MSCs by differential ultracentrifugation stimulated the proliferation of 

both normal and chronic wound fibroblasts.  They also showed using PKH26 (sigma-Aldrich) 

labelling that the exosomes were taken up by the recipient cells and were not just sitting in the 

medium.  Similar to the work of Zhang et al. (2015) they showed that MSC exosomes 

stimulated angiogenesis in vitro using a commonly used human umbilical vesicular endothelial 

cell tubule formation assay (Shabbir et al., 2015).  They also demonstrated that these MSC 

derived SEVs stimulated a number of important wound healing signalling pathways including 

Akt, ERK and STAT 3 (Shabbir et al., 2015).  

 

More recently,  Wang et al (2019) demonstrated Fetal Dermal Mesenchymal Stem Cell derived 

SEVs could not only increase adult dermal fibroblast proliferation and migration in vitro but 

also accelerate wound closure in an in vivo mouse full thickness wound model (Wang et al., 

2019c).  Ding et al. (2019) have also demonstrated bone marrow derived MSC SEVs are 

capable of increasing angiogenesis around the wound in vitro and in vivo (Ding et al., 2019). 

 

SEVs derived from clinical grade oral mucosal epithelial sheets have also demonstrated an 

ability to improve wound healing in vitro and in vivo. CM was collected every 48 hours for a 16 

day period.  CM was concentrated using a 100kDa MWCO filter and then further concentrated 

with a 10kDa MWCO filter. SEVs were then isolated from this concentrated CM by size 

exclusion chromatography using a qEV (Izon, France) column.  Interestingly, unlike other 

reports Sjoqvist et al. (2019) demonstrated an in vitro reduction in fibroblast proliferation and 

migration (Sjoqvist et al., 2019a).  Although these SEVs demonstrated a reduction in cell 

proliferation rates, the SEVs still demonstrated a significant reduction in wound size at days 7 

and 16 in a full thickness skin wound in a rat when compared to a no SEV control.  

 

Not only have SEVs demonstrated an ability to improve the speed of wound healing, stem cell 

SEVs have also demonstrated an ability to reduce scar formation with outcomes getting closer 
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to scarless wound healing.  Adipose derived MSC SEVs have demonstrated an ability to 

mitigate scar formation, by increasing the ratio of type III to type I collagen in murine incisional 

wounds (Wang et al., 2017).  The in vivo differentiation of fibroblasts to myofibroblasts was 

also observed along with an increase in the ratio of TGFb3 to TGFb1 (Wang et al., 2017).  

Zhao et al (2017) have also demonstrated a scarless wound healing phenotype using human 

amniotic epithelial cell SEVs.  It was observed that the administration of SEVs reduced 

extracellular matrix deposition potentially due to the increase in MMP-1.  In vivo experiments 

also demonstrated improved skin wound healing and well organised collagen fibres when 

wounds were treated with amniotic epithelial cell SEVs (Zhao et al., 2017) 

 

These initial reports that demonstrate the efficiency of MSC derived SEVs in wound healing 

offer great potential for this PhD thesis.  The isolation of exosomes from a tissue that heals in 

a scarless manner could be even more beneficial than current approaches.   
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1.5 Aims  

 

OMLP-PCs have already been demonstrated to be a potential useful cell type for the field of 

regenerative medicine. They have been reported to be potently immunomodulatory and have 

antibacterial properties – functions that can be delivered in a contact independent manner 

demonstrating suggesting that these progenitor cells are capable of secreting potent factors. 

Derived from a tissue that heals ‘scarlessly’, the oral (buccal) mucosa, it is therefore 

reasonable to investigate the anti-scarring effects of SEVs derived from these OMLP-PCs.  

 

 

 

There are three main aims to this project: 

 

1) Immortalise/characterise OMLP-PC strains to produce cell lines which would give a 

more consistent exosome product during longer term cell scale up 

2) Isolate and characterise OMLP-PC line derived SEVs, in comparison to other exosome 

populations 

3) Investigate the effects of OMLP-PC line SEV (in comparison to other SEV types) in in 

vitro models of wound healing/scarring to investigate their future potential as an 

effective therapy
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2.1 Materials  

 

Human OMLP-PCs were previously isolated and expanded by members of the Stem Cell, 

Wound repair and Regeneration Group, (School of Dentistry, Cardiff University) as previously 

described (Davies et al., 2010). Human dermal fibroblasts were previously isolated and 

expanded by members of the Stem Cell, Wound repair and Regeneration Group, (School of 

Dentistry, Cardiff University). Human bone marrow derived mesenchymal stem cells were 

purchased from RosterBio (Frederick, Maryland, USA). U937 Monocyte cells were purchased 

from the European Collection of Authenticated Cell Cultures (ECACC) by ReNeuron, 

Pencoed. Peripheral Blood Mononuclear Cells (PBMCs) were isolated from whole blood 

provided by the Cardiff University Biobank following ethical approval. All culture plastics were 

from Sarstedt (Germany) unless otherwise stated.  All reagents were purchased from Fisher 

Scientific unless otherwise stated.  
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2.2 Methods  

 

2.2.1 Cell culture  

All cell culture was carried out under sterile conditions in a class II microflow tissue culture 

cabinet and cultures were maintained in a Binder CB 160, Germany, humidified incubator at 

37oC with 5% CO2.  

 

2.2.1.1 Maintenance of cell stocks 

Human OMLP-PCs, dermal fibroblasts and MSCs were cultured in the same way. Under 

normal growth conditions OMLP-PCs were cultured in serum containing medium (SCM; 

Dulbecco’s Minimal Essential Medium (DMEM) supplemented with 100µg/mL L-Glutamine,  

100units/mL penicillin, 100µg/mL streptomycin and 0.25µg/mL Gibco Amphotericin B 

supplemented with 10% Foetal Bovine Serum (FBS) (V/V). Cells were fed with pre-warmed 

SCM every 2-3 days.  Cells were passaged when they reached 70-90% confluence. Cell 

culture medium was aspirated and the monolayer washed with phosphate buffered saline 

(PBS) (10mL in a T175 & T75, 5mL in a T25). Cells were detached from the plastic using 

0.05% (v/v) Trypsin/EDTA (0.53mM) for 5 minutes at 37oC. After cells had visually detached 

after inspection down a light microscope cells were collected into 10mL SCM and centrifuged 

at 350xg in a Labrofuge 400 (Thermo Fisher, UK) centrifuge for 5 minutes. The supernatant 

was removed and the pellet resuspended in 1mL of SCM. A 10µL sample was taken and 

mixed with 10µL of 0.4% (w/v) Trypan blue solution. 10µL of this mix was added to a 

haemocytometer and cells counted. Cells were then seeded into new culture vesicles at 2x103 

cells/cm2. All cultures were fed with pre-warmed SCM every 2-3 days. Population doublings 

were calculated by:  

 

 



Chapter 2. General Materials and Methods 

 47 

PDL= log10(total cell count obtained)- log10(total cell count re-seeded)  
log10(2)  

 

2.2.1.2 Cryopreservation and reestablishment of cells 

Excess cells were initially frozen at -80°C in FBS containing 10% (V/V) dimethyl sulfoxide 

(DMSO) using a Mr Frosty to ensure cooling of 1oC per minute. After 24 hours cells stored at 

-80oC were moved to liquid nitrogen for long term storage at -196oC. 

 

Cryopreserved cells were thawed rapidly in a 37oC water bath.  Cells were resuspended in 

10mL of pre warmed SCM before centrifugation at 350xg in a Labrofuge 400 (Thermo Fisher, 

UK) centrifuge for 5 minutes.  After centrifugation, supernatant was removed and the pellet 

resuspended in 1mL of SCM for counting using a haemocytometer and cells seeded as 

required. 

 

2.2.1.3 Mycoplasma testing  

All cell populations were routinely mycoplasma tested. At confluency, 150μL of conditioned 

medium was taken and tested using a Mycoplasma detection kit by PCR (Minerva Biolabs, 

Germany). All mycoplasma testing was carried out by Dr M Stack (Research Technician, 

School of Dentistry, Cardiff University). Any contaminated cell populations were treated with 

SCM containing BM Cyclin (Roche, Sigma Aldrich, USA).  Treatment consisted of a 3-day 

culture with 10µg/mL BM Cyclin 1 followed by a 4 day culture with 5µg/mL BM Cyclin 2. This 

cycle was repeated 3 times and then cells re-examined for mycoplasma.  Only mycoplasma 

negative cells were used in experiments. 
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2.2.2 Imaging of cells 

Digital brightfield images of cells were obtained using a Nikon Eclipse TS100 microscope fitted 

with a Moticam BDW8 tablet (Best Scientific, Wiltshire, UK) at 10x and 20x objective. At least 

3 images were taken per sample.  

 

Fluorescent images were obtained using either an Olympus AX70 microscope fitted with a 

Nikon DXM-1000 camera (Both Nikon, Japan) a Leica SP5 confocal laser scanning 

microscope or a Zeiss LSM880 Airyscan confocal laser scanning microscope. Image channels 

were combined in ImageJ or Adobe CC Photoshop.  

 

2.2.3 Gene expression studies  

 

2.2.3.1 RNA Extraction  

For gene expression analysis, at the end of experiments total RNA was extracted according 

to the Qiagen RNeasy kit protocol (Manufacturer). In brief, cells monolayers were washed with 

PBS to remove any cellular debris before lysis using buffer RLT (350uL per well of 6 well 

plate). Cells were scraped using a cell scraper to ensure complete cell lysis and RNA release. 

Buffer RLT was collected and placed in a 1.5mL centrifuge tube where an equal volume of 

70% (V/V) ethanol was added and mixed by pipetting. 700uL of sample mix was added to a 

RNeasy mini column before centrifugation at 8000xg for 15 seconds.  Elute was discarded 

and DNA was digested on column using DNAse digestion kit (Qiagen) as per manufacturer’s 

instructions. 700uL of buffer RW1 was added onto the column and centrifuged at 8000xg for 

15 seconds, the elute was discarded.  500uL of buffer RPE was then added onto the column 

and centrifuged at 8000xg for 15 seconds and the elute discarded. This step was repeated 

three times with the final centrifugation step at 8000xg for 2 minutes.  The RNesay column 

was then placed in a sterile collection tube and RNA eluted in 20-30uL of diethyl pyrocarbonate 
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(DEPC) treated water with a 8000xg spin for 1 minute. RNA was either used immediately or 

immediately stored at -80oC.   

 

2.2.3.2 Generation of cDNA by reverse transcription  

RNA concentration was determined using a Nanovue® spectrophotometer and the volume 

required for 1μg of RNA determined. To the 1ug of RNA, 1μL of random hexamer primers 

(500µg/mL stock; Promega, UK) were added and the volume made up to 15μL using DEPC 

water. This mix was then heated to 70oC for 10min before being cooled to 4oC. A master mix 

of 5μL mmLV 5x buffer, 1.25μL dNTPs (10mM), 0.6uL RNasin (20u), 1μL mmLV RT (100u) 

and 2.15uL DEPC water (all Promega, UK) was added to each sample, mixed and incubated 

at 37oC for one hour. cDNA was stored at -20 until use.  

 

2.2.3.3 Amplification of cDNA by RT-PCR  

A master mix of 12uL Platinum Blue Supermix (ThermoFisher, UK; containing 22U/ml 

complexed recombinant Taq DNA polymerase with Platinum® Taq antibody, 22mM Tris-HCl 

(pH 8.4), 55mM KCl, 1.65mM, 2dATP, 220μM dTTP, 220μM dCTP dTTP, 220μM dCTP, 

stabilizers, glycerol and blue tracking dye) was mixed with 0.5uL of 1μM Forward and 0.5μL 

of reverse primer (specific primer sequences are found in chapter specific methods). One μL 

of cDNA was added to each reaction and was amplified in a Mastercycler (Eppendorf, 

Germany) thermocycler. The cycle consisted of an initial denaturation step at 95oC for 10 

minutes before 40 amplification cycles. Each amplification cycle consisted of a 95oC 

denaturation step for 30 seconds, primer annealing for 30 seconds (specific annealing 

temperatures shown in table 2.1) and finally an elongation step at 74oC for 30 seconds. 

Amplification was completed with a final elongation step at 74oC for 10 minutes. Samples were 

either run immediately on an agarose gel or stored at -20oC until required.  
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2.2.3.4 Agarose gel electrophoresis  

Agarose gels containing 0.05% ethidium bromide were made up in 1x TBE (10x TBE; 108g 

Tris Base, 55g Boric Acid, 40mL 0.5M Ethylenediaminetetraacetic acid (EDTA) pH 8.3, 

made up to 1L with dH2O). The percentage gel was determined by the expected product size.  

For products above 500bp a 1% gel was used, for products between 500bp-300bp a 2% gel 

was used and for products smaller than 300bp a 3% gel was used. The gel was buffered in 

1xTBE and 10uL of sample added to each well. The gels were run at 90V for 45min or until 

the blue dye appeared close to the end of the gel. Gels were imaged using a Gel Doc-17 TM 

(UVP doc, VWR, UK). 

 

 

 

 

Table 2.1: List of primer sequences for RT-PCR  

Gene 
Gene 

accession Sequence Ta 
Product 
Length 

B-Actin 
NM_0 0110 

1.3 
F 5’-CCACACTGTGCCCATCTACGAGGGGT-3’ 
R 5’-AGGGCAGTGATCTCCTTCTGCATCCT-3’ 60oC 454bp 

GAPDH NM_002046.4 
F 5’-CCTCTGATTCAACAGCGACAG-3’ 

R 5’- TGTCATACCAGGAAATGAGCTTGA-3’ 56 oC 98bp 

hTERT NC_000005.10 
F 5’-AGAGTGTCTGGAGCAAGTTGC-3’ 
R 5’-CGTAGTCCATGTTCACAATCG-3’ 56 oC 183bp 

 

2.2.4 Protein Expression Studies  

 

2.2.4.1 Protein Extraction from cells in culture 

Prior to protein extraction cells were grown as described in chapter specific methods.  At the 

end of experimentation cell culture medium was removed and the cells washed once with 

PBS. The PBS was removed and 200uL of cell lysis buffer (pH 7.4) containing 10uL 100mM 

Sodium orthovanadate, 10uL (200mM) phenylmethylsofonyl fluoride and 10uL of protease 



Chapter 2. General Materials and Methods 

 51 

cocktail inhibitor (RIPA Buffer Kit; Santa Cruz Biotechnology) was added to the cells.  The 

cells were then incubated on ice for 10 minutes to allow for complete cell lysis before collecting 

the lysis buffer into a sterile 1.5mL Eppendorf tube. The Eppendorf was centrifuged at 8000xg 

for 15 minutes to pellet any un-lysed membrane or cell debris.  The supernatant was aliquoted 

and stored at -80oC until required.  

 

2.2.4.2 Protein quantification  

Sample proteins lysed from cells using RIPA buffer were quantified using Bradford Reagent 

Assay (ThermoFisher).  150µL of Bradford reagent was added to 5µL of sample and incubated 

at room temperature (RT) for 5 minutes. Quantification was performed using absorbance 

spectroscopy on a Fluostar Optima Spectrometer with an excitation wavelength of 620nm and 

an emission at 590nm.  A standard curve was produced with a serial dilution from 2000ug/mL 

Bovine Serum Albumin (BSA) to 0ug/mL BSA. Sample protein concentrations were calculated 

based on absorbance values from the standard curve.  

 

2.2.4.3 SDS-PAGE / Western Blotting 

Following protein isolation and quantification proteins were separated and identified by  

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS PAGE) / Western Blotting 

using a BioRad mini protein II apparatus (Bio-Rad Laboratories, USA). 20ug of protein was 

mixed with 4x Laemmli Sample Buffer (Bio-Rad Laboratories) containing 100mM Dithiothreitol 

for reducing conditions and boiled at 95°C for 10 minutes in a thermocycler. After 10 minutes 

the total volume of sample and Laemmli buffer was loaded into the wells of precast 4-10% 

polyacrylamide gradient gel (Bio-Rad Laboratories). Each experiment was carried out 

alongside 10ul of Sea Bule™ Plus 2 Precision stain and 3uL of MagicMark™ XP ladder (Both 

LifeTechnologies, USA). To separate proteins by size, electrophoresis was carried out at 150V 

for 45min in 1x running buffer (BioRad Laboratories) using a Cleaver MP 300V (Cleaver 

Scientific, UK) power supply. Proteins were transferred onto methanol activated polyvinylidene 
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fluoride (PVDF) membranes (GE Life Sciences, UK) using 25mM Tris, 192mM glycine (both 

Sigma-Aldrich, USA), 20% (V/V) methanol (FisherScientific, USA) and a BioRad Mini Trans-

Blot Electrophoretic Transfer Cell (Bio-Rad Laboratories, USA). To prevent non-specific 

antibody binding, membranes were blocked using 5% non-fat powered milk (Marvel, London, 

UK) in PBS containing 0.5% (V/V) Tween®20 (Sigma-Aldrich) overnight at 4°C. After 24 hours, 

membranes were washed at least 4 times with PBS containing 0.5% (V/V) Tween®20 (PBS-

Tween®). 1ug/mL of primary antibodies were diluted (see chapter specific methods) in PBS-

Tween® and incubated for 2 hours at RT or overnight at 4°C. Following incubation membranes 

were washed at least 4 times with PBS-Tween® and incubated with secondary antibodies 

conjugated to horseradish peroxidase (HRP) (see chapter specific methods) diluted in PBS-

Tween® containing 5% (W/V) non-fat powdered milk for 1 hour at RT. Following at least four 

5 minute washes, the Enhanced Chemiluminescence method was used to visualize samples. 

The membrane was treated with ECL reagent (BioRad) and left to react for 5 minutes. 

HyperFilm X-ray film (GE Healthcare) was then placed onto the membrane and left to expose 

for a pre-determined time. The film was developed using a Curix 60 x-ray developer (AGFA-

Gevaert, Belgium).  

 

2.2.5 Statistical Analysis 

 All data is shown ± standard deviation (SD) where appropriate where the mean values from 

individual patients have been combined to give a mean.  Where means have been calculated 

from different patient samples as experimental repeats, data is shown ±  the standard error of 

the mean (SEM). All statistical analysis was carried out using Graph Pad InStat software and 

multiple groups were analysed by One Way Analysis of Variance (ANOVA) followed by post 

hoc Tukey-Kramer test. Statistical significance was assumed when P<0.05. (*P<0.05, 

**P<0.01, ***P<0.005, ****P<0.001) 
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3 - Generation of a Stable, 
Immortalised Population of Oral 

Mucosa Lamina Propria-
Progenitor Cells  
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3.1 Introduction 

 

Adult stem cells (ASCs) have the potential to deliver great advances in the world of 

regenerative medicine.  With far fewer ethical concerns compared to the use of embryonic 

stem cells, ASCs are a highly accessible and attractive cell source.  The most commonly 

studied ASC is the Mesenchymal Stromal Cell (MSC).  MSCs have been successfully isolated 

from multiple tissues including but not limited to bone marrow (Friedenstein et al., 1968b), 

adipose tissue (Kang et al., 2003), skeletal muscle (Beauchamp et al., 1999) and the liver 

(Theise et al., 1999).  MSCs have been shown to be multipotent (Friedenstein et al., 1968a), 

immunosuppressive (reviewed by (De Miguel et al., 2012) and demonstrate reparative 

properties in vivo (reviewed by (Meyerrose et al., 2010). Work within our group at the School 

of Dentistry has demonstrated a novel source of adult stem cells found within the buccal 

mucosa (Davies et al., 2010).  These Oral Mucosa Lamina Propria-Progenitor Cells (OMLP-

PCs) are isolated based upon their differential adhesion to fibronectin due to the increased 

levels of a5b1 integrins on the surface of progenitor cells (Jones and Watt, 1993).  OMLP-

PCs have demonstrated to be multipotent, undergoing adipogenesis, osteogenesis and 

chondrogenisis but also capable of undergoing neuronal differentiation (Davies et al., 2012).  

More importantly for regenerative medicine, they have also been shown to be highly 

immunosuppressive in both a contact dependant and contact independent manner suggesting 

they are secreting something into their surroundings that is mediating their effects (Davies et 

al., 2012).   More recently however, OMLP-PCs have also been demonstrated to be 

antibacterial against both gram negative and gram positive bacteria (Board-Davies et al., 

2015).  As reported for the immunosuppressive work, this antibacterial effect is driven by a 

contact independent manner again suggesting the OMLP-PCs are secreting potent factors 

into their surroundings.  Due to their potent in vitro effects and ease of isolation this novel ASC 

population is of great interest within the field of regenerative medicine.  
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After extended periods of time in culture cells undergo telomere dependent cellular 

senescence. First described in 1965 Hayflick showed that normal cells had a limited ability to 

divide and proliferate in culture (Hayflick, 1965). He reported that initially healthy fibroblasts 

proliferated in culture, but after many divisions the rate of proliferation slowed down to a point 

where the remaining cells lost the ability to proliferate.  These remaining cells remained viable 

but were unable to divide despite having sufficient space and nutrients available.  Telomere 

dependent senescence is what causes cells under normal conditions to undergo senescence. 

Telomeres are stretches of repetitive DNA (5’-TTAGGG-3’) at the ends of linear chromosomes 

that protect them from DNA fusion or damage (di Fagagna et al., 2004). During DNA 

replication, standard DNA polymerases cannot replicate the ends of the telomeres resulting in 

the “end replication problem”, where cells loose between 50-200 base pairs from the 

telomeres during each cell division (Harley et al., 1990).  New telomeres can range from just 

a few kilobases to 10-15Kb in length so cells need to undergo many divisions before the end 

replication problem results in dysfunctional and senescent cells.  

 

Telomere dependent senescence can be overcome with the addition of telomerase. This 

enzyme contains a catalytic protein component; Telomerase Reverse Transcriptase (TERT) 

and an RNA template component.  Together, they add telomeric repeats directly onto the 

chromosome ends (Bodnar et al., 1998).  Most cells do not express telomerase however, it 

has been demonstrated that germ line cells and cancer cells express much higher levels of 

telomerase than other somatic cells (Kim et al., 1994).  Addition of human TERT (hTERT) into 

human cell strains can therefore create immortalised cell lines (Caley et al., 2018).  

 

To scale up the number of cells required for a cell based therapy, cells need to undergo 

significant population doublings. Due to the number of divisions each cell undergoes it would 

be almost impossible to use allogenic ASCs for a wide ranging cell therapy as cells would 

reach the point of senescence before significant numbers of patients could be treated.  As 

with any cell based therapy there is little evidence that the ASC engraft and directly repair 
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damaged tissue in vivo but instead release paracrine factors into the local environment that 

stimulates the endogenous cells to repair the damaged tissues (Lee et al., 2011a, Gnecchi et 

al., 2016, Li et al., 2017b).  

 

The purpose of this chapter is to hTERT immortalise three OMLP-PC clonal strains to produce 

three immortalised OMLP-PC cell lines (OMLP-PCL). These cell lines will be examined in 

terms of both their phenotypic characteristics as well as their function compared to previously 

published data on OMLP-PC cell strains (Davies et al., 2010, Davies et al., 2012, Board-

Davies et al., 2015).  Specifically, OMLP-PCs will be examined in respect to their typical 

phenotype, cell surface markers as well as their ability to differentiate, show 

immunosuppressive capabilities and their antibacterial effects.   

 

 

3.1.1  Hypothesis  

hTERT immortalised OMLP-PCs will behave the same as matched cell strains and could 

therefore become the preferred cell source for exosome isolation. 

3.1.2  Aims  

There are 3 main aims for the hTERT immortalisation of OMLP-PCs: 

1) OMLP-PCLs will continue to grow past the point of matched cell strain cellular 

senescence demonstrating the formation of cell lines 

2) OMLP-PCLs will express the same cell surface characteristics as matched cell strains  

3) OMLP-PCLs will still be functional and behave as matched cell strains in terms of their 

differentiation capability, immunosuppressive and antibacterial properties 
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3.2 Methods  

 

A number of general methods were used as described in chapter 2 including: 2.2.1 Culture of 

Adherent Cells, 2.2.2 Imaging of cells and 2.2.3 Gene expression studies.  

Three typical OMLP-PC clones (one from each of three separate patients) were selected for 

immortalisation based on their use in the previous publications from the Group (to allow 

comparisons to be made). Patient details and cell names are summarised in Table 3.1. 

Table 3.1: Patient and cell details for immortalisation 

   

  

 

 

 

 

 

 

 

3.2.1  hTERT Cell Immortalisation  

Three OMLP-PC strains were hTERT immortalised. Cells strains were cultured as described 

in chapter 2 (Section 2.2.1). Cells were divided into two T25 flasks and allowed to grow until 

~50-60% confluency, ensuring cells were in a log growth phase. hTERT transfections were 

undertaken with the help of Dr Terrance Davies and Dr David Kipling (School of Medicine, 

Cardiff University) as previously described (Bond et al., 1994, Wyllie et al., 2000).  In brief, 

OMLP-PCs from 3 patients were cultured to 50-60% confluency and then transfected with the 

hTERT coding retroviral vector pBABE-hTERT along with a puromycin resistance gene or the 

resistance gene alone for 48 hours.  After 48 hours non-adherent cells were removed and the 

Patient 
ID 

Patient 
Age at 
Biopsy 

Patient 
Sex 

Clone 
Number 

Cell 
Strain 
Name 

Cell 
Line 

Name 
PCA 22 Female 10 10PCA 10PCAh 

XLIX 38 Female 10 10XLIX 10XLIXh 

XV 19 Female 17 17XV 17XVh 
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remaining cells washed twice with warm medium.  Cells were then cultured in normal SCM 

medium containing 0.5µg/mL puromycin (Calboiochem, UK).  Medium was changed every 24 

hours for 1 week before cells returned to standard culture conditions in normal SCM medium 

supplemented with 0.5µg/mL puromycin.  

 

3.2.2  Flow Cytometry  

Cells at 90-95% confluence (T75 flask) were washed once with 10mL PBS before being 

treated with 1mL accutase (StemPro – Life Technologies) to produce a single cell solution. 

Accutase was neutralised by the addition of 9mL of SCM. Cell suspensions were then 

centrifuged (labrofuge 400, Thermo Scientific) at 400x g for 5min at room temperature and re-

suspended in 1mL PBS for counting using a haemocytometer. The cell suspension was then 

increased to 11ml with PBS and divided equally into 11 BD Polystyrene FACS tubes. 1μl of 

live dead stain (Far red dead stain; Life technologies) was added to all tubes except Ig controls 

and unstained cells. Tubes were incubated on ice for 30mins. All tubes were then centrifuged 

using a balanced swing out rotor (Centrifuge 5810 R, eppendorf) at 500x g for 5min at 4oC.  

The supernatant was removed and cells washed again in 1mL PBS and re-centrifuged at 500x 

g for 5 min at 4oC. The cell pellet was then carefully re-suspended in 100μl of PBS and either 

the Ig control or test antibodies were added; IgG1 FITC (50μg/mL), IgG2a FITC (50μg/mL), 

CD34 FITC (50μg/mL), CD45 FITC (50μg/mL), CD90 FITC (50μg/mL), CD105 FITC 

(50μg/mL) and CD166 FITC (10μg/mL) (all from Miltenyi, Germany). Primary antibodies were 

incubated at room temperature for 10 min. After this incubation cells were washed once with 

PBS, centrifuged at 500x g for 5 min and resuspended in 100μl of PBS. Cells were then fixed 

with 100μl of fridge cold 4% (v/v) paraformaldehyde (PFA) for 2min on ice.  200μl of PBS was 

added to each tube and samples analysed on a FACSCanto II Flow cytometer (BD 

Biosciences) equipped with a 488 and 633nm laser excitation source a minimum of 10,000 

events were recorded per sample. Fluorophore-conjugated immunoglobulins were used as 

controls. All data was analysed using the software package FlowJo version vX0.7.  
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3.2.3 RT-PCR for hTERT 

RNA was extracted from cells grown in monolayer culture using buffer RLT according to the 

manufacturer’s instructions (Qiagen).  0.5ug of RNA was reverse transcribed using M-MLV 

reverse transcriptase (Promega) as per the manufacturer’s protocol. Gene specific 

amplification began with an initial denaturation step at 95°C for 5 minutes followed by 40 cycles 

of 95°C for 1 minute, Ta (see below) for 30 secs, 72°C for 1 minute with a final elongation step 

at 72°C for 10 minutes.  cDNA was analysed for the expression of hTERT [F 5’ 

AGAGTGTCTGGAGCAAGTTGC3’ and R 5’ CGTAGTCCATGTTCACAATCG 3’] Ta 55°C, 

and the housekeeping gene Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) [F 5’ 

CCTCTGACTTCAACAGCGACAC 3’ and R 5’ TGTCATACCAGGAAATGAGCTTGA  3’] Ta 60°C.  

PCR products were separated on agarose gels and visualised using 0.005% (v/v) ethidium 

bromide.  

 

3.2.4  Adipogenic differentiation and staining  

Adipogenic differentiation was carried out using a StemPro adipogenic differentiation kit 

(ThermoFisher) as per the manufacture’s instructions.  In brief, cells were seeded into 8 well 

chamber slides at 1x104cells/cm2 in normal SCM and incubated at 37oC/5% CO2 for 24hr or 

until cells became 95-100% confluence.  Cells were then washed once with PBS and then 

incubated with pre-warmed complete adipogenesis differentiation medium.  Medium was 

changed every 2/3 days for a total of 21 days. After 21 days the cells were fixed and stained.  

In brief, cells were washed once with PBS and fixed at room temperature using 4% (v/v) PFA 

for 10min.  After 10 min cells were washed twice with distilled water to remove any traces of 

PFA.  Cells were then incubated with LipidTox stain (1:100 dilution in PBS) for 30 min.  

LipidTox stain was removed and slides rinsed twice with PBS before being counterstained 

with 4′,6-diamidino-2-phenylindole (DAPI) and imaged as described in Chapter 2 (Section 

2.2.2). 
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3.2.5  Osteogenic differentiation and staining  

Osteogenic differentiation was carried out using a StemPro osteogenic differentiation kit 

(ThermoFisher) as per the manufacturer’s instructions. In brief, cells were seeded into 6 well 

plates at 5x103 cells/cm2 in normal SCM and incubated at 37oC/5% CO2 for 24 hours.  After 

24 hours medium was removed and cells washed once with PBS before being incubated with 

pre-warmed complete osteogenesis differentiation medium.  Medium was changed every 2/3 

days for a total of 21 days. After 21 days cells were stained with Alizarin red to visualise 

calcified matrix.  Cells were washed once with PBS before fixing with 4% (v/v) fridge cold PFA 

for 10 min at RT.  After 10 min PFA was removed and the cells washed three time with double 

distilled H2O (dd H2O). After washing, Alizarin Red solution 40mM, pH4 (Merck Millipore- 

Germany) was added to cells and incubated for 10 min at room temperature on a rocker.  After 

10 min, the Alizarin Red solution was removed and cells washed three times with ddH2O.  

After 3 washes (or until the ddH2O that was removed was clear), cells were imaged using a 

bright field microscope as described in Chapter 2 (Section 2.2.2). 

 

3.2.6 PBMC Isolation  

Peripheral Blood Mononuclear Cells (PBMCs) were isolated from the blood of heathy 

volunteers who had given informed consent after full ethical approval from the Cardiff 

University BioBank.  Venous blood samples from EDTA-vacutainers were subject to density 

gradient centrifugation on Histopaque (Sigma,UK) and PBMCs were isolated from the buffy 

coat. To form the buffy coat, 25mL of venous blood was carefully laid upon 12.5mL of 

Histopaque and centrifuged at 850xg for 30 minutes with no break on the centrifuge. PBMCs 

were then isolated from the buffy coat interface between the histopaque and blood plasma. 

Isolated PBMCs were resuspended in RPMI medium containing 10% (v/v) FBS before 

centrifugation at 200x g.  The supernatant was removed and the pellet again resuspended in 
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RPMI supplemented with 10% FBS.  This process was repeated three times to remove any 

platelets or contaminating histopaque. 

 

3.2.6.1  OMLP-PC immunosuppressive capabilities   

3.2.6.2 3H-Thymidine assay 

To ensure that the OMLP-PCLs would not proliferate and therefore not take up the 3H-

thymidine they were irradiated with 20 Gy. 1x105 freshly isolated PBMCs were seeded per 

well of a 96 well plate.  PBMCs were stimulated with 500 units/mL of Interleukin 2 (IL2) and 

either 1000 (1% Responder to Stimulator cells) or 100 (0.1% Responder to Stimulator cells) 

irradiated OMLP-PCL cells. Control wells contained either (i) PBMCs with no IL2, (ii) PBMCs 

+ IL2 and no OMLP-PCLs or, (iii) 1000 OMLP-PCLs only.  Following incubation for three days, 

0.5 μCi/well 3H-thymidine (GE Healthcare, Waukesha,WI) was added to each well for 8 hours 

before the plates were frozen at -20oC for at least 24hrs. Cells, after thawing, were harvested 

onto filtermats (PerkinElmer) and activity counted with a Wallac 1450 MicroBeta-TriLux 3 

Detector (PerkinElmer).  Each plate was counted five times and mean values calculated per 

well. Each condition was set up with a repeat of n=12.  Data is presented as the mean value 

of the mean values ± standard deviation.  

 

3.2.7 OMLP-PC antibacterial capabilities 

3.2.7.1 Production of OMLP-PCL Conditioned Medium for bacterial susceptibility 

Experiments 

OMLP-PCLs were cultured as described in Chapter 2 (Section 2.2.1).  Cells were passaged, 

washed with PBS and resuspended in SCM containing no antibiotics and seeded at the normal 

density of 2000cells/cm2 in T75 flasks.  Once cells had reached 50-60% confluency, cell 

medium was changed to SCM with no antibiotics +20% (v/v) Brain Heart Infusion (BHI: Sigma, 

UK). Cells were cultured for 3 days before the conditioned medium (CM) was collected.  CM 



Chapter 3. Characterisation of Immortalised OMLP-PCs  

 62 

was centrifuged at 500x g for 10 min to pellet any cell debris or detached cells before being 

aliquoted and stored at -80oC until use.  

 

3.2.7.2 OMLP-PC bacterial susceptibility testing 

Bacterial susceptibility testing was carried out by Dr Emma Board-Davies, Stem Cells, Wound 

Repair & Regeneration group, Cardiff University. Staphylococcus pyogenes (NCTC 8198) was 

maintained on tryptone soya agar (TSA; Oxoid Ltd., Basingstoke, U.K., http://www.oxoid.com). 

Proteus mirabilis (NCTC 11938) was maintained on cysteine lactose electrolyte deficient 

(CLED; Oxoid Ltd.) agar to prevent swarming of the bacteria. Bacteria were sub-cultured onto 

fresh agar plates weekly and grown over-night at 37°C.  Agar plates were then stored at 4°C.  

The CFUs of each bacterium were previously calculated from 10mL (P. mirabilis) or 20mL (S. 

pyogenes) overnight cultures derived from single colonies. Cultures were spiral plated using 

a Whitley automatic spiral plater (Don Whitley Scientific, Shipley, UK) onto appropriate agar 

after 23 hours at 37°C (and 5% CO2 for S. pyogenes). The bacterial colonies were 

subsequently counted in accordance with the manufacturer’s instructions and the dilution for 

100 colony forming units (CFU) was determined for each culture.  

 

A total of 100 CFU of either S. pyogenes or P. mirabilis in PBS were added to 90uL of OMLP-

PC conditioned medium.  Co-cultures were incubated at 37˚C in 5% CO2 for 24 hours.  The 

bacterial cultures were serially diluted onto TSA (S. pyogenes) or CLED (P.mirabilis) agar 

plates and incubated at 37˚C overnight before colony counting according to the manufacturer’s 

instructions. 
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3.3 Results  

 

The scale up needed for the isolation of clinically sufficient volumes of exosomes from cells is 

significant and challenging.  Constant cell culture is required to expand cells to a point where 

CM can be routinely collected and EVs isolated.  This scale up requires cells to undergo many 

population doublings and therefore drives cells to the point of senescence.  It is commonly 

understood and accepted that at, or close, to the point of senescence, a cells behaviour 

changes considerably.  Cells can no longer divide but still remain metabolically active.  A 

senescent adult stem cell can no longer differentiate, shows reduced migratory ability and can 

stimulate the proliferation and division of cancer cells in vitro (Geissler et al., 2012, Sepulveda 

et al., 2014).  Furthermore, senescent cells demonstrate a significantly different secretome 

which could include the secretion of distinctly different EVs, reviewed by (Lunyak et al., 2017). 

To overcome the problem of cellular senescence, hTERT can be expressed with cells to 

rebuild telomeres allowing cells to escape their finite ability to divide.  hTERT immortalised 

cells have been demonstrated to behave similarly to matched cell strains, with such cell lines 

being able to show many of the advantages of the cell strains without the concern of cellular 

senescence. 

 

3.3.1 hTERT immortalisation and growth  

Three OMLP-PC cell strains (10PCA, 10XLIX & 17XV) were infected with either a viral pBABE 

retroviral vector containing hTERT/puromycin resistance gene or the puromycin resistance 

gene alone (mock). To select for positively transfected cells, cells were grown in a selection 

medium containing 0.5µg puromycin.  Cells that had not taken up the gene were killed and 

only positively transfected cells continued to grow.  Immediately after transfection, the rate of 

cell proliferation declined however, with increasing time in culture, proliferation rates increased 

and cell growth became far more linear (Fig 3.1).  To ensure that the hTERT gene was being 
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effectively expressed within the cell lines, all six cell types were continually cultured whereby 

the matched cell strains underwent cellular senescence (a plateauing of the growth curve) 

whilst the cell lines continued to grow. 10PCA underwent cellular senescence after 58 PDs, 

10XLIX underwent cellular senescence after 78 PDs and 17XV underwent cellular 

senescence after 59 PDs.  All subsequent experiments using OMLP-PC lines described in this 

thesis were carried out past these points of matched senescence.  All three OMLP-PC lines 

(OMLP-PCL) retained their typical fibroblast like morphology and appeared visually similar to 

the matched cell strains (Fig 3.2).  PCR analysis further demonstrated that the three OMLP-

PCLs expressed the hTERT gene (Fig 3.3).  GAPDH expression showed to be consistent 

between the 6 cell types but only the three hTERT transfected cell lines were shown to express 

hTERT.   
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Figure 3.1: The three hTERT cell lines continue to grow past the point whereby the matched 

mock cells reached senescence (a plateauing of the curve). Immediately after transfection, cell 

growth slowed but increased to a linear growth rate after a short amount of time. Arrows indicate 

the point of transfection.  
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Figure 3.3: RT-PCR demonstrating that the OMLP-PC lines express hTERT whereas the 

matched cell strains did not.  GAPDH expression was present in all samples.  
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3.3.2 OMLP-PCL stem cell marker expression  

Typically, MSCs characterisation requires cells to express or not express certain cell surface 

markers.  These markers give an indication of the ‘stemness’ a particular cell population has 

as well as an indication of its origins.  Similar to MSCs OMLP-PCs have also been 

demonstrated to express CD90, CD105 and CD166 and are negative for CD34 and CD45 

(Davies et al., 2010).  Once the cells had been immortalised (grown past the point of cellular 

senescence) flow cytometry analysis of all three OMLP-PC lines was carried out on fixed cells.  

Cells were gated to discount any cellular debris or double cells and hence analysis was carried 

out on single cells (Appendix I). Analysis showed expression of CD90, CD105 and CD166 in 

all three OMLP-PC cell lines as well as the cell strains but showed no expression for CD34 or 

CD45 (Figs 3.4-3.6). 
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Figure 3.4: Flow cytometry data for 10PCAh.  10PCAh were negative for CD34 (B) and CD45 (C) but 

positive for stem cell markers CD90 (D), CD105 (E) and CD166 (F). Expression levels are summarised 

in (G).  All IgG controls were negative. 
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Figure 3.5: Flow cytometry data for 10XLIXh.  10XLIXh were negative for CD34 (B) and CD45 (C) but 

positive for stem cell markers CD90 (D), CD105 (E) and CD166 (F). Expression levels are summarised 

in (G).  All IgG controls were negative. 
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Figure 3.6: Flow cytometry data for 17XVh.  17XVh were negative for CD34 (B) and CD45 (C) but 

positive for stem cell markers CD90 (D), CD105 (E) and CD166 (F). Expression levels are summarised 

in (G).  All IgG controls were negative 
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3.3.3 OMLP-PC Line differentiation capabilities  

As previously shown OMLP-PCs are capable of undergoing differentiation down mesodermal 

lineages, successfully differentiating into bone, cartilage and fat (Davies et al., 2010). To 

assess whether immortalised OMLP-PC lines behaved as the cell strains, cells were 

differentiated down both adipogenic and osteogenic lineages.  Cells that had undergone 

adipogenesis were stained with LipidTox which stains lipid while cells that had undergone 

osteogenesis were stained with Alizarin Red which stains calcified matrix. Human bone 

marrow derived MSCs were also run as a positive control. Fig 3.7 shows the osteogenic 

potential of all three OMLP-PCL cells as well as the MSCs.  All three OMLP-PC lines were 

able to undergo osteogenic induction as shown by the positive alizarin red staining.  Cells 

cultured in normal SCM and then stained with alizarin red showed no positive alizarin red 

staining (Fig 3.7).  Not only did OMLP-PCLs show similar levels of differentiation to the 

matched strains but they also show similar levels of osteogenic induction as the MSCs after a 

21-day osteogenic differentiation process.  Fig 3.8 shows the adipogenic potential of the 

OMLP-PCs cultured in adipogenic medium.  As shown by positive (green) LipidTox staining, 

10PCAh was capable of undergoing adipogenesis at an increased level compared to the 

matched cell strain.  Both 10XLIX and 17XV showed similar levels of adipogenic differentiation 

compared to their respective matched cell strains, although at a lower level than both 

10PCA/10PCAh.  Cells cultured in normal SCM and then stained with LipidTox demonstrated 

no staining for lipid (Fig 3.8).  
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3.3.4 OMLP-PCL Immunomodulatory Capability  

One of the most potent published effects of OMLP-PCs is their ability to reduce T-Cell 

proliferation when undergoing an immune response (Davies et al., 2012) .  Therefore, it was 

critical that any OMLP-PC line still retained their ability to modulate T-Cell proliferation.  To 

induce T-Cell proliferation, T-Cells were stimulated with IL-2. cIrradiated OMLP-PCs were also 

added into the reaction to act as stimulator cells while the T-cells acted as responder cells.  

Cells were left in culture for 3 days before thymidine labelling for 8 hours and then harvesting 

and radiation counting using a micro beta counter.   Fig 3.9 shows the number of counts per 

minute for thymidine labelled PBMCs stimulated with IL-2, cultured with either 1% or 0.1% 

OMLP-PCs (stimulator cells) to PBMCs (responder cells). With all three cell types, the number 

of counts per minute increased when PBMCs were stimulated with IL-2 compared to the 

PBMC only group (Fig 3.9A-C). However, when irradiated 10PCAh cells were also added into 

the reaction the number of counts per minute significantly reduced when both 1% (1000) and 

0.1% (100) stimulator cells were added, indicating a strong inhibition of an immune response 

(Fig 3.9A). When irradiated 10XLIXh cells were added into the reaction, there was again a 

significant reduction in PBMC proliferation when 1% (1000) stimulator cells were added but 

when reduced to just 0.1% responder cells, there was no significant difference compared to 

the IL 2 only control (Fig 3.9b).  This data indicates 10XLIXh has a reduced inhibitory effect 

on T cell proliferation. Finally, when irradiated 17XVh cells were added into the reaction there 

was a significant increase in T cell proliferation at 1% (1000) stimulator cells. At 0.1% (100) 

stimulator cells there was no significant difference in T-Cell proliferation compared to the IL-2 

only control (Fig 3.9C).  This indicates that the 17XVh has lost its inhibitory effect on T-Cell 

proliferation.  
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Figure 3.9: Counts per minute for thymidine labelled PBMCs cultured with/without IL-2 and with/without OMLP-

PCL 10PCAh (A), 10XLIXh (B) and 17XVh (C).  Results indicate that 10PCAh is able to significantly reduce T-

cell proliferation, 10XLIXh has some effect on T-cell proliferation where as 17XVh has lost its ability to modulate 

T-cell proliferation.  
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3.3.5 OMLP-PCL Antibacterial Capabilities  

It has previously been demonstrated that OMLP-PCs secrete antibacterial factors into their 

surrounding environment (Board-Davies et al., 2015). To determine the antibacterial effects 

of the OMLP-PC secretome, both a gram positive (S. pyogenes) and gram negative (P. 

mirabilis) bacterium were cultured with/without 90% OMLP-PC CM.  To allow bacterial survival 

in control conditions it was important to include 10% v/v BHI into the OMLP-PC CM so as not 

to put the bacteria in a pressured environment, thereby allowing for any decrease in growth to 

be solely due to the addition of OMLP-PC CM and not due to being cultured in a selective 

environment.  Bacteria were left to grow overnight in CM before spiral plating and counting the 

following day.  Results indicated a significant reduction in the growth of both S. pyogenes and 

P. mirabilis, compared to controls, when bacteria were cultured with the CM from any of the 

OMLP-PC lines or strains (Fig. 10A & Fig. 10B; P<0.005).  Results also indicated no significant 

difference (P>0.05) between the amount of bacterial growth inhibition by any of the cell lines 

versus any of the cell strains, for both bacteria (e.g. 10PCA strain versus 10PCA line).  There 

was also no significant difference (P>0.05) between any of the three cell lines (e.g. 10PCA 

versus 10XLIX versus 17XV) suggesting that no one cell type was better than another (Fig. 

3.10A & 3.10B).  
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Figure 3.9:  Positive antibacterial effects of OMLP-PC and OMLP-PCL against (a) a gram negative (P. 

mirabilis) and (b) a gram positive (S. pyogenes) bacterium.  There were no significant differences 

when comparing cell lines versus cell strains. Significance versus unconditioned medium. 
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3.4 Discussion 

 

OMLP-PCs are a relatively newly described progenitor cell population that can be easily 

isolated from a tissue that demonstrates minimal/no scar formation (Stephens and Genever, 

2007, Davies et al., 2010).  Although these progenitor cells show great potential for clinical 

therapy, the scale up required for obtaining a sufficient number of cells or for the isolation of 

useful secreted products (e.g. SEVs/EVs) would inevitable result in progenitor cell senescence 

(despite the fact that the OMLP-PCs do expressed low levels of hTERT naturally).  It is 

commonly accepted that as cells undergo senescence their secretome significantly changes 

and therefore any SEVs/EVs (the main subject matter of this thesis) isolated from these 

senescent progenitor cells may have a compromised/altered therapeutic effect.  Therefore, 

with the increased expression of hTERT within these cells, there may be the potential to 

overcome telomere dependent senescence, allowing for continual cell division and a 

sustainable supply of exosomes/EVs for future experimentation/clinical trials.  In support of 

this approach hTERT immortalisation is a common, simple method of cell immortalisation and 

has recently been used to immortalise progenitor cells from other tissues for exosome isolation 

(Balducci et al., 2014, Willms et al., 2016).  Hence, investigations in this chapter have centred 

on the immortalisation of three OMLP-PC clones and the assessment of their characteristics, 

both phenotypically and functionally, after a point at which matched cell strains had senesced.  

 

3.4.1 hETRT Immortalisation of OMLP-PCs & Cell Characteristics 

After transfection all three OMLP-PCLs were able to grow in the selection medium containing 

1µg/mL of puromycin and retained a typical fibroblastic morphology, similar to the cell strains 

(Davies et al., 2010).  End point RT-PCR also confirmed high levels of hTERT expression in 

the cell lines compared to the cell strains. This data along with the evidence that the three 

OMLP-PCLs were able to grow past the point of senescence compared to the cell strains 
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indicates the three OMLP-PCs have been successfully immortalised.  This is in good 

agreement with the work of others, who have reported that hTERT cell immortalisation can be 

used to immortalise difficult to isolate primary cells as well as for the immortalisation of 

progenitor cells for therapeutic benefits (Balducci et al., 2014, Aiello et al., 2017).  Not only 

does the insertion of hTERT allow cells to avoid replicative senescence but there is also 

evidence that it helps protect against genomic DNA damage (Fleisig et al., 2016).  hTERT 

overexpression is able to ameliorate the cellular response to oxidative stress that occurs 

normally during replicative senescence (Indran et al., 2011). This amelioration has been 

shown to be due to the cells’ improved basic enzymatic antioxidant machinery which in turn 

protects the cell from oxidative stress induced DNA damage (Trachana et al., 2017).  

 

Initial telomere length from freshly isolated progenitor cells has been shown to impact cell and 

graft survival in vivo as well as effecting the number of cells isolated (Mangerini et al., 2009). 

Autologous cell therapies often require cells from elderly patients as these are the people who 

suffer most commonly from degenerative diseases.  hTERT immortalisation can overcome the 

problem of initially shorter telomeres ‘rejuvenating’ the cells isolated form elderly patients 

(Stolzing et al., 2008, Mangerini et al., 2009).  

 

Following immortalisation, all three OMLP-PCL’s retained their typical cell surface 

characteristics as described by Davies et al 2010 for the cell strains.  As with many other 

studies, hTERT immortalised cells retain a significant similarity, in regards to their phenotype, 

with their parent cells when compared to other immortalisation techniques (Jiang et al., 1999, 

Morales et al., 1999, Morales et al., 2003).  Obviously, unlike the parent cells these immortal 

cells are capable of near unlimited numbers of cells divisions displaying a highly extended 

lifespan.  
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3.4.2 Functional experiments with OMLP-PCLs 

hTERT is inserted into the genome randomly and therefore could affect certain key 

genes/pathways.  Therefore, there is a need for the comprehensive characterisation of cells 

following such immortalisation.  In this study hTERT insertion was demonstrated not to effect 

the ability of the OMLP-PCLs to undergo osteogenic differentiation (as confirmed by positive 

Alizarin red staining for mineralised matrix). However, adipogenic differentiation highlighted 

some differences between the three cell lines.  All three OMLP-PCL demonstrated similar or 

improved differentiation capabilities compared to matched cell strains however, there were 

distinct differences between the lines themselves.  hTERT immortalisation has previously 

been reported to be capable of improving adipogenic differentiation of both human and mouse 

MSCs (Jun et al., 2004, Wolbank et al., 2009b). This maintenance or improvement of the 

OMLP-PCL differentiation capabilities is in alignment with other studies showing hTERT 

immortalised MSCs maintained their differentiation potential following immortalisation 

(Wolbank et al., 2009b, Balducci et al., 2014). The differences in adipogenic differentiation 

potential seen between the three cell strains and lines is likely due to the clonal nature of each 

cell populations. James et al. (2015) conducted similar experiments with hTERT immortalised 

MSCs and report that heterogeneous populations of MSCs contain a significant mix of different 

MSC cell types.  Whilst all cells may express the expected markers (CD90, 105, 166 positive, 

CD34, 45 negative) and adhere to plastic, cells may have different functions within the 

heterogeneous population. Unlike the experiments in this thesis, James et al. (2015) hTERT 

immortalised cells and then clonally expanded different colony’s and assessed their 

differentiation capabilities, immunosuppressive capabilities as well as their biomolecular 

profiles.  Their results demonstrate that there were significant differences between clones with 

some showing tri lineage differentiation capabilities while others only differentiated down one 

or two mesenchymal lineages (James et al., 2015).  Differences in the differentiation potential 

between these three OMLP-PC cell strains and the work published in 2010 by Davies et al 

could be as a result of these clonal differences.  
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Although 10PCAh maintained their osteogenic differentiation capabilities and improved 

adipogenic capabilities, it is not unreasonable to assume that further clonal isolation and 

expansion from this cell population would identify further differences between newly isolated 

clones due to the random insertion of the hTERT gene into the cells.   

 

Unlike the altered differentiation capabilities of OMLP-PCL their anti-bacterial capabilities 

remained unaffected with all three cell lines and cell strains showing no significant differences 

in their ability to inhibit bacterial growth.  As previously reported (Board-Davies et al., 2015), 

the OMLP-PC antibacterial effect is due to the secretion of both haptoglobin and 

osteoprotegerin therefore it is suggested that the hTERT immortalisation of OMLP-PCs has 

not affected the production of these known anti-bacterial molecules. The anti-bacterial 

capability of immortalised MSCs is commonly overlooked as it is not a requirement for the 

characterisation of MSCs (Dominici et al., 2006).  Therefore, this is the first time, to the authors 

knowledge, that the antibacterial properties of progenitor cells have been compared to the 

matched cell strain.   

 

This chapter also presented that 10PCAh retained its ability to modulate an immune response.  

However, methods demonstrated here are different to those first shown by Davies et al 2012.  

Here we demonstrated 10PCAh retained its immunosuppressive properties in a IL-2 

dependent manner. IL-2 is a potent T-cell mitogen stimulating proliferation of activated T 

lymphocytes (Smith, 1988).  When 10PCAh was added into the reaction T-cell proliferation 

was significantly reduced. Bone marrow derived MSCs have shown this specific inhibition of 

natural killer cell proliferation when cultured with IL-2 (Spaggiari et al., 2006, Spaggiari et al., 

2008). Experiments in this thesis confirm that only 10PCAh was immunosuppressive via an 

IL-2 dependent manner where as 10XLIXh has significantly reduced immunosuppressive 

properties and 17XVh has no immuno-regulatory function.  
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3.5 Conclusions 

 

In conclusion, this chapter set out to determine the effects of hTERT immortalisation on three 

typical OMLP-PC clones.  It was demonstrated that all three transfected cell strains expressed 

high enough levels of hTERT to avoid telomere dependent cell senescence as shown with 

RT-PCR data and cell population doubling levels.  These immortalised OMLP-PC lines 

demonstrated the expected cell surface markers for OMLP-PCs (CD34 and CD45 negative, 

CD90, CD105 and CD166 positive; (Davies et al., 2010).  Therefore, it was concluded that the 

three immortalised OMLP-PCLs had the correct phenotypic characteristics of the matched cell 

strains so assessment moved onto their functionality. 

 

Potentially due to the random insertion of the hTERT gene, functionally the OMLP-PCLs all 

behaved differently to the strains in functional assays.  One cell line acted as would be 

expected of OMLP-PCs (10PCAh), one cell line that lost some of its functionality (10XLIXh) 

and one cell line lost most of its functionality (17XVh). Therefore, it was decided that 10PCAh 

was the best OMLP-PCL to use for exosome isolation as (i) it retained its ability to differentiate 

down mesodermal lineages, successfully differentiating into both bone and fat, (ii) it also 

retained its ability to modulate the immune response and also (iii) successfully inhibited 

bacterial growth.  Therefore, in future chapters, 10PCAh was used for the isolation of OMLP-

PC SEVs.  
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4.1 Introduction  

 

It has long been thought that EVs play a role in cell to cell communication. Amongst the 

smallest of the EVs, exosomes are of endosomal origin and released from the cell by the 

fusion of the MVE to the plasma membrane. Due to the overlap in size between the smallest 

microvesicles (around 50nm) and the larger exosomes (up to 150nm), without observing their 

biogenesis it is extremely difficult to discriminate vesicles in terms of their routes of origins and 

therefore in the thesis the vesicles under investigation will be referred to as small-EVs (SEVs). 

In more recent years it has been demonstrated that SEVs could be responsible for many of 

the ‘stem cell’ effects seen both in vitro and in vivo (Chang et al., 2018). Therefore, the study 

of SEVs within the field of regenerative medicine is of significant interest as there is a potential 

for ‘stem cell’ effects to be realised without the use or transplantation of cells. This thesis 

focuses on the therapeutic potential of SEVs from 4 cell types: OMLP-PCL, BM-MSC, ExoPr0 

and ExoDiff. However, for this chapter a fifth exosome type will be also studied and used as 

a control population.  DU145 derived SEVs from the Clayton Group at Cardiff University are a 

highly pure SEV population that are well characterised and considered to be some of the 

best/purest SEV preparations within the field (Clayton et al., 2011, Clayton, 2012, Webber and 

Clayton, 2013, Webber et al., 2015a, Webber et al., 2015b). Therefore, these DU145 SEVs 

will act as a positive control for the characterisation of the SEVs used for functional 

experiments later on in this thesis.  

 

A large array of different methods for SEV isolation are currently available.  These range from 

simple and quick preparations such as differential ultracentrifugation or commercially available 

kits that offer a quick isolation but ultimately result in a low SEV purity (Thery et al., 2006, 

Soares Martins et al., 2018), to more labour intensive protocols such as continuous sucrose 

gradients which separate particles based upon their buoyant density resulting in highly pure 

SEV preparations (Raposo et al., 1996a).  Protocols that combine a number of isolation 
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techniques such as precipitation followed by size exclusion offer better purity than just using 

one of the low purity, quick methods alone (Soares Martins et al., 2018).  A modification to the 

continuous sucrose gradient is to float SEVs within a 30% sucrose cushion followed by an 

ultracentrifugation wash to remove any sucrose. This is the method used by the Clayton group 

for the isolation of the DU145 SEVs used in this study (Clayton, 2012, Chowdhury et al., 2015, 

Webber et al., 2015b), and is a variant of an FDA-approved method for the manufacture of 

clinical-GMP applicable exosomes secreted by dendritic cells in vitro (Lamparski et al., 2002). 

 

Due to the number of different isolation methods available for SEVs, and the difference in the 

quality and nature of the isolates arising, significant effort is advised by the international 

comminuity to define the isolated vesicle populations (Thery et al., 2018). SEV 

characterisation is important for the vesicle research field and hence the field of regenerative 

medicine. As more is learnt about these nano-sized vesicles, SEV characterisation is 

continuously developing.  There is a minimal set of essential experimental criteria arrived at 

by the International Society of Extracellular Vesicles (ISEV) for the characterisation of SEVs 

derived from either cell conditioned media or bodily fluids (Lotvall et al., 2014) which has 

recently been updated to give the MISEV 2018 document (Thery et al., 2018).  The document 

states that a combination of techniques is required to determine particle size and morphology 

as well as protein analysis via either western blotting, plate-based assays or flow cytometry to 

determine an enrichment of SEV associated proteins. Here, for this thesis, NTA analysis was 

preformed to give an overall size distribution and concentration of the isolated vesicles. For 

morphology, the use of fixatives in traditional negative stain TEM is known to introduce 

structural artefacts and hence cryo-EM is the preferred tool for high-resolution images of 

vesicle structure. Flow cytometry, of vesicles immobilised onto the surface of microbeads was 

used to confirm the co-localisation of tetraspannins (CD9, CD81 and CD63), consistent with 

the presence of two or more such transmembrane protein in a complex. 

 

 



Chapter 4. SEV Isolation and Characterisation  

 87 

4.1.1 Hypothesis  

Exosomes isolated from OMLP-PCL, MSCs, ExoPr0 and ExoDiff will show similar biochemical 

and physical features as a well characterised and highly pure preparation of SEVs derived 

from a DU145 cancer cell line, and that they are capable of intracellular entry into fibroblastic 

cell recipients.  

 

4.1.2 Chapter Specific Aims  

1) Assess SEV particle size and morphology using both NTA analysis and Cryo-EM 

2) Investigate the tetraspannin profile of SEV preparations 

3) Demonstrated that labelled SEVs are capable of being taken up into recipient cells 
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4.2 Methods  

A number of general methods were used in this chapter including: 2.2.1 Cell culture of 

adherent cells, 2.2.2 Imaging of cells, 2.2.4 Protein Expression Studies and 2.2.5 Statistical 

analysis.   

4.2.1 Identification of EVs in un-purified CM 

4.2.1.1 Cell seeding 

OMLP-PCL and MSCs were seeded at a density of 4000 cells/cm2 in 6 well plates in ED-SCM 

and allowed to adhere for 24hrs. After 24hrs medium was removed and fresh ED-SCM added.  

Each time point was set up in triplicate.  At the time of experimentation (24, 48 or 72hrs) 

conditioned medium was collected and filtered using a 0.22µM filter before storing at -80°C 

until needed. At each time point, after the CM was removed, cell monolayers were washed 

with PBS and 500uL of 0.05% (v/v) trypsin/EDTA (0.53mM) added and incubated with the 

cells for 5mins at 37°C.  Cells were collected into ED-SCM and centrifuged at 300xg for 5mins 

to pellet cells.  The resulting cell pellet was then resuspended in 500uL of ED-SCM.  10uL of 

this cell suspension was taken and diluted 1:1 with trypan blue and a cell count undertaken.  

 

4.2.1.2 TRIFic™ Assay for tetraspanins  

A TRIFic™ assay (Cell Guidance Systems; Cambridge, UK) for CD9, CD81 and CD63 was 

performed according to the manufacturer’s instructions on the CM generated in 4.2.1.1 (cell 

seeding).  This assay is unlike typical ELISA systems as it uses the same antibody clone for 

both antigen catch and detect. In this way for a signal to be generated the tetraspanin target 

must exist in a complex where there are at least two available epitopes. The detection of a 

signal using this assay therefore implies the detection of a vesicle carrying more than one 

copy of the target tetraspanin. In brief, wells of a 96 well plate were coated with 100uL of either 

biotin-CD9, biotin-CD81 or biotin-CD63 (all 2ng/mL), diluted in ‘assay buffer’ and then 

incubated at room temperature for 1 hr. After 1hr plates were washed three times using 250uL 
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of ‘wash buffer’ per well using an automated plate washer.  100µL of test supernatant, 

prepared as in 4.2.1.1, was then added to each well and incubated at room temperature for 

1hr. After 1 hr wells were washed three times with 250µL of ‘wash buffer’ using an automated 

plate washer. Europium labelled detection antibody (Europium-CD9, Europium-CD81, 

Europium-CD63) was diluted to 0.25ng/µL in ‘assay buffer’ and 100uL added to each well for 

1hr at room temperature.  After 1hr wells were washed three times with 250µL of ‘wash buffer’ 

per well using an automated plate washer. 100µL of Europium Fluorescence Intensifier was 

then added to each well for 15min at room temperature. After 15min fluorescence was 

detected using time resolved fluorescence (TRF) with an excitation wavelength of 340nm and 

a measurement wavelength of 615nm.  Integration time was set to 400us and the lag time set 

to 200us.  

To normalise fluorescence to cell number, TRF values were divided by the cell number 

counted in the well the supernatant was collected from (n=3). 

 

4.2.2 SEV isolation  

CM was collected from OMLP-PC immortal cell line 10PCAh (OMLP-PCL) as it was 

demonstrated in Chapter 3 that this clone showed stem cell characteristics most similar to the 

corresponding cell strain.  All CM was collected at least 10 PDs past the point of the matched 

cell strain senesced (>PD66). MSC CM was collected from cells up to passage 5 or 20 PDs.  

 

4.2.2.1 Collection of OMLP-PCL and MSC Conditioned Medium  

OMLP-PCL or MSC CM was collected from cells after at least 2 passages whereby the cells 

had been cultured in exosome depleted FBS (ED-FBS) in place of the regular FBS in SCM 

(ED-SCM). ED-FBS was produced by ultracentrifugation of FBS at 100,000xg for 18-20hrs at 

4˚C in a Beckman Coulter XP100 ultracentrifuge with a 70Ti fixed angle rotor before being 

passed through both a 0.2µM and 0.1µM filters (MerkMillipore; Massachusetts, USA). Cells 
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were cultured as described in 2.2.1. Briefly, cells were seeded at a density of 4000 cells/cm2 

in ED-SCM and left in culture for 48 hours until 50-60% confluent. Medium was removed and 

replaced with fresh ED-SCM and cells returned to culture for 72 hours until 85-95% confluent 

before the CM was collected. The collected CM was centrifuged at 500xg for 7 minutes to 

pellet dead cells, the supernatant collected and centrifuged at 10,000xg for 7 minutes to pellet 

any cellular debris or microvesicles.  The supernatant was collected and filtered through a 

0.2µM filter to remove any remaining debris or microvesicles. CM was either used immediately 

for vesicle isolation or stored at -80oC until required.  

 

4.2.2.2 Purification of Extracellular vesicles from Conditioned Medium  

Throughout this thesis OMLP-PCL and MSC EVs were isolated from CM collected as 

described in 4.2.2.2.1 (ExoSpin; Cell Guidance Systems) unless otherwise stated.  

 

4.2.2.2.1 Precipitation based isolation followed by size exclusion 

OMLP-PCL SEVs were isolated from CM using an ExoSpin kit (Cell Guidance Systems, 

Cambridge, UK) according to manufacturer’s instructions. In brief, CM was mixed with a half 

volume of buffer A (e.g. 15mL buffer A added to 30mL CM) and left at 4oC overnight. The 

mixture was then centrifuged at 16,000xg for 1 hour at 4oC to pellet vesicles.  After 1 hour the 

supernatant was discarded and the pellet resuspended in either 100µL or 1mL depending on 

the size of ExoSpin column used. 100uL of precipitated pellet was loaded on top of ExoSpin 

mini size exclusion columns following equilibration with 200µL of PBS.  EVs were eluted with 

a 50xg centrifugation resulting in 200µL of EVs in PBS (ES OP EVs).  Alternatively, ExoSpin 

midi columns were equilibrated with 2x 10mL of PBS and allowed to drain under gravity.  Once 

all the PBS had passed through the column EVs were isolated by the manufacturers “high 

resolution” isolation protocol.  Of the 1mL of precipitated EVs, 500µL was added onto the 

column and a 500uL fraction collected.  Another 500mL of precipitated EVs were then added 

to the column and a second 500uL fraction collected.  After 2x 500µL of sample had been 
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added to the column and two fractions collected (fractions 1 and 2) 11x 500µL of PBS was 

added and a further 11 fractions collected.  Fractions numbered 7-13 were pooled 

concentrated with an Amnicon Ultra-15 100KDa filter to a final volume between 500-1000µL. 

 

4.2.2.2.2 Molecular weight cut off followed by size exclusion  

15mL of CM was added on top of an Amnicon Ultra-15 100KDa MWCO filter (Millipore, 

Massachusetts, USA) and concentrated by centrifugation at 300xg in a swing out rotor for 

30min at 4˚C until 60mL of media was concentrated down to 1mL.  The resulting 1mL of 

concentrated CM was added onto an ExoSpin midi size exclusion column (Cell Guidance 

Systems, UK) and EVs isolated as per the manufacturer’s protocol.  In brief, columns were 

equilibrated with 2x 10mL of PBS and allowed to drain under gravity.  Once all the PBS had 

passed through the column EVs were isolated by the manufacturers “high resolution” isolation 

protocol.  Of the 1mL of concentrated CM, 500µL was added onto the column and a 500µL 

fraction collected.  Another 500µL of CM was then added to the column and a second 500µL 

fraction collected.  After 2x 500µL of sample had been added to the column and two fractions 

collected (fractions 1 and 2) 11x 500µL of PBS was added and a further 11 fractions collected.  

Fractions numbered 7-13 were pooled concentrated with an Amnicon Ultra-15 100KDa filter 

to a final volume between 500-1000µL (UF/SE OP EVs). 

 

4.2.2.3 Isolation of DU145 EVs 

EVs from DU145 prostate cancer cells were gifted by the Clayton group (Cardiff University) 

and produced as previously described  (Clayton, 2012, Webber and Clayton, 2013, 

Chowdhury et al., 2015, Webber et al., 2015a, Webber et al., 2015b). In brief, DU145 prostate 

cancer cells were seeded into Integra Cell Line AD bioreactors (Wheaton, New Jersey, USA) 

which have been shown increase SEV yield in vitro (Mitchell et al., 2008). 15mL of CM was 

removed from the bioreactor weekly and centrifuged at 400xg for 7 min and 2,000xg for 15min 

to pellet any dead cells or cellular debris. The supernatant was collected and filtered through 



Chapter 4. SEV Isolation and Characterisation  

 92 

a 0.2µM filter to remove any remaining cellular debris or microvesicles. Filtered CM was stored 

at -80°C until required.  

 

Defrosted CM was underlaid with a 30% sucrose/D2O cushion and centrifuged at 100,000xg 

for 2 hours at 4°C. Approximately 3mL of the cushion was carefully removed from the 

centrifuge tube and diluted in an excess of PBS.  SEVs were pelleted by ultracentrifugation at 

100,000xg for 2hrs in a fixed angle rotor. SEV pellets were resuspended in PBS and stored at 

-80°C until use.  

 

4.2.2.4 Isolation of EVs from ReNeuron Cell Conditioned Medium 

As the leading cell line in its clinical trial for treatment of stroke disability, CTX0E03 is a GMP 

neuronal progenitor cell line (Kalladka et al., 2016, Sinden et al., 2017) and is the original cell 

source for both SEV products: ExoPr0 and ExoDiff.   

 

ExoPr0 is isolated from CTX0E03 cells whilst they are in a logarithmic growth phase.  Cells 

are cultured in a chemically defined medium containing no FBS in Nunc T500 triple layer flasks 

(FisherScientific). Approximately 25L of CM is gathered from approximately 72 flasks.  The 

CM is pooled and centrifuged at 4000xg for 20minutes at 4°C to pellet any detached or dead 

cells, the supernatant is collected and held at 4°C until used for SEV isolation.  Approximately 

25L of CM is concentrated to 500mL through a sterile 100kDa hollow fibre filter module using 

a TFF pump on a Spectrum Labs KMPi system with an inline 0.2µm filter. The resulting 500mL 

of concentrated retentate is buffer exchanged 10x in PBS and transferred to a KR2i system 

where it is concentrated further through a sterile 100kDa hollow fibre filter module to 50mL. 

The 50mL retentate is 0.2µm sterile filtered and stored at 2-8°C overnight.  Concentrated 

retentate from the TFF process is further purified by size exclusion chromatography using qEV 

columns (izon Scientific; Oxford UK).  A qEV column is washed with 10mL of PBS and allowed 

to drain under gravity.  5mL of TFF retentate is then added on top of the column and 4.5mL of 
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elute collected as waste material.  13mL of PBS is then added onto the column and the first 

4.5mL of elute is collected and contains ExoPr0 SEVs. Overall 25L of CM produces 

approximately 45mL of ExoPr0 SEVs.  

 

ExoDiff is produced from the CTX0E03 cell line after a period of differentiation in a Cell Line 

AD Integra Bioreactor.  Due to the nature of the bioreactor cells are seeded and become 

confluent.  After a period of time in the bioreactor cells differentiate and secrete distinctly 

different EVs compared to when the cells are dividing and are undifferentiated.  For this thesis, 

exosomes have been isolated from the CM taken from the bioreactor between weeks 8-10.  

The 15mL of CM taken from the bioreactor was combined with an identical 15mL sample from 

another bioreactor and concentrated down to 1mL by TFF using a 100KDa mPES Hollow fibre 

filter (Spectrum Labs; Massachusetts, USA) operated by hand syringes.   

 

4.2.2.4.1 EV protein quantification  

EV protein concentration was determined using a MicroBCA Protein Assay (ThermoFisher 

Scientific) according to manufacturer’s protocol. A standard curve was produced with a serial 

dilution from 2000μg/mL BSA to 0μg/mL BSA. SEVs were diluted between 1:5-1:10 so that 

they fit on the scale. SEV protein concentrations were calculated based on absorbance values 

from the standard curve.  

 

4.2.2.5 Extracellular Vesicle Storage  

 All OMLP-PCL and MSC EVs were stored at 4oC in the dark for up to 10 days before use in 

assays. ReNeuron EVs were stored at 4oC for up to 1 month before use in assays. DU145 

EVs were stored at -80oC until required.  
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4.2.3 Exosome Characterisation  

OMLP-PCL EVs, MSC EVs, CTX-ExoPr0 and CTX-ExoDiff were all characterised and 

compared to DU145 SEVs. 

 

4.2.3.1 Nanoparticle Tracking Analysis 

NTA was carried out using a NanoSightä LM10 equipped with a blue laser, a CCD camera, 

and a syringe pump system (Malvern Instruments, UK). Prior to EV analysis, instrument 

performance was assessed using 100nm latex beads (Malvern Instruments).  Samples were 

diluted using nanoparticle free water (Fresenius Kabi, Runcorn, UK) so that the particle 

concentration was within the linear range of the instrument. Samples were administered and 

recorded under controlled flow from a syringe pump (set to a speed of 50 arbitrary units). Six 

replicate videos of 30 seconds were recorded along with sample temperature for each 

specimen. Videos were batch analysed using the integrated NTA 3.1 software, with the 

cameras sensitivity and detection threshold set to between 14-16 and 1-3 respectively. 

Particle number was calculated based upon the area under the histogram and modal and 

mean particle sizes determined.  

 

4.2.3.2 Cryo-Electron Microscopy  

Cryo-EM was performed, as part of a collaboration, by Prof Juan Falcon-Perez (CIC bioGUNE, 

Derio, Spain).  Briefly, EVs were directly adsorbed onto glow-discharged holey carbon grids 

(QUANTIFOIL, Großlöbichau, Germany).  Grids were then blotted at 95% humidity and rapidly 

plunged into liquid ethane with the aid of a VITROBOT (Maastricht Instruments BV, Maastricht, 

The Netherlands).  Vitrified samples were imaged at liquid nitrogen temperature using a JEM-

2200FS/CR Transmission Electron Microscope (JEOL, Tokyo, Japan), equipped with a field 

emission gun and operated at an acceleration voltage of 200 kV.  
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4.2.3.3 Density Gradient Vesicle Separation 

To assess the density of isolated EVs, EVs were separated along a continuous sucrose 

gradient as previously described (Raposo et al., 1996a).  Continuous sucrose gradients were 

formed using a gradient maker (Hoefer S1614, GE Bioscience).  The chamber closest to the 

outflow was filled with a 0.2M sucrose solution (dissolved in ultrapure water) and the second 

chamber was filled with a 2.5M sucrose solution (also dissolved in ultra-pure water). The 

gradient was then poured into an open top polyallomer centrifuge tube (Beckman Coulter).  At 

least two gradients were always poured to allow for balancing in the ultracentrifuge. Isolated 

EVs (OMLP-PCL, MSC, Exo-Pr0, Exo-Diff or DU145) were then loaded on top of the gradient 

and the tube topped up with PBS.  The samples were then ultracentrifuged at 8,000xg for 1 

hr, 67,000xg for 1 hr, 200.000xg for 16hr, 67,000xg for 1hr, 8,000xg for 30min and coast to 

decelerate slowly using a MLS-50 rotor in an Optima-Max ultracentrifuge.  Once centrifugation 

was complete, 16 fractions were carefully taken from the top of the gradient until no liquid 

remained in the tube. Fractions were labelled 1-16 with fraction 1 being the first fraction taken 

and therefore the lightest and fraction 16 being the most dense.  

 

The refractive index of collected fractions was measured at 20°C using an automatic 

refractometer (J57WR-SV, Rudolph Scientific) and from this the density was calculated based 

upon published tables in the Beckman Coulter ultracentrifuge manual.  

 

Once the density had been calculated, an excess of PBS was added into each tube and 

thoroughly mixed. Samples were then ultracentrifuged at 200,000xg in a Beckman TLA-100 

rotor in an Optima-Max ultracentrifuge for 1hr.  Following ultracentrifugation, the supernatant 

was carefully removed and any pellets were resuspended in 31uL of PBS. Of this 1uL was 

taken and protein concentration estimated based on the absorbance at A280nm using a 

Nanodrop™ 2000 Spectrometer (ThermoFisher Scientific); n=2. The remaining 30uL was split 

and used for further analysis.  
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4.2.3.4 Microplate Immuno-Phenotyping Assay  

SEVs were diluted and added to high binding protein ELISA strips (Greiner Bio-One, 

Frickenhausen, Germany) at a concentration of 5μL per well and incubated at 4°C overnight 

to allow protein binding. Plates were washed three times with a Tris based wash buffer 

(Kaivogen, Turku, Finland) to remove any unbound particles. The protein-binding sites in the 

wells were blocked using a 1%BSA (w/v) in PBS solution for 2 hours at RT. Unbound BSA 

was removed by washing three times with wash buffer before 1μg/mL of primary antibody: 

CD9 (R&D Systems; Minnesota, USA), CD18 (BioRad; California, USA), CD63 (BioRad) was 

added to each well diluted in 0.1% BSA and incubated at RT for 2 hours. Wells were washed 

three times with wash buffer before a biotinylated goat anti-mouse secondary antibody (Perkin 

Elmer, Massachusetts, USA) was added at a final concentration of 200ng/mL in 0.1% BSA for 

1 hour at RT.  Wells were washed three times in wash buffer before the addition of a europium-

strepdavadin conjugate (Perkin Elmer) at a final concentration of 100ng/mL in Red Assay 

Buffer (Kaivogen) for 45 minutes at RT.  Wells were washed six times with wash buffer before 

the addition of a europium fluorescence intensifier (Kaivogen) for 5 minutes at RT. Europium 

signal was assessed by time-resolved fluorescence (TRF) on a PHERAstar FS Microplate 

Reader (BMG Labtech, Aylesbury,UK). 

 

4.2.3.5 SEV Flow Cytometry  

Due to the size of SEVs (30-150nm) and the comparatively large minimal detection threshold 

of conventional flow cytometers (typically around 1um) EVs need to be bound to beads or 

other particles for reliable and accurate detection on conventional flow cytometry systems. 

However, we acknowledge that the benefits of flow cytometry in terms of single-vesicle 

analysis is lost in this configuration; being instead a bulk assay that provides average-

population measures.  For experiments in this thesis, 25μg of SEVs were bound to 20uL of 

CD63 coated Dynabeads (ThermoFisher,USA) in a 100uL final volume overnight at 4˚C made 

up in 0.1% (w/v) sterile filtered BSA (Isolation buffer).  Following an overnight incubation, 
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beads and EVs were captured using a Dynal® MPC-L magnet for 1min.  The supernatant was 

removed and beads washed in 300uL of isolation buffer. Tubes were then placed back on the 

magnet and the supernatant removed before resuspending the beads in 100uL of isolation 

buffer for staining.  Either the IgG control or test antibodies were added; IgG1 FITC (50μg/mL), 

IgG1 PE (50μg/mL), CD81 FITC (50μg/mL), CD63 FITC (50μg/mL) and CD9 PE (50μg/mL), 

(all from Miltenyi, Germany). Primary antibodies were incubated at 4˚C in the dark for 30min.  

After this incubation beads were washed twice with isolation buffer and finally resuspended in 

400uL of isolation buffer for analysis. Samples were analysed on a FACSCanto II Flow 

cytometer (BD Biosciences) equipped with a 488 and 535nm laser excitation source a 

minimum of 10,000 events were recorded per sample. Fluorophore-conjugated 

immunoglobulins were used as controls.  All data was analysed using the software package 

FlowJo version vX0.7. 

 

4.2.3.6 SEV uptake into fibroblasts   

SEV uptake into recipient fibroblasts was carried out as previously described (Roberts-Dalton 

et al., 2017). Three recipient normal skin human fibroblast cell lines nIh, nKh, nHh were all 

examined to determine their ability to uptake the repertoire of SEVs.  Cells were seeded into 

either 6 well plates at 50,000cells/well (for flow cytometry) or 8 well chamber slides at 4,500 

cells/well (fluorescent microscopy) and left for 48 hours to adhere and proliferate in SCM. After 

48hours SCM was removed and cells switched to SFM for 48 hours.  Following this 48 hour 

incubation, 200μg/mL of C5-maleimide-Alexa633 was added to 150uL of EVs and incubated 

at RT in the dark for 1hr.  During incubation, exosome spin columns were hydrated according 

to manufacturer’s instructions.  Namely, powdered resin was hydrated using 650uL of PBS for 

10-15 min at RT. Exosome spin columns were placed in collection tubes and centrifuged at 

750xg for 3 minutes to pellet resin. Labelled exosomes were then added on top of the resin 

and centrifuged at 750xg for 3 minutes to allow exosomes to pass through the resin and any 

unbound dye remaining in the resin.  As a control, dye with no exosomes was also passed 
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through the column to show that any unbound dye was retained within the resin and only dye 

bound to exosomes was able to pass through.  

 

Labelled exosomes were diluted in SFM to a concentration of either (i) 10μg/mL or 50μg/mL 

for EVs isolated by ExoSpin or (ii) 1x109 or 1x1010 particles/mL for both of the ReNeuron 

vesicle types and incubated on cells for 1hr.  After 1hour (OMLP-PCL, MSC, DU145, Exo-Pr0 

and Exo-Diff) or 4hrs (ExoPr0 and ExoDiff) exosome labelled cells were washed twice with 

PBS before proceeding to either flow cytometric analysis or confocal laser scanning 

microscopy. SEV concentrations were based upon functional dosing concentrations used in 

Chapter 5.  A detailed explanation and comparison between the dosing can be found later on 

in 5.3.2. 

 

Cells to be imaged by fluorescent microscopy were washed a total of 3 times with PBS before 

being fixed with ice cold acetone:methanol for 5 minutes. Fixed cells were washed 3 times 

with PBS and F-Actin was stained using a 0.8nM Phalloydin-Atto-594 (Sigma Aldrich) solution 

for 2 hours at RT in the dark.  After 2 hours the solution was removed and cells washed 3 

times with 0.1% BSA before mounting and nuclear counterstaining using Flouroshield 

mounting medium containing DAPI. Cells were imaged as previously described in 2.2.2 using 

a Zeiss LSM880 Airyscan confocal microscope using a Neofluar 40 DIC M27 oil objective with 

a numerical aperture of 1.3.  

 

Cells to be analysed by flow cytometry were washed twice with PBS before being detached 

using 500uL of Trypsin/EDTA 0.05% (v/v) per well.  Labelled cells were collected into 5mL of 

normal SCM and transferred into FACS tubes before pelleting at 300xg for 5 minutes.  Cells 

were resuspended in 2mL of PBS before pelleting at 300xg for 5 minutes.  This wash step 

was repeated twice more before cells were resuspended in 400uL of PBS before flow 

cytometric analysis at 488nm on a FACScanto flow cytometer (BD Biosciences, New Jersey, 

USA).    
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4.3 Results  

 

4.3.1 Conditioned media contains exosome sized particles  

The simplest and quickest way to assess whether cells are secreting exosomes is to examine 

CM to see if it contains particles of equivalent size to SEVs (30-130nm).  NTA for OMLP-PCL 

CM clearly demonstrated the presence of particles of equivalent size to SEVs (Fig. 4.1). A 

modal particle size of 82.6nm is in the expected region for SEVs.  However, the low P:P ratio 

(<1x108) of the sample indicated a low SEV purity which is what would be expected for an un-

purified CM sample.  

 

4.3.2 Levels of tetraspannins increase in medium over 3 days and are not 

significantly different to MSCs 

To further assess whether SEVs were released into the CM, levels of the tetraspannins were 

determined using a TRIFIC Assay.  Figs. 4.2A-C demonstrated that over 3 days of culture 

levels of CD81 and CD63 (but not CD9) significantly increased for both 10PCAh as wells as 

for the MSCs (P<0.05).  However, when the levels were normalised to cell number there were 

no significant differences between the levels of any of the tetraspannins from either the MSCs 

or 10PCAh (Figs 4.2D-E; P>0.05) indicting both cell types were secreting similar levels of SEV 

associated proteins.  Over the three day period there is an apparent loss in vesicle output per 

cell that can be observed with both OMLP-PCL and MSCs.   
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Figure 4.1: NTA analysis of OMLP-PCL CM demonstrated SEV sized particles were 

present in the CM.  The low P:P ratio indicates an impure SEV population which would be 

expected for un-purified CM. +-SD, n=6 

Mode: 82.6nm 

Median: 130nm 

Particle Concentration: 1.81x1010 

Protein Concentration: 3221µg/mL 

P:P ratio: 5.62x106 
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Figure 4.2: TRIFIC analysis of CM from both 10PCAh and MSCs over 3 days for CD9 (a) 

CD81 (b) and CD63 (c).  CD81 and CD63 demonstrated a significant increase over the 

three days where as there was no significant increase in the levels of CD9.  When 

normalised to the cell number there was no significant difference (P>0.05) between the 

levels of CD9, CD81 or CD63 found on 10PCAh or MSCs. n=3, +-SEM. 
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4.3.2.1 ExoSpin produces the purest SEVs from the methods tested 

Two methods were tested to isolate SEVs from OMLP-PCL CM; ExoSpin – a precipitation-

based technique and a combination of Ultrafiltration followed by size exclusion 

chromatography.  As a quick screen to determine SEV purity, NTA analysis, BCA analysis to 

determine protein concentration and SEV flow cytometry using CD63 coated beads were 

performed on isolated SEVs from OMLP-PCL CM.   

 

Figs. 4.3A-B shows both techniques isolated particles of the expected size for SEVs and at a 

higher particle concentration than that shown for the CM. The P:P ratio for EVs isolated by 

ExoSpin was also almost 10-fold higher than EVs isolated by ultrafiltration and size exclusion 

indicating a greater level of SEV purity.  

 

Flow cytometry using CD63 coated dynabeads allowed the determination of whether two or 

more of the tetraspannins co-localised on one particle.  SEV CD63 needs to bind to the beads 

and then another tetraspannin is bound to an antibody against either CD9, CD81 or CD63 

demonstrating the co-localisation of one or more of the tetraspannins therefore indicating a 

complexed structure and not just a freely soluble protein.  SEVs isolated by the ExoSpin 

exosome isolation technique were positive for CD9 (Fig. 4.4C) and for CD81 and CD63 (Fig. 

4.4D).  However, SEVs isolated by ultrafiltration and size exclusion were found to be negative 

for all three tetraspannins (Figs. 4.4E-F). For both SEV types 25µg of starting protein was 

used and therefore this indicates significantly less vesicular material when SEVs were isolated 

using ultrafiltration and size exclusion when compared to the ExoSpin isolation kit.  Therefore, 

based upon these two quick and simple techniques (P:P ratio and CD63 flow cytometry) it was 

determined that the ExoSpin SEV isolation technique produced the purer SEV population and 

would therefore be used throughout this thesis.  
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Figure 4.3: Analysis of exosomes isolated by two techniques: ExoSpin, a precipitation based technique, 

and ultrafiltration using a 100Kda MWCO filter followed by size exclusion. NanoSight™ NTA demonstrates 

both techniques isolated particles between 50-150nm in diameter (A and B respectively; n=5 ±SD).  Flow 

cytometry using 25µg of protein and a CD63 bead capture demonstrated that ExoSpin resulted in particles 

positive for the tetraspannins (CD9 - C, CD81 and CD63 -D) whereas there was little positivity for the 

tetraspainnins on particles produced by ultrafiltration + size exclusion (CD9 - E, CD81 and CD63 – F) 

indicating a relatively low EV concentration within the starting 25µg of protein.  

0 50 100 150 200 250 300
0

1×109

2×109

3×109

4×109

Particle Size (nm)

Pa
rt

ic
le

 N
um

be
r p

/m
L

OP EV MWF/SE EV @ RN

Mode: 93.7nm 
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4.3.3 Nanoparticle tracking analysis demonstrates particles of 50-130nm in 

purified EV isolates 

One of the simplest techniques to assess SEV size is NTA. This technique gives an average 

particle size based on hundreds of events however, NTA cannot specifically identify SEVs.  

All five tested SEV types showed particles of the appropriate size for SEVs, between 50-

150nm in size (Figs. 4.4A-B). Individual NTA graphs can be seen in appendix II.  For a set of 

SEVs from different sources there was a range of different purities with DU145 SEVs 

demonstrating a particularly high purity when compared to the other SEVs.  SEVs isolated 

using the ExoSpin isolation technique demonstrated a similar level of purity with OMLP-PCL 

SEVs at 9.4x109 p/μg and MSC SEVs at 4.6x109p/μg. SEVs from ReNeuron demonstrated a 

lower level purity with ExoPr0 SEVs at 5.78x108p/μg and ExoDiff SEVs at 4.7x108p/μg.  

Interesting, SEVs isolated using the same isolation techniques (either ExoSpin or TFF) 

demonstrated similar levels of vesicle purity.  None of the SEV isolations showed significant 

numbers of particles over 200nm due to the 0.2uM filtration prior to SEV isolation or that the 

cells produce a relative paucity of such structures. 
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Figure 4.4: A representative nanoparticle tracking analysis using NanoSight for OMLP-PCL SEVs 

(A)..Additional graphs can be found in Appendix II.  Summary data for NTA analysis of all SEV types 

demonstrating modal and mean particle size, particle concentration, protein concentration and P:P 

ratio (B).  Data demonstrates all tested EVs showed a modal particle size between 30-150nm as 

expected for exosomes but varying degrees of SEV purity. n=6 ±SD 
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4.3.4 Flow cytometry demonstrates co-localisation of tetraspannins on 

vesicles  

Using CD63 coated dynabeads to capture vesicles and then assessing tetraspannin 

expression on captured vesicles demonstrates a co-localisation of two or more tetraspannins 

on a single bead. This therefore, eliminates potential misleading signal arising from soluble 

tetraspanins (or fragments) that may be present in the specimen.  Following vesicle capture, 

SEVs were stained with fluorescent antibodies for either CD9, CD81 or CD63.  OMLP-PCL 

demonstrated positivity for all three tetraspannins (Fig. 4.5A) as did MSC-derived EVs (Fig. 

4.5B) and DU145 EVs (Fig. 4.5C).  Both ReNeuron products, ExoPr0 and ExoDiff, also 

demonstrated positivity for all three tetraspannins (Figs. 4.6D-E).  MSC derived SEVs 

demonstrated a lower signal strength for CD9 than all other SEV types.  MSC derived SEVs 

also demonstrated a greater CD63 signal compared to CD81, something that was also only 

seen in DU145 derived SEVs.  All other tested SEVs demonstrated a greater level of CD81 

when compared to the signal strength of CD63.  Both ReNeuron SEVs, ExoPr0 and ExoDiff 

demonstrated the strongest signals for all three tested tetraspannins.  Due to the CD63 bead 

capture, this could be due to these SEVs containing significantly more CD63 when compared 

to the other SEVs and therefore proportion of SEVs were captured on the beads.  
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Figure 4.5: Analysis of tetraspannin expression on 

exosomes isolated from (A) OMLP-PCs, (B) MSCs, (C) 

DU145, (D) ExoPr0 and (E) ExoDiff. Exosomes were 

captured on CD63 coated Dynabeads™ before flow 

cytometric analysis for the tetraspannins CD9, CD81 

and CD63.  In all cases exosomes showed positive 

expression of all three tetraspannins indicating a co-

localisation or the presence of 3D structure with the 

presence of these tetraspannins.  All IgG controls were 

negative. 
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4.3.5 Density gradient separation demonstrates particles at the expected 

density for SEVs 

One of the most labour-intensive methods to isolate SEVs is to float them on a continuous 

density gradient, yet this method can produce very pure samples it is not suitable for scale up, 

particularly in terms of clinical utility. Instead however, it can also be used to demonstrate the 

presence of SEVs as it is known that SEVs have a buoyant density of 1.15-1.2g/cm3 and 

should therefore transit and reach density equilibrium at this range when subjected to 

ultracentrifugation on a density gradient.  Fractions can then be analysed and the relative 

levels of tetraspannins determined in each fraction.   

 

As expected, DU145 derived SEVs float at a density of around 1.185g/cm3 (Fig 4.6E). Protein 

levels peaked in the fraction with a density of 1.185g/cm3 but also there was also detectable 

protein in the highest density fraction at 1.252g/cm3.  The immunophenotyping plate assay 

demonstrated the highest levels of tetraspannins in both of these fractions, suggesting that 

these are where the SEVs are found (Fig. 4.6F).  Because these DU145 EV had been 

previously subject to several rounds of pelleting, this is known to cause vesicle aggregation 

which may account for the protein and tatraspanin signals at high density (>1.2g/cm3). 

 

OMLP-PC EV density gradient separation demonstrated protein in fractions with the 

corresponding densities to 1.140-1.297g/cm3 (Fig. 4.6A).  The highest protein concentration 

found was in the highest density fraction, 1.297g/cm3.  The immunophenotyping plate assay 

demonstrated tetraspannin expression in fractions between 1.140-1.260g/cm3 peaking in 

fractions 1.174g/cm3 and 1.213g/cm3 (Fig. 4.6B) with little present in the highest density 

fraction.  This may indicate some level of contaminating non-vesicular protein or aggregates 

which is separated from vesicles using this method. 
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MSC EV density gradient separation demonstrated protein present in fractions 1.152-

1.218g/cm3 and fractions 1.232-1.240g/cm3 (Fig. 4.6C).  The highest protein concentration 

was found in the fraction with a density of 1.175g/cm3, which was also the fraction with the 

highest levels of tetraspannin expression.  The increase in protein found in the densest 

fraction, 1.24g/cm3 does not correspond with any significant tetraspannin expression. 

 

ExoPr0 density gradient separation demonstrated that the highest protein concentrations were 

found in fractions 1.196g/cm3 and 1.229g/cm3 with very little protein present in the heavier 

fractions.  Tetraspannin expression peaked in fractions with densities of 1.127g/cm3 and 

1.160g/cm3.  Therefore, the two fractions that showed the highest protein concentration did 

not demonstrate the highest tetraspannin concentration, again potentially indicating a 

contaminating protein in the SEV preparation that is non-vesicular but of a similar density. 

 

ExoDiff density gradient separation demonstrated the highest protein concentration in the 

densest fraction with a density of 1.28g/cm3 with protein also present in fractions 1.15-

1.27g/cm3.  Tetraspannin expression peaked in fraction 1.15g/cm3 and was also present in 

fractions with associated densities 1.18g/cm3 and 1.23g/cm3.  Although high protein is present 

in the densest fraction, there was negligible tetraspannin expression present in this fraction 

indicating presence of contaminating non-vesicular protein.  

 

In summary these data identify the presence of vesicular material containing tetraspanin 

proteins in all sources, that float within an expected range of 1.1-1.2g/cm3.  The position of the 

peak is not identical across these sources however, and although in most cases the 

tetraspanin signals overlap across the same fractions, for ExoDiff the peak expression of 

CD63 and CD9 are resolved, suggesting perhaps the presence of distinct vesicle subsets exist 

exhibiting slightly differing densities for these markers. 
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Figure 4.6: Density gradient separation of EVs using a continuous sucrose gradient. Protein 

concentration and tetraspannin expression are shown for (A&B) OMLP-PCL, (C&D) MSC, (E&F) 

DU145, (G&H) ReNeuron Exo-Pr0, (I&J) ReNeuron Exo-Diff across the gradient.  Exosomes are 

known to have a typical floatation density between 1.1-1.2g/cm 
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4.3.6 Cryo-Electron Microscopy confirms exosomes are present in SEV 

isolates  

Cryo-EM is considered the best way to determine individual vesicle structure.  Using cryo-EM 

the lipid bilayer of single vesicles can be observed and an accurate representation of vesicle 

size can be obtained because the specimen is exposed to vitrification and no solvents or 

fixatives are used.  Images obtained demonstrated heterogeneous populations of vesicles 

exist, with a rounded structure with a distinctive, outer lipid bilayer (Fig. 4.7).  Round vesicles 

were present with a size expected for SEVs between 30-130nm in diameter, although a formal 

size analysis from these images was not performed due to a limited number of microscopic 

fields provided.; OMLP-PCL (Fig 4.7A), MSC (Fig 4.7B), DU145 (Fig 4.7C), ReNeuron Exo-

Pr0 (Fig 4.7D) and ReNeuron Exo-Diff (Fig 4.7E).  Heterogeneity was observed within each 

sample with vesicles demonstrating a variety of sizes and occasionally presenting as vesicles 

within vesicles. There were also examples of non-vesicular material in the specimens, 

including electron dense small clumps (arrows) and diffuse amorphous matter. These are of 

unknown nature and origin but are likely to be cell derived as they are seen in SEV isolates 

by different methods and different sources (Yuana et al., 2013) 

 



Chapter 4. SEV Isolation and Characterisation  

 112 

 

 

Figure 4.7: EVs isolated from the conditioned 

medium from OMPL-PCL (A), MSC (B), DU145 (C) 

as well as EVs from ReNeuron: ExoPr0 (D) and 

ExoDiff (E) and assessed by cryo-EM.  Multiple 

samples and fields of view were captured by Cryo-

EM confirming the presence of round vesicle 

structures with a double lipid membrane typical of 

exosomes. Arrows indicate electron dense areas 

of unknown material, likely to be cell derived but 

their origin is undetermined.  

A - OMLP-PCL B - MSC 

C – DU145 D – ExoPrf 

D – ExoDiff 
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4.3.7 SEVs are taken up into dermal fibroblasts  

One of the overriding properties of SEVs is their capacity to interact with recipient cells, 

through binding and subsequent cellular entry and processing. We therefore explored the 

capacity of isolated SEV to be taken up by fibroblasts. To demonstrate SEV uptake, SEVs 

were fluorescently labelled using a thiol-basted labelling technique (Roberts-Dalton et al., 

2017).  SEVs are known to be cystine rich (Andreu and Yanez-Mo, 2014) are therefore contain 

large numbers of thiol (-S-H) groups that are free to react with the maleimide functional group 

to form a stable, non-reversible thiol-ether linkage.   

 

Flow cytometry of dermal fibroblast lines (nHh, nIh, nKh) after a 1hr incubation with 488 

labelled SEVs confirmed a dose dependent interaction between the cells and SEVs from 

OMLP-PCL, MSC and DU145s after just 1 hour of uptake (Fig 4.8A-B & Appendix III-V).  At 

50μg/mL (Mid concentration) of SEVs there was almost no overlap with the dye only control 

demonstrating almost all cells have taken up some 488 labelled SEVs across all three dermal 

fibroblast lines.  At this concentration there was no significant difference between the 

percentage uptake between these three SEV types (P>0.05).  At 10μg/mL there was a small 

overlap with the dye only control across all three cell lines suggesting that a small proportion 

of cells have not taken up any SEVs after 1hr at this lower concentration.  At this lower 

concentration of 10µg/mL there is a significant difference between the uptake of DU145 and 

MSC SEVs (P<0.05) but no significant difference with the OMLP-PCL SEVs (P>0.05).  

 

ReNeuron SEVs (ExoPr0 & ExoDiff) show very little uptake by flow cytometry after 1hr of 

uptake (Fig 4.8 & Appendix VI).  At matched concentrations (1x1010p/mL or 1x109p/mL) 

ExoDiff demonstrated a greater level of uptake when compared to ExoPr0 however, distinctly 

less than the other SEVs tested (as above – only around 10% uptake compared to 98% uptake 

with OMLP-PCL SEVs).  With an increased SEV uptake incubation time (4hrs) the level of 

uptake for both ExoPr0 (Fig 4.8C & Appendix VII) and ExoDiff (Fig 4.8C &Appendix VIII) was 
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significantly greater (8-10 fold greater) than that seen after 1hr.  With this 4 hour uptake period 

there is no significant difference between the percentage uptake of both ReNeuron SEVs 

compared to OMLP-PCL, MSC and DU145 that have been cultured with SEVs for 1hr 

(P>0.05).  

 

With all tested SEVs the broad flow cytometry peaks (Fig 4.8A & Appendix III-VIII) 

demonstrated a heterogeneous level of uptake across the fibroblast populations making flow 

cytometry a good method to analyse uptake across a large cell population.   

 

Confocal microscopy was also used to visualise SEV uptake in a smaller number of cells and 

to determine whether the SEVs were intracellularly localised or just bound to the cell surface.  

Along with the 488 labelled SEVs, F-Actin was also imaged using Phalloidin-AlexFluor594 in 

order to better highlight the cell morphology and cell boundary.  

 

OMLP-PCL (Fig 4.9) MSC (Fig 4.10) and DU145 (Fig 4.11) SEVs demonstrated uptake across 

all three fibroblast cell lines after 1hr.  An example split channel image can be seen in appendix 

IX.  Based on the perinuclear localisation of SEVs following optical sectioning it suggests that 

the SEVs were largely intracellular and not bound to the cell surface.  After the same 1hr 

uptake period, ReNeuron SEVs were not visible within any of the fibroblast lines as was shown 

by flow cytometry (Fig 4.12 & 4.13).  Increasing the uptake incubation to 4hrs resulted in an 

increase in SEV uptake across all three fibroblast lines for both ExoPr0 (Fig 4.14) and ExoDiff 

(Fig 4.15). ExoPr0 SEVs demonstrated a more diverse, heterogeneous dispersion within the 

cell and at a lower level of labelling.  ExoDiff demonstrates a perinuclear SEV localisation 

within the cell similar to that observed for OMLP-PCL, MSC and DU145 SEVs.  

 

The dye only control (Fig. 16) demonstrated no staining within the green channel thereby 

confirming uptake was due to dye being bound to SEVs and not just free dye being internalised 

by the cells.  
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In summary, using both flow cytometry to analyse large numbers of cells and confocal 

microscopy to analyse SEV uptake and intracellular localisation of SEVs we have shown that 

all the SEVs used within this thesis are capable of being taken up into dermal fibroblasts that 

will all be used later on for functional SEV testing.  Some differences in uptake have been 

observed with ReNeuron SEVs not being taken up into the fibroblasts after 1 hour whereas all 

other SEVs demonstrated almost 98% uptake in just 1 hour.  Increasing the uptake period for 

ReNeuron SEVs to 4 hours significantly improved the uptake of SEVs to a point where there 

was no statistical difference seen between ReNeuron SEVs and all other SEVs (P>0.05).  
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nIh nKh nHh Mean 
 

Dye 
Only 

Mid Low Dye 
Only 

Mid Low Dye 
Only 

Mid Mow Dye 
Only 

Mid Low 

OMLP-PC 0.97 98.90 92.60 1.04 99.20 90.60 2.21 98.70 86.90 1.41 98.93 90.03 
MSC 0.97 97.70 77.00 1.04 87.90 57.00 2.21 97.20 65.00 1.41 94.27 66.33 
DU145 0.97 98.10 91.90 1.04 99.50 76.40 2.21 97.80 84.00 1.41 98.47 84.10 
ExoPr0 1hr 1.43 0.14 0.03 2.09 0.35 0.26 1.50 0.18 0.12 1.67 0.22 0.14 
ExoDiff 1hr 1.43 10.80 0.15 2.09 5.25 0.19 1.50 14.00 0.31 1.67 10.02 0.22 
ExoPr0 4hr 1.15 80.60 32.20 1.57 60.50 14.20 1.40 99.80 44.40 1.37 80.30 30.27 
ExoDiff 4h 1.15 94.80 10.10 1.57 79.00 18.90 1.40 96.80 24.30 1.37 90.20 17.77 

Figure 4.8: SEVs were labelled with an Alexa Flour 488 Malemide dye before incubation at either 50µg/mL 

(OMLP-PCL, MSC and DU145; Mid concentration), 10µg/mL (low Concentration) or ReNeuron SEVs were 

incubated at 1x1010p/mL (Mid concentration) or 1x109p/mL (low concentration) for 1 hour or 4 hours with 

dermal fibroblast lines from three patients: nIh, nKh, nHh. After the uptake period, medium and SEVs were 

removed, cells washed with PBS, trypsinised and analysed by flow cytometry.  A representative flow 

cytometry histogram can be seen in (A). All histograms can be seen in appendix III-VIII.  The percentage of 

488 positive cells was calculated compared to the dye only control from all three fibroblast lines and the 

mean is shown in (B) +SD n=3.  Overall percentage positivity for each of the cell lines can be seen in (C). 

Overall, data demonstrates a dose dependent uptake of SEVs into all three dermal fibroblast cell lines 

compared to a dye only negative control. 

OMLP-P
C L

MSC

DU14
5

Exo
Pr0 

1h
r

Exo
Diff 

1h
r

Exo
Pro

 4h
r

Exo
Diff 

4h
r

0

50

100

Pe
rc

en
nt

ag
e 

U
pt

ak
e 

(%
) Dye Only

Mid SEV

Low SEV

A 

B 

C 



Chapter 4. SEV Isolation and Characterisation  

 117 

 

Nih  nkh nhh 

 

 

 

 

 

nIh nKh nHh 

OMLP-PCL 

Figure 4.9: OMLP-PCL SEVs were labelled with an Alexa Flour 488 Malemide dye (green) before incubation at 50ug/mL 

for 1hr with dermal fibroblasts from three patients: nIh, nKh, nHh. After a 1hr incubation medium and SEVs were 

removed, cells washed with PBS, fixed and stained with Phalloidin-594 (F-Actin; Red) and nuclear counterstained with 

Hoechst (blue). Images demonstrate an optical section through the cells. Images were captured using a Zeiss LSM880 

Airyscan confocal microscope and demonstrate internalisation of SEVs into the three recipient dermal fibroblast cell 

lines.  Scale bar: 50µm 
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MSC 

 

 

 

 

 

 

nIh nKh nHh 

MSC 

Figure 4.10: MSC SEVs were labelled with an Alexa Flour 488 Malemide dye (green) before incubation at 50ug/mL for 

1hr with dermal fibroblasts from three patients: nIh, nKh, nHh. After a 1hr incubation medium and SEVs were removed, 

cells washed with PBS, fixed and stained with Phalloidin-594 (F-Actin; Red) and nuclear counterstained with Hoechst 

(blue). Images demonstrate an optical section through the cells Images were captured using a Zeiss LSM880 Airyscan 

confocal microscope and demonstrate internalisation of SEVs into the three recipient dermal fibroblast cell lines.  Scale 

bar: 50µm 
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nIh nKh nHh 

DU145 

Figure 4.11: DU145 SEVs were labelled with an Alexa Flour 488 Malemide dye (green) before incubation at 50ug/mL 

for 1hr with dermal fibroblasts from three patients: nIh, nKh, nHh. After a 1hr incubation medium and SEVs were 

removed, cells washed with PBS, fixed and stained with Phalloidin-594 (F-Actin; Red) and nuclear counterstained with 

Hoechst (blue). Images demonstrate an optical section through the cells.  Images were captured using a Zeiss LSM880 

Airyscan confocal microscope and demonstrate internalisation of SEVs into the three recipient dermal fibroblast cell 

lines.  Scale bar: 50µm 
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nIh nKh nHh 

ExoPr0 – 1hr 

Figure 4.12: ReNeuron SEVs, ExoPr0, were labelled with an Alexa Flour 488 Malemide dye (green) before incubation 

at 1x1010p/mL for 1hr with dermal fibroblasts from three patients: nIh, nKh, nHh. After a 1hr incubation medium and SEVs 

were removed, cells washed with PBS, fixed and stained with Phalloidin-594 (F-Actin; Red) and nuclear counterstained 

with Hoechst (blue). Images demonstrate an optical section through the cells.  Images were captured using a Zeiss 

LSM880 Airyscan confocal microscope and demonstrate no detectable SEVs in the three recipient dermal fibroblast cell 

lines.  Scale bar: 50µm 
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ExoDiff 1-hr 

 

 

 

nIh nKh nHh 

ExoDiff – 1hr 

Figure 4.13: ReNeuron SEVs, ExoDiff, were labelled with an Alexa Flour 488 Malemide dye (green) before incubation 

at 1x1010p/mL for 1hr with dermal fibroblasts from three patients: nIh, nKh, nHh. After a 1hr incubation medium and 

SEVs were removed, cells washed with PBS, fixed and stained with Phalloidin-594 (F-Actin; Red) and nuclear 

counterstained with Hoechst (blue). Images demonstrate an optical section through the cells. Images were captured 

using a Zeiss LSM880 Airyscan confocal microscope and demonstrate no detectable SEVs in the three recipient dermal 

fibroblast cell lines.  Scale bar: 50µm 
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ExoPr0 

 

 

 

 

 

nIh nKh nHh 

ExoPr0 – 4hr 

Figure 4.14: ReNeuron SEVs, ExoPr0, were labelled with an Alexa Flour 488 Malemide dye (green) before incubation 

at 1x1010p/mL for 4hrs with dermal fibroblasts from three patients: nIh, nKh, nHh. After a 4hr incubation medium and 

SEVs were removed, cells washed with PBS, fixed and stained with Phalloidin-594 (F-Actin; Red) and nuclear 

counterstained with Hoechst (blue). Images demonstrate an optical section through the cells.  Images were captured 

using a Zeiss LSM880 Airyscan confocal microscope and demonstrate internalisation of SEVs in the three recipient 

dermal fibroblast cell lines.  Scale bar: 50µm 
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nIh nKh nHh 

ExoDiff – 4hr 

Figure 4.15: ReNeuron SEVs, ExoDiff, were labelled with an Alexa Flour 488 Malemide dye (green) before incubation 

at 1x1010p/mL for 4hrs with dermal fibroblasts from three patients: nIh, nKh, nHh. After a 4hr incubation medium and 

SEVs were removed, cells washed with PBS, fixed and stained with Phalloidin-594 (F-Actin; Red) and nuclear 

counterstained with Hoechst (blue). Images demonstrate an optical section through the cells.  Images were captured 

using a Zeiss LSM880 Airyscan confocal microscope and demonstrate internalisation of SEVs in the three recipient 

dermal fibroblast cell lines.  Scale bar: 50µm 
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nIh nKh nHh 

Dye Only 

Figure 4.16: Alexa Flour 488 Malemide dye (green) was passed through the same exosome spin columns to demonstrate only dye bound to a 

vesicle was able to pass through the spin column and any unbound dye remained within the column.  The elute from the column was added to three 

dermal fibroblast cell lines: nIh, nKh and nHh and incubated for 1hr before medium was removed, cells washed with PBS, fixed and stained with 

Phalloidin-594 (F-Actin; Red) and nuclear counterstained with Hoechst (blue). Images demonstrate an optical section through the cells.  Images 

were captured using a Zeiss LSM880 Airyscan confocal microscope and demonstrate no staining in green channel in the three recipient dermal 

fibroblast cell lines.  Scale bar: 50µm 
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4.4 Discussion  

 

In this chapter it has been demonstrated that OMLP-PCL secrete SEVs into the medium and 

these SEVs can be purified.  SEVs isolated from MSCs as well as two SEV products from 

ReNeuron, ExoPr0 and ExoDiff, were also characterised.  All isolated SEVs were compared 

to a highly pure population of SEVs isolated from DU145 prostate cancer cells by the Clayton 

Group (Clayton, 2012, Webber and Clayton, 2013, Chowdhury et al., 2015, Webber et al., 

2015a, Webber et al., 2015b, Roberts-Dalton et al., 2017, Salimu et al., 2017).  OMLP-PCL 

secrete particles between 30-130nm in diameter into the surrounding medium and over a 

period of three days, levels of the tetraspannins CD81 and CD63 present in the secretome 

increased. However, this elevation may simply be due to an expanding cell population, 

because after correcting for cell number the tetraspanin signal actually diminished. This would 

be consistent with a reduction of vesicle expulsion per cell as the population expands or as 

cell density increases. This reduction in vesicle output by cells as they reach confluency is 

something that has previously been reported (Patel et al., 2017).  This secretion of SEVs into 

the surrounding medium is in agreement with reports for other progenitor cells (Zhu et al., 

2017, Chen et al., 2018, Sun et al., 2018).  Interestingly, OMLP-PCL secreted particles that 

expressed the tetraspannins CD9, CD81 and CD63 at similar levels to MSCs which, in turn, 

have previously been demonstrated to secrete high levels of EVs, in particular SEVs, when 

compared to other cell types (Yeo et al., 2013). 

 

Currently the most commonly used method for exosome isolation is differential 

ultracentrifugation with around 81% of users isolating exosomes using this technique 

(Gardiner et al., 2016).  Precipitation based EV isolation techniques are currently being utilised 

by 27.8% of EV researchers (Konoshenko et al., 2018) and offer a number of 

advantages/disadvantages when compared to ultracentrifugation-based techniques.  

Precipitation based kits are commonly available with, for example, the ExoSpin kit being 
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shown to produce SEVs with a significantly greater level of purity than some of the other kits 

available on the market (Lobb et al., 2015, Soares Martins et al., 2018).  As demonstrated in 

this chapter, precipitation based kits are capable of isolating SEVs with a greater purity than 

ultrafiltration and size exclusion alone (Lobb et al., 2015).  

 

Precipitation based SEV isolation techniques have been used by numerous groups who have 

then reported on functional effects of those SEVs.  For example, SEVs isolated by precipitation 

based kits have been shown to induce osteogenesis (Fang et al., 2019), drive angiogenesis 

(Dougherty et al., 2018), inhibit neointimal hyperplasia (Wang et al., 2019b) and promote 

wound healing (Hu et al., 2016) demonstrating that these precipitation-based isolation 

methods are capable of isolating SEVs which retain their functional properties.  

 

The isolated OMLP-PCL EVs were shown (by both NTA and Cryo-EM) to have a size 

distribution between 30-130nm, a size profile expected for SEVs.  NTA enables a size 

distribution analysis of SEVs in a fluid phase which is considered the natural state for EVs 

which function by being secreted into surrounding bodily fluids (in vitro this could be cell culture 

medium or in vivo the blood, CSF or urine).  Both NTA and Cryo-EM demonstrate 

heterogeneous populations in terms of size for all the exosomes populations that were 

investigated.  Due to the biogenesis of exosomes and the different ESCRT dependant and 

independent mechanisms of exosome cargo loading and subsequent release this 

heterogeneity is to be expected in SEV isolations (Thery et al., 2018).  However, NTA analysis 

is not capable of distinguishing SEVs from other co-isolated particles of similar size (Webber 

and Clayton, 2013).  Therefore, the Cryo-EM images are important to visually determine the 

size, morphology and level of protein contamination in the isolated EVs.  

 

SEV purity can be estimated based on the P:P ratio.  The ratio expresses the number of 

particles per µg of protein (Webber and Clayton, 2013). Therefore, the presence of 

contaminating protein would have a negative effect of the P:P ratio.  It is proposed that a P:P 
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ratio greater than 1.0x1010 is representative of a highly pure SEV population (Webber and 

Clayton, 2013).  In the preparations assessed as part of this Chapter, the P:P ratios for the 

experimental SEVs were all determined to be slightly below this arbitrary cut off for a pure 

SEV preparation.  This could be due to a number of factors such as intra-assay variation 

(variation the same day), inter-assay variation (variation between days), or even due to the 

quality of the starting material.  Furthermore, studies have shown that day-to-day readings 

and more significantly, different Nanosight models can lead to significant variation (2-25% 

variance)  in terms of particle concentration (Filipe et al., 2010, Vestad et al., 2017).  To reduce 

these issues for this thesis, measurements were carried out on the same nanosight™ machine 

and by the same operator.  The nanosight used within this thesis is a different and older model 

with a less sensitive camera to that used in the Clayton (2013) paper and therefore, a direct 

comparison to the purity threshold stated there may not be entirely fair.  

 

DU145 SEVs isolated by the Clayton Group using a sucrose cushion did however meet the 

1.0x1010 cut off for pure SEVs.  These SEVs demonstrated a P:P ratio of 1.07x1010 indicating 

a pure SEV population and therefore confirming their use as a SEV positive control throughout 

this SEV characterisation chapter.  Other SEVs isolated using the ExoSpin isolation kit 

demonstrate P:P ratios that are close to the 1.0x1010 cut off for pure SEVs but do not quite 

meet it.  This is not surprising based on the isolation technique.  Although precipitation based 

isolation techniques are quick and provide reasonable material to work with they do also co-

isolate significant amounts of contaminating proteins that act to reduce the P:P ratio (Patel et 

al., 2019). 

 

Tetraspannins have been shown to be enriched in SEVs when compared to the parent cells 

by between 7-124 fold when measured by proteomic analysis (Thery et al., 1999).  Specifically, 

CD63 and CD81 have been shown to be enriched over 100 fold when compared to the 

transferrin receptor (Escola et al., 1998).  Using a CD63 capture followed by staining SEVs 

for tetraspannins can be used to demonstrate a structural relationship between two or more 
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of the tetraspannins as would be seen within the complex structure observed with SEVs.  

Results presented in this chapter confirm that all of the tested SEV populations were positive 

for CD9, CD81 and CD63.  Many others in the SEV/exosome field have used this same 

technique or a slightly adapted version (latex beads vs dynabeads) to demonstrate co-

localisation of the tetraspannins (Lasser et al., 2012, Marimpietri et al., 2013, Suarez et al., 

2017, Malla et al., 2018). This technique obviously picks up surface tetraspannins however, it 

could be modified to include a permeabilization step following the SEV capture to allow for the 

analysis of internal SEV-associated proteins such as the endosomal proteins TSG101 or Alix.   

 

It’s is known that SEVs have a buoyant density between 1.1 - 1.2g/cm3 (Raposo et al., 1996a).  

In this chapter it is demonstrated that OMLP-PCL exosomes float in fractions between 1.14 - 

1.26g/cmcm3 MSC exosomes float between 1.175 - 1.197g/cm3, DU145 exosomes float at 

1.185g/cm3, ReNeuron ExoPr0 float between 1.15 -1.23g/cm3 and ReNeuron ExoDiff float 

between 1.122 - 1.23g/cm3.  Although some of these densities are above that expected for 

SEVs, they are within acceptable the boundaries for this assay.  As each fraction is the 

average density for that fraction collected from a continuous gradient, it is possible that SEVs 

detected in a fraction with an average density of 1.22g/cm3 were actually floating at a density 

of 1.18g/cm3 but are detected in the fraction with average density 1.22g/cm3.  Therefore, based 

on their floatation density and expression of the tetraspannins, this data confirms all the tested 

EV isolates contained SEVs. 

 

Protein peaks in the higher density fractions that do not correlate with tetraspannin peaks 

indicated co-isolated protein species.  ExoSpin has previously been used to isolate SEVs from 

cerebrospinal fluid and show a density between 1.1-1.2g/cm3, demonstrating precipitation 

based techniques are capable of isolating exosomes with the expected density (Welton et al., 

2017).  Others have also used continuous sucrose gradients to characterise SEVs (Nazarenko 

et al., 2013, Tan et al., 2013, Phinney et al., 2015).  Alternatively, instead of using a continuous 

sucrose gradient to characterise exosomes it is possible to use a discontinuous gradient such 
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as an OptiPrep™ density gradient.  The discontinuous iodixanol gradient is produced by 

diluting a stock OptiPrep™ solution with sucrose to generate a 60%, 40%, 20%, 10% and 5% 

(w/v) solution.  Solutions are layered and SEVs added to the top before centrifugation at 

100,000xg for 16 hours. Similarly, to the continuous gradient, SEVs migrate to their buoyant 

density during the overnight spin before fractions are collected and analysed. Fractions are 

weighed to determine their density and specific exosome proteins detected in each fraction 

(Tauro et al., 2012, Collino et al., 2017, Quek et al., 2017). Using this discontinuous gradient 

can be beneficial as discontinuous gradients have been shown to improve the separation of 

viral particles and small apoptotic bodies from SEVs (Cantin et al., 2008).  

 

Finally, as part of the SEV characterisation, it was demonstrated that all the tested SEVs were 

capable of being taken up into dermal fibroblasts.  The method of fluorescently labelling SEVs 

has previously been shown not to affect the functionality of SEVs, namely 488-labelled DU145 

SEVs were still capable of driving fibroblast to myofibroblast differentiation via SEV associated 

TGFb1 (Roberts-Dalton et al., 2017).  Many studies of SEV uptake have taken place in the 

well characterised and commonly used HeLa cell line and it is not known whether SEV uptake 

into dermal fibroblasts is via the same pathway (Svensson et al., 2013, Nakase et al., 2015, 

Nakase et al., 2017).  Alternatively, others have used lipophilic membrane dyes such as DiI 

(Plebanek et al., 2015) DiO (Horibe et al., 2018) and PKH26 (Sjoqvist et al., 2019a) but 

ultimately all demonstrate SEVs are taken up into recipient cells.  Hence, the results presented 

in this chapter are in good agreement with those of others.  
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4.5 Conclusions 

 

In conclusion, this chapter set out to determine a) whether OMLP-PCL secreted exosomes 

into the surrounding medium and b) characterise any EVs secreted by OMLP-PCL as well as 

the other EVs used throughout this thesis (MSC, ExoPr0 & ExoDiff).  It was demonstrated that 

OMLP-PCL secrete SEVs into the surrounding medium and these could be isolated and 

concentrated using an ExoSpin kit.  Isolated SEVs from OMLP-PCL, MSC, DU145, ExoPr0 

and ExoDiff all demonstrated the expected size distribution between 30-150nm as determined 

by both NTA and Cryo EM.  SEV isolations had a buoyant density between 1.1-1.2g/cm3 and 

were positive for the tetraspannins CD9, CD81 and CD63 by both an immune-phenotyping 

plate assay and flow cytometry.  Fluorescent labelled SEVs were actively taken up into all 

three of the dermal fibroblast lines as assessed by both flow cytometry and confocal laser 

scanning microscopy.  Based on these findings, this chapter can conclude the EVs being 

tested throughout this thesis are SEVs and as such these will form the basis of future chapters 

in this thesis.  
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5.1 Introduction  

 

Fibroblasts are a key cell involved in the wound healing process preforming a number of 

essential wound healing processes such as: extracellular matrix production and regulation, 

growth factor and cytokine secretion and driving angiogenesis. Following the immediate 

inflammatory phase of wound healing recruited circulating fibrocytes begin to arrive at the 

wound site (Bucala et al., 1994). Fibroblasts begin by producing plasmin that breaks down the 

fibrin clot into small fragments that are then cleared by proteinases. The fibrin clot is replaced 

with extracellular matrix high in collagen III (Desmouliere et al., 1995).  

 

One of the main challenges for effective wound management is to understand the control of 

myofibroblast presence within the wound.  It is not entirely known what signals control the 

timing but following complete wound healing, myofibroblast numbers to return to normal via 

apoptosis (Desmouliere et al., 1995).  The persistence of myofibroblasts within the wound can 

lead to chronic, excessive wound healing phenotypes such as hypertrophic scarring (Gauglitz 

et al., 2011) and the formation of tissue contractures or fibrosis.  Excessive fibrosis due to the 

sustained presence of myofibroblasts can result in a number of life threatening conditions if 

vital organs are effected such as the heart (Davis and Molkentin, 2014), liver (Atta, 2015), lung 

(Xie et al., 2016) and kidney (Bijkerk et al., 2019). 

 

The origin of myofibroblasts has been hugely debated ever since their discovery in the early 

1970’s (Gabbiani et al., 1971).  The predominant reason behind the debate being the 

likelihood of not one precursor to the myofibroblast but in fact multiple possible cell sources.  

Migrating fibroblasts from the undamaged dermis to subcutaneous wounded tissue acquire 

bundles of microfilaments, similar to in vitro stress fibres but contain only b- and g-cytoplasmic 

actins. These cells termed proto-myofibroblasts mature and evolve into terminally 

differentiated aSMA positive myofibroblasts that are responsible for wound contraction 
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(Tomasek et al., 2002).  In early granulation tissue, motile proto-myofibroblasts start to 

produce ECM rich in collagens I-IV (Desmouliere et al., 1995). Also secreted into the 

granulation tissue is fibronectin along with alternatively spliced variants EDA-fibronectin (EDA-

FN) and EDB-fibronectin (EDB-FN) (Muro et al., 2003). It has been demonstrated EDA-FN is 

essential for fibroblast to myofibroblast differentiation (Serini et al., 1998). The initial 

conversion of fibroblast to proto-myofibroblast occurs due to an increased stiffness observed 

in the granulation tissue (Hinz et al., 2001b). Matrix straining and stiffening are consequences 

of fibroblast and myofibroblast remodelling but are also increased due to fibroblast and 

inflammatory cell mediated matrix cross linking by lysyl oxidases and lysyl oxidase-like 

enzymes (Klingberg et al., 2013). Lysyl oxidase is a copper-dependant amine oxidse that 

forms reactive aldehyde groups that spontaneously form covalent cross links (Smith-Mungo 

and Kagan, 1998).  Lysyl oxidase activity is upregulated in pro-fibrotic diseases and in vitro 

upregulated by the addition of TGFb1 into fibroblast cultures (Roy et al., 1996).  

 

There are subtle but distinct differences between normal dermal wound healing and 

preferential wound healing as seen in the oral mucosa and during foetal wound healing. The 

absence or reduced numbers of myofibroblasts in these preferential wound healing scenarios 

has resulted in numerous studies that have targeted TGFb1; as the most potent growth factor 

to induce fibroblast to myofibroblast differentiation. Both in vitro and in vivo studies have 

demonstrated that the inhibition of the TGFb1 signalling pathway is sufficient in inhibiting the 

formation of aSMA positive myofibroblasts (Malmstrom et al., 2004, Chang et al., 2017, 

Walton et al., 2017, Fu et al., 2018).  Clinical trials have investigated a number of methods to 

inhibit TGFb1 or the TGFb pathway. Galunisertib (LY2157299), is a small molecule inhibitor 

of the TGF pathway via the inhibition of the phosphorylation of SMAD (Yingling et al., 2018).  

Previous studies involving Galunisertib have demonstrated anti-tumour activity in subsets of 

patients but not an overarching anti-tumour activity (Ikeda et al., 2017).  Currently Galunisertib 

along with additional treatment (additional drugs or chemo/radio-therapy) is in trails for the 
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treatment of metastatic pancreatic cancer (ClinicalTrails.gov, NCT02734160) and Advanced 

Resistant TGF-beta activated Colorectal Cancer (ClinicalTrails.gov, NCT03470350).  

Fresolimumab (GC1008) is a monoclonal blocking antibody against TGFb isoforms that has 

been previously trailed for the treatment of Mylofibrosis (ClinicalTrials.gov, NCT01291784). 

Additionally, anti-TGFb  antibodies have been used for the treatment of skin fibrosis in 

scleroderma patients  (McCormick et al., 1999). Not unsurprisingly, given the central role of 

TGFb signalling in orchestrating tissue repair, many anti-TGFb  trails have failed to show any 

effects or have resulted in dangerous side effects.  The TGFb knockout mouse clearly 

demonstrates how important TGFb signalling is with animals showing defective 

vasculogenesis and spontaneous development of skin and lung inflammation (Shull et al., 

1992).  Therefore, biological treatments may offer significant advantages over these blocking 

antibodies or small molecules due to the multi-pronged methods of action biologics 

demonstrate.  

 

Despite some of the advantages stem/progenitor cell therapeutics may have they are not 

without their own set of limitations such as immune-rejection, tumorigenesis or genetic 

variation.  Recently, studies have demonstrated that the preferential wound healing and the 

regenerative effects seen from stem cell therapies are largely due to paracrine effects; 

reviewed by (Dittmer and Leyh, 2014).  MSC-derived SEVs have been shown to have 

therapeutic benefits in many diseases and body systems such as cardiovascular disease, 

tissue repair (kidney, liver, skin, cornea), immune disease, tumour inhibition and neurological 

disease reviewed by (Cheng et al., 2017).  Stem cell-derived SEVs have also been shown to 

play important roles in wound healing.  100µg/mL (Hu et al., 2016) or 10µg/mL (Shabbir et al., 

2015) of SEVs derived from Adipose MSCs have demonstrated uptake into fibroblasts while 

also increasing cell proliferation and migration rates and increasing collagen I and III synthesis 

in the early stages of wound healing while reducing collagen synthesis during the late wound 

healing stages (Shabbir et al., 2015, Hu et al., 2016). 100µg/mL of human amniotic epithelial 
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cell derived SEVs have also been demonstrated to speed up the rate of wound healing and 

also inhibit scar formation via the promotion of fibroblast migration and proliferation in vitro 

and in vivo (Zhao et al., 2017).  Human umbilical cord-derived MSC SEVs are also involved 

in dermal wound healing via the activation of the Wnt4 pathway.  With the addition of 160µg/mL 

of SEVs the activation of the Wnt4 pathway leads to b-catenin activation in endothelial cells 

resulting in improved vascular regeneration (Zhang et al., 2015a, Zhang et al., 2015b).  

Induced pluripotent stem cell derived-MSC SEVs have been demonstrated to influence 

fibroblast and endothelial cell responses.  At 100µg/mL of SEVs dermal fibroblasts and human 

umbilical vein endothelial cell proliferation and migration rates increased.  Also at 100µg/mL 

in vitro capillary network formation was significantly increased when compared to controls.  

Based on this, experiments in this chapter will use a maximum SEV dose of 100µg/mL.   

 

Wound healing within the cornea occurs in a similar but slightly different manner to dermal 

wound healing and is more extensively described in 1.1.10.  To study corneal wound healing 

many people have tried to use in vitro wound healing techniques but these in vitro experiments 

have a number of distinct drawbacks that fail to mimic in vivo corneal healing such as a) only 

a single cellular layer is studied which is unrepresentative of the 3D corneal epithelium b) in 

vitro, it is difficult to account for all the cell types present in and around the in vivo cornea and 

c) the in vivo corneal epithelial cells are not submerged as would occur with epithelial cells in 

traditional in vitro cell culture. Optimally, in vivo studies provide the best representation of 

corneal wound healing but these studies are expensive, require extensive animal maintenance 

protocols and are not in alignment with the 3R’s.  

 

The ex Vivo corneal model used in this thesis was first described by Foreman et. Al (1996).  

Foreman proposed the model to replace currently used ‘submerged’ cultures suggesting a 

simple air-liquid interface model in which full thickness corneal re-epithelialisation could 

accurately be assed to determine the effect of EGF, bFGF & TGFb1 on corneal wound healing 
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(Foreman et al., 1996).  Using his model Foreman demonstrated the corneal cultures could 

be maintained for up to three weeks ex vivo without significant stromal oedema or keratinocyte 

deterioration with little loss of epithelial integrity. Additionally, Foreman et al. (1996) 

demonstrated the ex vivo corneal re-epithelisation mimicked the in vivo process with a distinct 

lag phase followed by proliferation and migration and finally the formation of a multi-layered 

epithelium.  The effects of growth factors on corneal re-epithelisation were also determined 

demonstrating EGF to accelerate, bFGF to have no effect and TGFb1 to reduce the rate of 

epithelial migration. Since first publishing in 1996, Foreman’s model has been used and 

adapted by many groups to assess corneal re-epithelisation and corneal healing  (Carrington 

and Boulton, 2005, Janin-Manificat et al., 2012, Morgan et al., 2016, Goswami et al., 2018).  

 

If there is therapeutic potential of any of the SEVs tested within this chapter then a delivery 

method will need to be established.  Traditionally, SEVs have been administered through IV 

injection (Lankford et al., 2018), local injection (Hu et al., 2016), topical administration or within 

a hydrogel (Liu et al., 2017).  The use of a topical hydrogel allows for sustained release over 

a period of days directly to the cells that one is trying to influence. Gellan gum can be made 

into a hydrogel which offers many benefits to the bioengineering and drug delivery fields.  

Gellan gum hydrogels are non-cytotoxic, non-immunogenic and easily manipulated to include 

biologics for the delivery of therapeutics (Jamshidi et al., 2016).    

 

The purpose of this chapter is to determine any preferential would healing abilities of SEVs 

derived from OMLP-PCL compared to MSCs.  Two SEV populations from ReNeuron will also 

be examined for any preferential wound healing characteristics.  Specifically, SEVs will be 

assessed in terms of their ability to increase fibroblast proliferation and migration rates.  

Following this, SEVs will be assessed for any anti-scarring capabilities via their effects on 

inhibiting fibroblast to myofibroblast differentiation.  Finally, SEVs will be examined in an ex 

vivo corneal wound healing model before examining any scale up potential and delivery 

methods for SEVs.   



Chapter 5. Effects of SEVs on Wound Healing Model Systems  

 137 

5.1.1 Hypothesis 

- OMLP-PCL derived SEVs will demonstrate a greater wound healing and scarless 

wound healing ability when compared to MSC-derived vesicles 

- ReNeuron ExoDiff and ExoPr0 will demonstrate different wound healing and anti-

scarring effects 

5.1.2 Chapter Specific Aims 

There are 5 main aims for this chapter: 

a) Determine the effects of OMLP-PC SEVs on in vitro wound healing model systems 

and compare these to MSC-derived SEVs 

b) Determine the effect of ReNeuron exosomes ExoPr0 and ExoDiff on in vitro wound 

healing model systems  

c) Determine any differences between exosomes isolated from tissues that heal 

scarlessly and tissues that do not heal scarlessly (DU145 cancer cell SEVs) 

d) Determine the preferential wound healing / anti-scarring potential of SEVs in an ex vivo 

cornea culture model  

e) Determine a scalable protocol for SEV isolation and determine release kinetics from a 

Gellan hydrogel that could be used for topical SEV delivery 
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5.2 Methods  

 

A number of general methods were used in this chapter including: 2.2.1 Cell culture of 

adherent cells, 2.2.2 Imaging of cells, 2.2.4 Protein Expression Studies and 2.2.5 Statistical 

analysis.   

5.2.1 DU145 SEV Isolation & Characterisation  

Due to the material requirements for experiments in this chapter, DU145 SEVs used in this 

chapter were isolated using the ExoSpin (CellGuidance Systems) isolation protocol in 

alignment with the methods used to isolate OMLP-PCL and MSC SEVs (described in 

4.2.2.2.1). In brief DU145 cells were seeded into T175 flasks and fed every three days with 

RPMI + 10%ED-FBS. Cells were cultured to 50-60% confluency before feeding with fresh 

RPMI +10%ED-FBS to allow cells to condition the medium for 72hours. The collected CM was 

centrifuged at 500xg for 7 minutes to pellet dead cells, the supernatant collected and 

centrifuged at 10,000xg for 7 minutes to pellet any cellular debris or microvesicles.  The 

supernatant was collected and filtered through a 0.2µM filter to remove any remaining debris 

or microvesicles. CM was either used immediately for vesicle isolation or stored at -80oC until 

required. 

 

DU145 SEVs were characterised in terms of their size by NTA as described in 4.2.3.1 and 

Cryo-EM as descried in 4.2.3.2, tetraspannin expression as described in 4.2.3.5 and uptake 

into dermal fibroblasts as determined by ICC described in 4.2.3.6. 

 

5.2.2 Wound healing effects of SEVs 

5.2.2.1 Assessment of cell proliferation by Orangu™ 

Orangu™ utilizes WST-8, a highly water-soluble tetrazolium salt that is reduced by the 

dehydrogenase activities in viable cells to give an orange-coloured formazan dye. Orangu™ 



Chapter 5. Effects of SEVs on Wound Healing Model Systems  

 139 

has demonstrated the higher level of sensitivity when compared to MTT, XTT or a WST-1 

assay (Lutter et al., 2017). 

 

hTERT immortalised dermal fibroblasts isolated from three different patients (nIh, nKh & nHh) 

were cultured as described in 2.2.1.  5x103 cells/well were seeded into each well of a 96 well 

plate in 100µL SCM and allowed to adhere for 24hrs. After 24 hours, SCM was removed and 

replaced with 100µL SFM for 24hrs to growth arrest cells. Following growth arrest, 100µL of 

medium was added to cells containing SEVs at either 100µg/mL, 50µg/mL, 10µg/mL or 

0µg/mL (OMLP-PCL, MSC & DU145) or 1x1011, 1x1010, 1x109 or 0 particles/mL (ReNeuron 

ExoPr0 or ExoDiff). Cells were returned to culture for either 24 (Day 1) or 72 hours (Day 3) 

with exosome treatments.  To measure relative cell number, on either day 1 or day 3 10µL of 

Orangu™ solution (Cell Guidance Systems) was added into each well and cells returned to 

the incubator for 4hrs. After 4hrs absorbance was measured at 450nm using a microplate 

spectrometer (FLUOstar Omega; BMG Labtech; Aylesbury, UK).  Data was generated form a 

technical n=4 from fibroblasts from three independent patients.  Data is presented as the 

percentage increase/decrease compared to the no exosome control for each exosome type.  

 

5.2.2.2 Cell migration  

hTERT immortalised dermal fibroblasts isolated from three different patients (nIh, nKh & nHh) 

were cultured as described in 2.2.1. 1.5x103 cells were seeded into each side of a 2 well 

silicone ibidi cell culture insert (Thistle Scientific; Glasgow, UK) inserted into a well of a 24 well 

plate, in a total of 70uL SCM (Figure 5.1) and incubated at 37°C 5%CO2 for 48hrs until the 

cells formed a confluent monolayer. After 48hrs, the silicone insert was removed and 400µL 

of SFM containing exosomes at either 100µg/mL, 50µg/mL, 10µg/mL or 0µg/mL (OMLP-PCL, 

MSC & DU145) or 1x1011, 1x1010, 1x109 or 0 particles/mL (ReNeuron ExoPr0 or ExoDiff).  

Plates were placed into a Cell-IQ time lapse microscope (CM Technologies; Elmshorn, 

Germany) for 48hrs.  Images of each well were acquired every 30min.  Each plate had a 
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technical n=2 across three independent cell types.  Migration was analysed using the 

integrated analysis software within the Cell-IQ microscope.  Individual cells were tracked (10 

cells per well) and their cell migration speed calculated (Distance migrated / Time).  All data 

is presented along with the average speed per condition with SEM. 

 

 

 

 

 

 

 

5.2.3 Potential Anti-Scarring effects of SEVs 

5.2.3.1 Myofibroblast differentiation assay  

hTERT immortalised dermal fibroblasts isolated from three different patients (nIh, nKh & nHh) 

were cultured as described in 2.2.1.  Cells were seeded at a density of 5.2x103 cells/cm2 

(50000 cells/well in a 6 well plate or 3000 cells/well in each well of an 8 well chamber slide) in 

SCM. After 24 hours SCM was removed and replaced with SFM for a further 24hrs to growth 

arrest cells.  After 24 hours, SFM was removed and replaced with SFM containing 1ng/mL 

TGFb1 only, 1ng/mL TGFb1 and SEVs or SFM only for 72 hours. After 72 hours, cells in 6 

well plates were used for protein extraction and cells in 8 well chamber slides were used for 

immunohistochemistry for aSMA. 

 

5.2.3.2 Immunocytochemistry  

Immunocytochemistry was carried out on cells that had been grown in 8 well chamber slides 

following a 72 hour myofibroblast differentiation. Medium was removed from cells and each 

well washed with 400µL of PBS. The PBS was then removed and cells fixed with 200µL of 4% 

70µL Medium 

1.5x103 Cells 

Figure 5.1: ibidi 2 well silicone insert 
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PFA (w/v) at RT for 10 minutes. After 10 minutes cells were washed twice with PBS to remove 

any traces of PFA.  Cells were permeabilised with the addition of 0.01% TritonX-100 (v/v) 

(Santacruz Biotechnology) for 5 minutes at RT.  Cell were then washed three times with PBS 

and unspecific antibody binding was blocked with the addition of 1% (w/v) BSA in PBS 

overnight at 4°C.  The following morning cells were washed with 0.1% BSA three times before 

incubating with 1µg of unconjugated primary antibody for aSMA (Abcam; Cambridge, UK) for 

2 hours at RT.  Following incubation, the primary antibody was removed, and cells washed 

three times with 0.1% BSA. Secondary antibody diluted to 2µg/mL in 0.1% BSA (w/v) and 

added to cells for 1 hour in the dark at RT.  Subsequently, cells were washed three times with 

0.1% BSA (w/v), the dividing chambers removed from the coverslips and mounted using 

Fluroshield Mounting Medium containing DAPI (Vectorlabs; Peterorough, UK). Fluorescence 

images were acquired as described in 2.2.2. 

 

5.2.4 SEV effect on monocyte cell line polarisation  

U937 cells were purchased from ECACC (HPA) by ReNeuron, Pencoed.  All U937 culture 

experiments were carried out at ReNeuron.  

 

5.2.4.1 U937 cell line culture 

A cryopreserved vial of U937 cells was rapidly thawed in a 37°C water bath for 5 minutes. The 

thawed cell suspension was then added to 10mL of pre-warmed RPMI + 10% (v/v) FBS and 

centrifuged at 400xg to pellet cells.  The supernatant was removed and the pellet resuspended 

in 5mL of pre-warmed media. 10µL was taken and mixed with an equal volume of trypan blue 

and a cell count preformed using an automated cell counter (Countess II, FisherScientific; 

USA).  All cells were seeded into 1x T175 flask in a total of 25mL of RPMI +10%FBS and 

placed into an incubator at 37°C / 5% CO2 for 72 hours. 
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After 72 hours cells were passaged. U937 cells in suspension were transferred into a 50mL 

centrifuge tube and centrifuged at 400xg for 5 minutes to pellet cells.  Once complete, the 

supernatant was removed and the pellet resuspended in 10mL of pre-warmed RPMI 

+10%FBS.  10µL of the cell suspension was taken and mixed with an equal volume of trypan 

blue.  An automated cell counter was used to determine cell number (Countess II, 

FisherScientific).  5x105cells/mL were seeded in a total of 50mL in RPMI+10%FBS in a T175 

flask supplemented with 50nM phorbol myristate acetate (PMA) for 24 hours. At the same 

time, 96 well plates were coated with 100µL of 20µg/mL Laminin (AMS Biotech, UK) dissolved 

in cold DMEM:F12 medium.  Laminin coated plates were stored at 37°C/5%CO2 for 1-24 hours 

prior to use. 24 hours after seeding cells, flasks were carefully removed from the incubator.  

Cells that had not attached were carefully poured off into the waste along with the medium.  

25mL of pre-warmed DMEM:F12 was added to the flask to detach the attached cells by 

vigorously tapping the flask until >90% of cells were floating by inspection under the 

microscope.  Cells and medium were removed to a 50mL falcon and centrifuged at 400xg to 

pellet cells.  After centrifugation, the supernatant was removed and the pellet re-suspended in 

5mL of DEMEM:F12 for cell counting.  10µL of the cell suspension was taken and mixed with 

an equal volume of trypan blue and cells counted using an automated cell counter (Countess 

II, FisherScientific).  Laminin solution was removed from 96 well plates and replaced with 

5x104 PMA activated U937 cells in 100µL of DMEM:F12 supplemented with 2mM Glutamax. 

OMLP-PCL SEVs were then diluted to 200, 100, 20 or 0µg/mL in 100µL of PBS and ReNeuron 

SEVs were diluted to 2x1011, 2x1010, 2x109 or 0p/mL in 100mL of PBS.  100mL of SEVs was 

then added to the 96 well plate in addition to the PMA activated U937 cells (n=8). Cells were 

returned to the incubator at 37°C/5%CO2 for 72 hours. 

 

After 72 hours the plates were centrifuged at 300xg for 5 minutes to ensure all cells were at 

the bottom of each well. After centrifugation 150µL of CM was removed from each well without 

disturbing the cells on the bottom of the well and transferred immediately into a deep well 96 
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well plate and stored at -80°C until required for an IL-10 ELISA. Any remaining medium was 

then removed from each well and 100µL of PBS added to each well to wash the cells. The 

PBS was removed and 100uL of 4% (w/v) PFA added to each well for 15 minutes at RT to fix 

the cells. After 15 minutes PFA was removed and the fixed cells washed twice with PBS to 

remove any residual PFA.  Fixed cells were stored for 4 days at 4°C prior to ICC staining.  

 

5.2.4.2 IL-10 ELISA 

The IL-10 ELSA allows for the determination of IL-10 concentration in the U937 CM. A high 

IL-10 concentration would be indicative of M2 macrophage polarisation. The IL-10 ELISA was 

preformed as per the manufacturer’s instructions (R&D Systems). In brief, all reagents were 

bought to RT. The capture antibody was diluted as per manufacturer’s instructions and the 

required wells of a Nunc Maxisorp 96 well plate coated with 100µL of the diluted antibody in 

PBS. The plate was seeled with a plate seel and incubated at RT overnight.  The following 

morning the deep well plate containing the U937 CM was thawed and bought to RT.  The 

capture antibody was removed from the 96 well plate and the plate washed three times with 

300µL per well Wash Buffer (PBS + 0.05 v/v Tween20).  Non-specific antibody binding was 

blocked with the addition of 100µL/well of Reagent Diluent (1% BSA w/v in PBS) for 1 hour at 

RT. After 1 hour, reagent diluent was removed and wells washed three times with wash buffer.  

A standard curve of IL-10 was produced by serially diluting 2000pg/mL IL-10 in reagent diluent 

to 31.25pg/mL. 100µL of each standard was added to the ELISA plate (n=3).  100µL of test 

sample was also added to each plate and incubated for 2 hours at RT (n=8).  The detection 

antibody was diluted to 4.5µg/mL and after 2 hours and 3 washes in wash buffer, 100µL of 

detection antibody added to each well, the plate seeled and incubated at RT for 2 hours.  A 

streptavidin-HRP antibody was diluted 1 in 40 in Reagent Diluent and after three washes in 

Wash Buffer, 100µL added to each well for 20 minutes at RT.  After 20 minutes plates were 

washed three times in wash buffer and 100µL of 3,3',5,5'-Tetramethylbenzidine (TMB) 

substrate solution added to each well for 20 minutes at RT in the dark.  After 20 minutes 50µL 
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of 2N Sulphuric Acid was added to each well acting as the stop solution. The plate was then 

read in a micro plate reader (SpectraMax i3x; Cisbio Bioassays, France) set to an absorbance 

of 450nm.  Test sample IL1-0 concentration was calculated based upon the standard curve 

produced by the blank corrected absorbance values.  Data is presented as the mean IL-10 

concentration ± standard deviation.  

 

5.2.5 Substrate Wrinkling Assay 

Substrate wrinkling experiments were carried out in the lab of Prof Boris Hinz, Toronto, 

Canada as previously described (Balestrini et al., 2012, Talele et al., 2015). Thin silicone 

substrates were provided by Miss Stellar Boo and produced as published (Balestrini et al., 

2012, Talele et al., 2015). Substrates were first plasma etched for 25 seconds before being 

coated with 1% (3-Aminopropyl)triethoxysilane (APTES) (v/v) in dH2O at 60oC for 1 hour. After 

an hour substrates were washed twice with dH2O before coating with 2μg/cm2 fibronectin in 

100μg/mL 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC) solution overnight at 37oC. 

The next day substrates were washed three times with PBS to remove any EDAC solution 

being careful not to let the substrates dry out. Human dermal fibroblasts were seeded directly 

onto the substrates in low serum medium (DMEM supplemented with 2% FBS, 100μg L-

Glutamine and 100u Penicillin streptomycin)  ±2ng/mL TGFb1 and SEVs. Control conditions 

were TGFb1 with no SEVs and no TGFb1 and no SEVs. Cells were cultured on the substrates 

for 72 hours at 37oC 5% CO2 before analysis.  

 

After 72 hours of growth at least 12 images of random positions of each well were captured 

using a LSM Pascall V microscope equipped with a charge-coupled device AxioCam HRm 

digital camera (both Zeiss, Germany).  After images were captured cells were fixed in ice cold 

methanol (-20oC) for 5 minutes and rehydrated through progressively more dilute methanol 

(50%, 25%, 12.5%, 6.25%, 3.13%) for 5 minutes each. Finally, cells were left in PBS for 1 

hour to fully hydrate. Fixed cells were then incubated with primary antibodies (see table 5.2.1) 
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diluted in wash buffer (0.02% Triton-x100 [v/v]) for 1 hour before three washes in wash buffer. 

After washing cells were incubated with secondary antibodies (see table 5.2.2) and 1µg/mL 

4',6-diamidino-2-phenylindole (DAPI) for 1 hour in the dark.  After an hour cells were washed 

four times with wash buffer and a cover slip mounted on top of cells with polyvinyl alcohol 

(PVA) which was left to polymerise overnight in the dark.  Immunofluorescence images were 

taken using an upright AxioImager M2 microscope equipped with a charge-coupled device 

AxioCam HRm digital camera and image acquisition software Zen SP1 (all Carl Zeis, 

Germany).  

 

Table 5.2.1 List of primary antibodies used in Prof Hinz Lab, University of Toronto, Canada 

 

Table 5.2.2 List of secondary antibodies used in Prof Hinz Lab, University of Toronto, Canada 

 

5.2.5.1 Silicone wrinkle image analysis  

Brightfield images were analysed as previously described using ImageJ (Balestrini et al., 

2012). Images were transformed into 8-bit monochrome images before thresholding for 

phase-bright wrinkles at a level that selected the cell wrinkles but did not select cell edges. 

The threshold was applied and images converted into binary images Figure 5.2. After 

excluding circular shapes the area covered by the remaining highlighted wrinkles was 

calculated using the “particle analysis” function. Percentage coverage values were then 

Target Species IgG  Dilution Supplier Product code 

aSMA Mouse IgG2a 1:100 Gift from Dr G. Gabbiani, University 
of Geneva (Skalli et al., 1986) 

Collagen I Rabbit  IgG 1:200 OriGene R1038 

EDA FN Mouse IgG1 1:200 Santa Cruz SC59826 

Target Species Fluorophore Dilution Supplier Product code 

Mouse IgG2a Goat Alexa Fluor 647 1:1000 Invitrogen A21241 

Rabbit IgG Goat Alexa Fluor 488 1:1000 Invitrogen A11034 

Mouse IgG1 Goat TRITC 1:1000 SB 1070-03 
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normalised to the number of cells present in each image. The more wrinkles or the bigger the 

wrinkles then the higher the thresholded area and the higher the percentage coverage.  Data 

is shown for the average percentage coverage ± standard deviation.  

 

 

 

 

 

 

 

 

 

5.2.6 Ex vivo cornea model 

All organ culture was carried out in the School of Optometry and Vision sciences, Cardiff 

University. 

5.2.6.1 Cornea culture  

Bovine eye globes were obtained from a local abattoir within four hours of death and 

transported to the laboratory on ice. Healthy eyes with transparent corneas and no prior 

damage or scarring were selected for experimentation. Selected eyes were processed for 

organ culture as previously descried by Foreman et al. (1996).  Using scissors, excess muscle 

and tendon tissue was removed and cleaned globes placed into sterile PBS in ice. Once all 

globes were cleaned, globes were disinfected by submerging in 25% (w/v; diluted in dH2O) 

betadine iodine solution (AAH, UK) for five minutes.  After five minutes, globes were removed 

from the betadine iodine solution and submerged into sterile PBS.  Globes were continuously 

washed with fresh sterile PBS until PBS remained clear. Globes were stored in a moist 

chamber (Sterile specimen containers with PBS soaked blue roll) overnight at 4°C before 

wounding the following day.  

Figure 5.2: Silicone wrinkling analysis. Brightfield images (A) were transformed into 

thresholded binary images (B) and the percentage area coverage calculated for analysis.  
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Corneas were wounded using 6mm trephine biopsy punch.  Trephines were pushed firmly into 

the centre of the cornea to a depth of 1/3 to 2/3 the depth of the stroma. The central corneal 

button was then removed using a sterile scalpel.  Wounded corneas were placed into PBS 

until the globes were dissected ready for culture. Unwounded corneas were placed straight 

into PBS ready for dissection of the globe. Corneas were dissected from the globe using a 

scalpel and scissors to cut circumferentially 3-4mm below the corneal limbus. Following 

dissection, the iris, lens and any remaining aqueous humour was removed using forceps. 

Dissected, wounded/unwounded, cleaned corneas were then inverted into a sterile universal 

lid filled with PBS to stop the cornea drying out. Using a stripette the posterior endothelial 

cavity of each cornea was filled with 1% agar/ 1% gelatine (w/v; diluted in DMEM; both Sigma) 

up to the edge of the corneal limbus and allowed to set for 5 minutes.  Once set, corneas on 

their agar/gelatine supports were placed into 60mm petri dishes with the corneal epithelium 

facing up.  Corneal wounds could then be dosed with either SEVs or the vehicle solution at 

Time=0.  6mL of SFM was then added to surround each cornea.  30µL of SFM was added on 

top of each cornea directly into the wound area twice a day for the duration of the experiment. 

The surrounding 6mL of SFM was removed and replaced every 4 days.  Corneas were 

cultured in an incubator at 37°C with 5% CO2.  

 

5.2.6.2 SEV uptake into corneas 

OMLP-PCL SEVs were labelled with a 488 Malemide dye as described previously (Section 

4.2.3.6). Ex vivo corneal cultures were prepared and maintained as described in 5.2.8.1. 488 

labelled SEVs at 50µg/mL diluted in SFM were added into the corneal wounds in the second 

(afternoon/evening) feed either daily or every three days for a period of 14 days.  After 14 days 

and approximately 14 hours after the previous SEV feed, corneas were processed for cyro-

sectioning.  

 



Chapter 5. Effects of SEVs on Wound Healing Model Systems  

 148 

5.2.6.2.1 Cryo-sectioning  

Corneas were removed from culture and the agar/gelatine support removed.  Corneas were 

then cut in half through the centre of the wound and submerged into Optimal Cutting 

Temperature compound (OCT; Leica, Germany).  Bisected corneas were submerged so that 

the wounded cornea would be at the base of the OCT and therefore the first to be sectioned. 

OCT was rapidly hardened by placing on dry ice.  Once hardened, corneas embedded in OCT 

were stored at -80°C until sectioning.  

 

20µm sections were produced using a Leica CM1900 cryostat located at ReNeuron, Pencoed.  

Corneas embedded into OCT were mounted onto a clean specimen mounting block using a 

small amount of OCT. 20µm sections were collected onto charged Superfrost Plus Microscope 

slides.  OCT was removed by two washes in PBS (5 minutes).  After washing, corneas were 

fixed using 4% (w/v) PFA for 15min at RT. After 15 minutes, PFA was removed and cells 

washed twice with PBS before storing at 4°C until staining.  

 

5.2.6.2.2 ICC on cryo-sections  

Sections received an initial PBS wash before being permeabilised with the addition of 0.01% 

TritonX-100 (v/v) for 5 minutes at RT.  Sections were then washed three times with PBS and 

unspecific antibody binding was blocked with the addition of 1% (w/v) BSA in PBS for 2 hours 

at RT.  Sections were then washed with 0.1% BSA three times before incubating with 0.8nM 

phalloidin-Atto-594 solution in 0.1% BSA (w/v) for 2 hours at RT in the dark to stain F-Actin. 

Following the incubation, the solution was removed and cells washed three times with PBS. 

Tissue sections were mounted and counterstained using Flouroshield mounting medium 

containing DAPI (Vectorlabs).  Corneal sections were imaged in the same way as fixed and 

mounted cells on a Zeiss LSM880 Airyscan confocal microscope as described in 2.2.2 using 

a Neofluar 40 DIC M27 oil objective with a numerical aperture of 1.3. 
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5.2.6.3 Effect of SEVs on corneal re-epithelisation   

To determine the effects of SEVs on the re-epithelisation of corneal wounds, bovine corneas 

were prepared and wounded as described in section 5.2.8.1.  Once wounded and ready for 

culture, corneal wounds were treated daily as part of the afternoon/evening feed with either: 

OMLP-PCL SEVs at 100µg/mL, ReNeuron SEVs ExoPr0 or ExoDiff at 1x1011p/mL or no SEVs 

for 5 days. After 5 days whole corneas were imaged and re-epithelisation quantified as 

described in 5.2.6.3.1. Following imaging corneas were removed from the agar/gelatine 

supports divided into two through the centre of the wound and placed into 10% neutral buffered 

formalin solution for 24hours at RT to fix the tissue.  

 

5.2.6.3.1 Measurement of corneal re-epithelisation  

Whole wounded corneas were imaged using a Nikon SMZ1000 stereomicroscope. Corneas 

were illuminated from the bottom to allow light to pass through the cornea all at the same 

magnification.  Once images of corneas were captured, images were transported into ImageJ 

for processing.  The initial wound edge was measured (still visible after 5 days in culture) to 

give an initial wound area.  The migrating corneal epithelium was also visible and therefore 

the area not re-epithelialised could be measured. From this the percentage re-epithelisation 

can be calculated. Data is presented as the mean from n=3 with standard deviation error bars.  

 

5.2.6.3.2 Wax embedding, sectioning & H&E staining  

After 24 hours in 10% (w/v) formalin fixed corneas were dehydrated and processed into wax 

using an ASP300s automated tissue processor (Leica).  The automated tissue processor 

transferred the corneal halves into 70% (v/v) ethanol for 1 hour, 90% (v/v) ethanol for 1 hour 

and 100% ethanol for 1 hour 50 minutes.  3 repeats of 100% ethanol for 1 hour 50 minutes 

were followed by 3 repeat washes for 2 hours 15 minutes in 100% xylene.  Corneas were then 

transferred to molten paraffin wax at 60-65°C for 2 hours 50 minutes which was repeated 

twice.  This whole processing process was left to run overnight.  The following morning corneal 
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halves were embedded into a wax blocks using a suitable sized mould and left to harden on 

a refrigerated base for at least 20 minutes. Corneal halves were positioned in wax blocks with 

the wounded side facing down so that when sectioned, the wounded area of interest would be 

the first area to be sectioned.  Wax blocks were stored at RT until sectioning. 

 

30 minutes prior to sectioning, wax blocks were placed onto a block of ice to chill the wax.  

Blocks were trimmed at 10µm to ensure sections were being taken within the wound before 

4µm sections were taken, floated onto a 40°C water bath before transferring onto Polysine® 

slides. Slides with wax embedded sections were transferred to a 56°C oven to completely dry 

for a minimum of 30 minutes. 

 

Oven dried slides were then stained with Haematoxylin and eosin (H&E) using an automated 

H&E stainer (Shandon linistain; ThermoFisher Scientific). Tissues were stained using the 

haematoxylin regressive method: tissues were transferred into xylene for 1 minute (3x 

repeats), 1 minute in 100% ethanol (2x repeats),  1 minute in 70% ethanol (v/v), 1 minute in 

tap water, 2 minutes in Harris Haematoxylin (3x repeats), 1 minute in Harris Haematoxylin 

solution, 1 minute in tap water (2x repeats), 1 minute in eosin counterstain, 1 minute in tap 

water, 1 minute in 70% (v/v) ethanol, 1 minute in 100% ethanol (2x repeats), 1 minute in xylene 

and a final 2 minutes in xylene.  Stained slides were mounted using DPX (CellPath, UK) and 

imaged as described in 2.2.2 using an Olympus AX70 microscope.  

 

5.2.7 SEV release from Gellan hydrogel  

Gellan Gum hydrogel (Gellan) was kindly provided by Prof Liam Grover, Tissue Rehabilitation 

and Interface Laboratory (TRIALab), University of Birmingham. Both OMLP-PCL and DU145 

SEVs were fluorescently labelled as described in 4.2.3.6.  50µL of SEVs at 50µg/mL (diluted 

in PBS) were mixed thoroughly with 50µL of Gellan hydrogel and the resulting 100µL mix 

loaded into a well of a 96 well plate (n=4).  After incubating at 37°C for 1 hour, 100µL of PBS 
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was added on top of the SEV Gellan mix.  At each time point (24, 48, 72, 96,120 & 240 hours) 

this 100µL of PBS was removed and replaced with a fresh 100µL of PBS. After 10 days (240 

hours) 80µL of the collected PBS was loaded into a 96 well plate and the fluorescence at 

488nm calculated using an automated plate reader (BMG Labtech).  A time 0 measurement 

was produced by diluting 50µL of SEVs at 50µg/mL to 80µL (calculation of the fluorescence 

of all the SEVs loaded into the Gellan hydrogel).  Data is presented as the mean (n=4) 

percentage fluorescence at each time point compared to the fluorescence of SEVs at t=0 ± 

standard deviation.  

 

5.2.8 OMLP-PCL SEV scale up  

The scale up needed for a therapeutic SEV product is significant and discussed throughout 

1.3.2.  The development of an OMLP-PC cell line is the first stage for scale up however, the 

SEV isolation techniques used in this thesis for OMLP-PCL SEVs are not easily scale up.  TFF, 

available at ReNeuron, is a good example of a highly scalable method for SEV isolation.  

 

5.2.8.1 OMLP-PCL culture  

OMLP-PCL were cultured as described in 2.2.1.  When cells had reached 80% confluency the 

cell monolayer was washed once with PBS and medium was switched from ED-SCM to a 

serum free (SF) medium.  Medium was left on cells to condition for 48 hours.  After 48 hours, 

medium was removed and centrifuged at 2000xg for 5 minutes to pellet any cells or cellular 

debris. The supernatant was then removed and passed through a 0.22µm filter to remove any 

micro vesicles or remaining cellular debris. This resulting SF CM was stored at -80°C until 

required.  
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5.2.8.2 TFF  

TFF was carried out at ReNeuron, Pencoed under the supervision of Mr Thomas Caws. The 

CM was passed through a small scale TFF column (mPES/100kDa) that was operated by 

hand using syringes. The TFF concentrated the CM 50x (ie. 50mL of CM to 1mL of SEVs).  

The 1mL of isolated SEVs was characterised and used in in vitro experiments.   

 

5.2.8.3 SEV characterisation  

OMLP-PCL SEVs were characterised based upon the methods discussed in Chapter 4.  

Specifically, OMLP-PCL SEVs isolated from SF CM by TFF were characterised using NTA as 

described in 4.2.3.1, tetraspannin expression as assessed by flow cytometry however, only 

10µg of protein was added instead of 25µg described in 4.2.3.5 and uptake into dermal 

fibroblasts as described in 4.2.3.6.  

 

5.2.8.4 SEV functional effects  

The functional properties of OMLP-PCL SEVs isolated from SF CM using TFF was assessed 

in terms of their ability to inhibit the formation of myofibroblasts when dermal fibroblasts were 

exposed to TGFb1.  The effects on myofibroblast formation were determined as described in 

5.2.2.1.  aSMA expression was determined by western blotting as described in 5.2.2.2. n=2 
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5.3 Results  

  

5.3.1 DU145 SEVs can be isolated using ExoSpin 

As a control for SEVs isolated from both OMLP-PCL and MSC CM using the ExoSpin kit, EVs 

isolated from the conditioned medium from a cancer cell line was also examined throughout 

this chapter.  EVs isolated from the CM of DU145 cells demonstrate a modal size of 105nm, 

within the expected size for SEVs (Fig. 5.3A).  A P:P ratio of 1.8x109 was also in alignment 

with other EVs isolated and characterised in Chapter 4. Cryo-EM images also demonstrate 

rounded structures with a modal size between 30-130nm and a thick boundary indicative of a 

double lipid bilayer (Fig. 5.3B) as expected for SEVs.  DU145 EVs demonstrated positivity for 

the tetraspannins CD9, CD81 and CD63 by flow cytometry (Fig. 5.3C&D).  Based on the size, 

morphology and tetraspannin expression EVs isolated using the ExoSpin kit from DU145 CM 

are SEVs.  SEVs labelled with a 488-malemide dye also demonstrate uptake into the three 

dermal fibroblast cell lines used within this chapter (Fig. 5.3E). 
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Figure 5.3: Characterisation of DU145 EVs isolated using the ExoSpin exosome isolation kit (cell 

Guidance Systems).  EVs demonstrated a modal size between 30-130nm by NTA (A) and Cryo-EM 

(B) Scale bar = 200nm. EVs demonstrate tetraspanin expression by flow cytometery (C-D) confirming 

the isolated EVs are SEVs.  SEV uptake into dermal fibroblasts was also confirmed by confocal 

microscopy using 488-labelled SEVS (Green; E). Cells were fixed and stained with Phalloidin-594 (F-

Actin; Red) and nuclear counterstained with Hoechst (Blue). Images were captured using a Zeiss 

LSM880 Airyscan confocal microscope. Scale bar = 50µm 
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5.3.2 Comparison of SEV dosing between OMLP-PCL, MSC and DU145 to both 

ReNeuron SEV populations; ExoPr0 & ExoDiff 

Historically, SEVs from ReNeuron were dosed based on the number of particles whilst all 

other SEV types were dosed based on protein concentration.  A number of key factors led to 

these differences in dosing.  For accurate and reliable determination of particle concentration 

the same NanoSight machine should be utilised to eliminate variability between machines.  

Since the NanoSight used throughout this thesis was located at ReNeuron (Pencoed) it was 

not feasible to analyse every batch of OMLP-PCL, MSC or DU145 SEVs to determine their 

particle concentration.  Protein concentration can be easily and accurately determined using 

a BCA assay and was therefore used to dose OMLP-PCL, MSC and DU145 SEVs isolated 

within the School of Dentistry, Cardiff University.  

 

Table 5.3 demonstrates comparative particle / protein concentrations of EVs between the 

doses used throughout this chapter.  If all SEVs were dosed at 100µg/mL then the equivalent 

particle number for OMLP-PCL would be 2.2x1011p/mL, for MSCs 1.5x1011p/mL, for DU145s 

1.8x1011p/mL, ReNeuron ExoPr0 1.01x1011p/mL and for ExoDiff 1.6x1011p/mL.  Given these 

roughly (logarithmically) equivalent particle concentrations it can be assumed that all of these 

concentrations were within similar, comparable limits.  The same is true for comparable protein 

concentrations if assays were dosed at 1x1011p/mL.  For 1x1011p/mL the equivalent protein 

concentrations would be: OMLP-PCL 45.4µg/mL, MSC 64.4µg/mL, DU145 54.4µg/mL, 

ReNeuron ExoPr0 99.1µg/mL and ExoDiff 62.3µg/mL.   
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Table 5.3: Comparison of particle and protein concentrations between SEVs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Particle 

Concentration 
(Average) 

Protein 
Concentration 

(Average) 

No. of particles 
for 100ug/mL 

(p/mL) 

Protein 
Concentration 

for 1x1011 

(µg/mL) 
OMLP-PCL 2.58x1012 1172 2.2x1011 45.4 

MSC 2.43x1012 1567 1.5x1011 64.4 
DU145  2.22x1012 1207 1.8x1011 54.4 
ExoPr0 4.48x1011 444 1.01x1011 99.1 
ExoDiff 3.37x1012 2100 1.6x1011 62.3 
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5.3.3 SEVs effect fibroblast proliferation  

To assess the effects SEVs have on fibroblast proliferation dermal fibroblasts from three 

independent patients were seeded into 96 well plates for an orangu™ assay.  SEVs were 

added in SFM at either 100µg/mL, 50µg/mL or 10µg/mL (OMLP-PCL, MSC, DU145) or 

1x1011p/mL, 1x1010p/mL, 1x109p/mL (ReNeuron ExoPr0 and ExoDiff).  An orangu™ assay 

was preformed on days 1 and day 3 following the addition of SEVs.   

 

Data demonstrated that only SEVs from DU145 cells, at the highest tested concentration, 

significantly increased cell proliferation at day 1 (P<0.01; Fig 5.4 & 5.5).  After 3 days however, 

at the highest concentration of 100µg/mL and at 50µg/mL OMLP-PCL, MSC and DU145 SEVs 

caused a significant increase in cell proliferation (P<0.001; Fig 5.4).  At the lowest tested 

concentration 10µg/mL, MSC SEVs lost their effects to increase fibroblast proliferation 

(P>0.05; Fig 5.4) where as OMLP-PCL and D145 SEVs were still capable of significantly 

increasing cell proliferation (P<0.001 and P<0.01 respectively; Fig 5.4).  At all the tested 

concentrations both SEV types from ReNeuron were unable to alter cell proliferation (P>0.05; 

Fig 5.5).   
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Figure 5.4: Fibroblasts from three independent patients were seeded into 96 well plates, growth 

arrested and dosed with SEVs from OMLP-PCL, MSC and DU145 cells. An Orangu™ assay was 

performed on days 1 and 3 following the addition of SEVs. Data is presented as a percentage of 

the 0 SEV control.  (*P<0.05, **P<0.01, ***P<0.005, ****P<0.001). n=3  ± SEM. 
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Figure 5.5: Fibroblasts from three independent patients were seeded into 96 well plates, growth 

arrested and dosed with SEVs from ReNeuron; ExoPr0 (A) and ExoDiff (B). An Orangu™ assay 

was performed on days 1 and 3 following the addition of SEVs. Data is presented as a percentage 

of the 0 SEV control. (*P<0.05, **P<0.01, ***P<0.005, ****P<0.001). n=3  ± SEM 

Day
 1

Day
 3

0

50

100

150

200

Pe
rc

en
tg

e 
gr

ow
th

 c
om

pa
re

d
 to

 n
o 

SE
V 

co
nt

ro
l

ExoPr0 Orangu

1x1011p/mL

1x1010p/mL

1x109p/mL

0p/mL

Day
 1

Day
 3

0

50

100

150

200

Pe
rc

en
tg

e 
gr

ow
th

 c
om

pa
re

d
 to

 n
o 

SE
V 

co
nt

ro
l

ExoDiff Orangu

1x1011p/mL

1x1010p/mL

1x109p/mL

0p/mL



Chapter 5. Effects of SEVs on Wound Healing Model Systems  

 160 

5.3.4 SEVs significantly increase cell migration  

To assess cell migration dermal fibroblasts were seeded into 24 well plates inside the centre 

wells of an Ibidi Cell Culture Insert (Fig 5.1). When cells within the well became confluent Ibidi 

inserts were removed and SEVs added in SFM.  Cells migrate into the wound space and 

images were captured every 30min using an automated time lapse microscope; Cell IQ.   

 

OMLP-PCL SEVs increased cell migration speeds in a dose dependent manner (Fig 5.6).  At 

the highest SEV concentration the average cell migration speed was 18.18µm/h (P<0.0001) 

which was reduced to 14.67µm/h at 50µg/mL SEV (P<0.0001), 11.28µm/h at 10µg/mL SEV 

(P>0.05) and 8.8µm/h with no SEVs.  

 

MSC SEVs significantly increase cell migration speeds only at the highest tested concentration 

of 100µg/mL SEVs (Fig 5.6).  At the highest SEV concentration the average cell migration 

speed was 12.75µm/h (P<0.0001) which was reduced to 9.437µm/h at 50µg/mL SEV 

(P>0.05), 9.05µm/h at 10µg/mL SEV (P>0.05) and 8.74µm/h with no SEVs.  

 

DU145 SEVs increase cell migration speeds in a dose dependent manner (Fig 5.6).  At the 

highest SEV concentration the average cell migration speed was 11.6µm/h (P<0.0001) which 

was reduced to 11.2µm/h at 50µg/mL SEV (P<0.005), 9.4µm/h at 10µg/mL SEV (P>0.05) and 

7.7µm/h with no SEVs.  

 

ReNeuron SEVs ExoPr0 increase cell migration speeds at only one of the tested 

concentrations (Fig 5.7).  At the highest SEV concentration the average cell migration speed 

was 9.65µm/h (P>0.05) which was increased to 14.15µm/h at 1x1010p/mL (P<0.01), 9.41µm/h 

at 1x109p/mL (P>0.05) and 10.57µm/h with no SEVs.    
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ReNeuron SEVs ExoDiff significantly increase cell migration speeds at only the highest tested 

concentration (Fig 5.7).  At the highest SEV concentration the average cell migration speed 

was 15.73µm/h (P<0.001) which was reduced to 9.45µm/h at 1x1010p/mL (P<0.01), 9.42µm/h 

at 1x109p/mL (P>0.05) and 9.43µm/h with no SEVs.    

 

Additionally, by looking at the brightfield images captured by the cell IQ microscope the area 

in which cells have migrated can be observed.  Although only qualitative, the area in which 

cells have migrated correlates with the calculated cell migration speeds, with concentrations 

that correspond to increased cell migration speeds demonstrating a greater level of wound 

closure (Fig 5.8-5.12).   

 

When comparing the different SEV types, OMLP-PCL SEVs demonstrate the greatest effect 

on cell migration speeds.  At 100µg/mL OMLP-PCL SEVs are capable of increasing the 

average cell migration speed to 18.18µm/h.  MSC SEVs demonstrated the next greatest 

increase in cell migratory speeds increasing cell migration speeds to 12.75µm/h.  This data 

therefore suggests OMLP-PCL SEVs demonstrate the greatest effects in terms of cell 

migration speeds.  
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Figure 5.6: Fibroblasts from three independent patients were seeded into 24 well plates within IBIDI 

cell culture inserts and cultured until confluency. Inserts were removed and cells dosed with SEVs from 

OMLP-PCL, MSC or DU145. Images were captured using a Cell IQ automated time lapse microscope 

for 48 hours until cells had migrated and filled the cell free gap in the center of the well. Individual cells 

were tracked (20 cells/fibroblast patient), and cell migration speeds calculated. All data is presented as 

well as the mean +- SEM. (*P<0.05, **P<0.01, ***P<0.005, ****P<0.001). n=3 
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Figure 5.7: Fibroblasts from three independent patients were seeded into 24 well plates within IBIDI 

cell culture inserts and cultured until confluency. Inserts were removed and cells dosed with SEVs from 

ReNeuron: ExoPr0 or ExoDiff. Images were captured using a Cell IQ automated time lapse microscope 

for 48 hours until cells had migrated and filled the cell free gap in the center of the well. Individual cells 

were tracked (20 cells/fibroblast patient), and cell migration speeds calculated. All data is presented as 

well as the mean +- SEM. (*P<0.05, **P<0.01, ***P<0.005, ****P<0.001). n=3 
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0hr 24hr 48hr 

Figure 5.8: Fibroblasts from three independent patients were seeded into 24 well plates within IBIDI 

cell culture inserts and cultured until confluency. Inserts were removed and cells dosed with SEVs from 

OMLP-PCL. Images were captured every 30 min using a Cell IQ automated time lapse microscope for 

48 hours until cells had migrated and filled the cell free gap in the center of the well. The figure 

demonstrates representative images from one well at 0hr, 24hr and 48hrs post SEV addition at the four 

tested SEV concentrations. Scale bar = 200µm 
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Figure 5.9: Fibroblasts from three independent patients were seeded into 24 well plates within IBIDI 

cell culture inserts and cultured until confluency. Inserts were removed and cells dosed with SEVs from 

MSCs. Images were captured every 30 min using a Cell IQ automated time lapse microscope for 48 

hours until cells had migrated and filled the cell free gap in the center of the well. The figure 

demonstrates representative images from one well at 0hr, 24hr and 48hrs post SEV addition at the four 

tested SEV concentrations. Scale bar = 200µm 

No SEV 
No SEV No SEV No SEV 

10µg/mL SEV 10µg/mL SEV 10µg/mL SEV 

50µg/mL SEV 50µg/mL SEV 50µg/mL SEV 

100µg/mL SEV 100µg/mL SEV 100µg/mL SEV 0hr 24hr 48hr 
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Figure 5.10: Fibroblasts from three independent patients were seeded into 24 well plates within IBIDI 

cell culture inserts and cultured until confluency. Inserts were removed and cells dosed with SEVs from 

DU145 cancer cells. Images were captured every 30 min using a Cell IQ automated time lapse 

microscope for 48 hours until cells had migrated and filled the cell free gap in the center of the well. The 

figure demonstrates representative images from one well at 0hr, 24hr and 48hrs post SEV addition at 

the four tested SEV concentrations. Scale bar = 200µm 

No SEV No SEV No SEV 

10µg/mL SEV 10µg/mL SEV 10µg/mL SEV 

50µg/mL SEV 50µg/mL SEV 50µg/mL SEV 

100µg/mL SEV 100µg/mL SEV 100µg/mL SEV 0hr 24hr 48hr 
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Figure 5.11: Fibroblasts from three independent patients were seeded into 24 well plates within IBIDI 

cell culture inserts and cultured until confluency. Inserts were removed and cells dosed with SEVs from 

ReNeuron ExoPr0. Images were captured every 30 min using a Cell IQ automated time lapse 

microscope for 48 hours until cells had migrated and filled the cell free gap in the center of the well. The 

figure demonstrates representative images from one well at 0hr, 24hr and 48hrs post SEV addition at 

the four tested SEV concentrations. Scale bar = 200µm 
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Figure 5.12: Fibroblasts from three independent patients were seeded into 24 well plates within IBIDI 

cell culture inserts and cultured until confluency. Inserts were removed and cells dosed with SEVs from 

ReNeuron ExoDiff. Images were captured every 30 min using a Cell IQ automated time lapse 

microscope for 48 hours until cells had migrated and filled the cell free gap in the centre of the well. The 

figure demonstrates representative images from one well at 0hr, 24hr and 48hrs post SEV addition at 

the four tested SEV concentrations.  Scale bar = 200µm 
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5.3.5 SEVs are capable of inhibiting the formation of myofibroblasts  

Soluble TGFb1 is capable of differentiating dermal skin fibroblasts into myofibroblasts. As 

seen in scarless, foetal wound healing the absence or reduction or myofibroblasts could be 

one of the leading factors in the resulting scarless wound healing phenotype.  Here SEVs 

isolated from OMLP-PL, MSCs, DU145, and the two ReNeuron SEV products: ExoPr0 and 

ExoDiff were added into fibroblast cultures containing 1ng/mL TGFb1 for 72 hours. Following 

72 hours in culture the formation of myofibroblasts was assessed with regards to aSMA 

presence as determined by both ICC and quantified by western blotting. A full representative 

western blot can be seen in appendix III which demonstrates single protein bands and clean 

blots suggesting antibody specificity.  

 

OMLP-PCL derived SEVs demonstrated an ability to significantly inhibit the effects of TGFb1 

(Fig 5.13).  At the highest dose of SEVs, 100µg/mL, there was a visible reduction in the number 

of aSMA positive cells demonstrated by ICC (Fig 5.13A).  As the concentration of SEVs was 

reduced the number of aSMA positive cells increased in a dose dependant manner (Fig 5.13B-

D).  This was confirmed again at the protein level by western blotting as demonstrated in 

Figure 5.13 E&F (P<0.005 and P<0.01).  Notably, at 100µg/mL of OMLP-PCL SEVs there was 

no significant difference in the amount of aSMA present in the treated cells and the cells that 

received no TGFb1 (Fig 5.13E; P>0.05).  

 

MSC derived SEVs also demonstrated an ability to inhibit the formation of myofibroblasts (Fig 

5.14).  However, the observed inhibition was only demonstrated at the highest concentration 

of 100µg/mL (Fig 5.14A).  At this concentration the number of aSMA positive cells was 

significantly reduced as can be observed by ICC. At the other tested concentrations: 50µg/mL 

and 10µg/mL of SEV there was no observable reduction in the number of aSMA positive cells 

(Fig 5.13A-D). This was confirmed at the protein level by western blotting which, when 
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assessed by densitometry, confirmed that with 100µg/mL SEVs there was a significant 

reduction in aSMA in cultures (P<0.05) but there was no effect at either 50µg/mL or 10µg/mL 

SEV (Fig 5.13E&F). 

 

DU145 prostate cancer cell derived SEVs demonstrated an ability to increase aSMA 

production by ICC (Fig 5.15A) however, at no concentration was this difference statistically 

significant by western blotting analysis (P>0.05; Fig 5.14 A-F).  At the highest concentration 

of 100µg/mL of SEVs the amount of aSMA was increased by almost 100%.  This trend was 

reduced in a dose dependant manner however was not significant (P>0.05; Fig 5.14E&F). 

 

ReNeuron SEVs ExoPr0 demonstrated no effect during the myofibroblast differentiation (Fig 

5.16).  At all the tested concentrations there was no difference in either the ICC (Fig 5.16A-D) 

aSMA images or from the western blot densitometry (P>0.05; Fig 5.15E-F).  

 

ReNeuron SEVs ExoDiff did however affect the formation of aSMA positive myofibroblasts 

(Fig 5.17).  At the highest concentration of 1x1011p/mL equivalent to a protein concentration 

of 62.3µg/mL, the numbers of aSMA positive cells were visibly reduced when compared to 

the no SEV control (Fig 5.16A-D). Western blot densitometry confirmed the reduction in aSMA 

when compared to the no SEV control (Fig 5.16E-F; P<0.005). As the levels of SEVs were 

reduced however, there was no difference in aSMA levels compared to the no SEV control 

(P>0.05). 

 

 

  



Chapter 5. Effects of SEVs on Wound Healing Model Systems  

 171 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

A B 

C D 

!SMA 

44Kda 

44Kda 

β Actin 

10
0u

g/
m

L 
SE

V 

50
ug

/m
L 

SE
V 

10
ug

/m
L 

SE
V 

0u
g/

m
L 

SE
V 

N
o 

TG
F 

Figure 5.13: Fibroblasts from three independent patients were seeded into either 8 well chamber slides 

(ICC) or 6 well plates (Western Blot) and cultured with 1ng/mL TGFb1 ± OMLP-PCL SEVs at 100µg/mL (A), 

50µg/mL (B), 10µg/mL (C) or no SEVs (D) for 72 hours. After 72 hours cells in chamber slides were fixed 

and stained with aSMA (Green) and nuclear counterstained with DAPI (Blue) (A-D) images were acquired 

using an Olympus AX70 microscope. aSMA protein was quantified by western blotting (D).  Densitometry 

data is presented as the percentage aSMA normalised to b-Actin expressed as the percentage of the no 

SEV control. n=3 ± SEM.  (**P<0.01, ***P<0.005). 
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Figure 5.14: Fibroblasts from three independent patients were seeded into either 8 well chamber slides 

(ICC) or 6 well plates (Western Blot) and cultured with 1ng/mL TGFb1 ± MSC SEVs for 72 hours. After 72 

hours cells in chamber slides were fixed and stained with aSMA (Green) and nuclear counterstained with 

DAPI (Blue) (A-D) images were acquired using an Olympus AX70 microscope.  aSMA protein was quantified 

by western blotting (D).  Densitometry data is presented as the percentage aSMA normalised to b-Actin 

expressed as the percentage of the no SEV control. n=3 ± SEM.  (*P<0.05). 
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Figure 5.15: Fibroblasts from three independent patients were seeded into either 8 well chamber slides (ICC) 

or 6 well plates (Western Blot) and cultured with 1ng/mL TGFb1 ± DU145 SEVs for 72 hours. After 72 hours 

cells in chamber slides were fixed and stained with aSMA (Green) and nuclear counterstained with DAPI 

(Blue) (A-D) images were acquired using an Olympus AX70 microscope.  aSMA protein was quantified by 

western blotting (D).  Densitometry data is presented as the percentage aSMA normalised to b-Actin 

expressed as the percentage of the no SEV control. n=3 ± SEM.   
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Figure 5.16: Fibroblasts from three independent patients were seeded into either 8 well chamber slides (ICC) 

or 6 well plates (Western Blot) and cultured with 1ng/mL TGFb1 ± ReNeuron ExoPr0 SEVs for 72 hours. After 

72 hours cells in chamber slides were fixed and stained with aSMA (Green) and nuclear counterstained with 

DAPI (Blue) (A-D) images were acquired using a Leica SP5 confocal microscope.  aSMA protein was quantified 

by western blotting (D).  Densitometry data is presented as the percentage aSMA normalised to b-Actin 

expressed as the percentage of the no SEV control. n=3 ± SEM.   
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Figure 5.17: Fibroblasts from three independent patients were seeded into either 8 well chamber slides (ICC) 

or 6 well plates (Western Blot) and cultured with 1ng/mL TGFb1 ± ReNeuron ExoDiff SEVs for 72 hours. After 

72 hours cells in chamber slides were fixed and stained with aSMA (Green) and nuclear counterstained with 

DAPI (Blue) (A-D) images were acquired using a Leica SP5 confocal microscope. aSMA protein was quantified 

by western blotting (D).  Densitometry data is presented as the percentage aSMA normalised to b-Actin 

expressed as the percentage of the no SEV control. n=3 ± SEM.  (***P<0.005). 
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5.3.6 SEV effect on monocyte polarisation  

5.3.6.1 SEVs effect IL-10 production from a monocyte cell line 

Monocytes/macrophages play an important role in the wound healing process and have been 

implicated in the scarring process (Krzyszczyk et al., 2018).  Hence it is interesting to 

determine the effects of SEVs on the polarisation of macrophages towards an anti-

inflammatory M2 phenotype instead of a pro-inflammatory M1 phenotype.  It is known that M2 

macrophages secrete high levels of IL-10 and therefore macrophage polarisation was 

determined by levels of secreted IL-10 by a commonly studied monocyte cell line, U937s. 

 

Due to the previously observed preferential wound healing characteristics demonstrated by 

both OMLP-PCL and ReNeuron ExoDiff SEVs only these two SEVs were singled out and 

investigated for their potential monocyte polarisation capabilities.  ExoPr0 demonstrated no 

effects on fibroblast proliferation, migration or myofibroblast formation and so was utilised as 

a negative control.  

 

Results demonstrated that both OMLP-PCL and ReNeuron ExoDiff caused a significant 

increase in secretion of IL-10 from U937 cells after 72 hours in culture (Fig 5.18 A&B). Both 

at the highest concentrations of 100µg/mL (OMLP-PCL) or 1x1011p/mL (ExoDiff), IL-10 levels 

were increased to 492ng/mL and 550ng/mL respectively, significantly greater than the no SEV 

control (P<0.001).  Both SEV types demonstrated a dose dependant reduction in IL-10 

concentration as the concentration of SEVs was reduced with still significant increases in IL-

10 concentrations at 50µg/mL (OMLP-PCL; P<0.001) and 1x1010p/mL (P<0.05; ExoDiff).  At 

the lowest tested concentration neither OMLP-PCL or ExoDiff SEVs had a significant effect on 

IL-10 concentration (P>0.05).  Conversely, ReNeuron ExoPr0 at the highest tested 

concentration of 1x1011p/mL stimulated a significantly reduced production of IL-10 (Fig 5.18C; 

P<0.001). At the other tested concentrations for ExoPr0 there were no differences.  
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Figure 5.18: IL-10 concentration within the conditioned medium collected from U937 cells cultured with or 

without SEVs isolated from (A) OMLP-PCL, (B) ReNeuron ExoDiff or (C) ReNeuron ExoPr0. n=8 ± SD  
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5.3.7 Effects of OMLP-PCL SEVs on silicone substrate wrinkling  

This assay monitors the formation and function of myofibroblasts which is evidenced by 

substrate wrinkling.  The contractile nature of aSMA within the myofibroblast causes the cells 

to contract and ‘wrinkle’ silicone substrates which can be imaged and analysed (experiments 

and analysis undertaken in the Hinz lab, Toronto).  

 

5.3.7.1 TGFb1 treatment of dermal fibroblasts increased substrate wrinkling 

Three different stiffnesses of silicone substrates were examined to determine the optimal 

silicone stiffness for the examination of OMLP-PCL SEVs on myofibroblast formation.  The 

ideal silicone stiffness would demonstrate a significant difference in wrinkle formation when 

cells were treated with TGFb1 or not.  A silicone stiffness of 2kPa demonstrated lots of small 

wrinkles within the substrate present in both the TGFb1 treated and untreated cells (Fig. 5.19). 

At 5kPa larger, more defined wrinkles were present in the TGFb1 treated cells with fewer 

wrinkles observed when the cells received no TGFb1.  At 10kPa there were no wrinkles in the 

substrates where the cells received no TGFb1 and only the occasional wrinkle in the 

substrates where cells did receive TGFb1. 

 

When analysed using imageJ the level of wrinkling was calculated based upon the percentage 

area coverage of the thresholded images divided by the number of cells in each image. With 

more wrinkling, the area detected in each thresholded image was greater and therefore when 

normalised to cell number was greater than that observed in substrates with little wrinkling. 

Figure 5.20 demonstrates the quantified and normalised wrinkling levels at each of the three 

different silicone stiffnesses when cells were treated with or without TGFb1. Results 

demonstrated that a silicone stiffness of 5kPa shows a significant difference between TGFb1 

treated and untreated cells.  Due to this significant difference, a silicone stiffness of 5kPa was 

utilised in future experiments. 
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Figure 5.19: Representative brightfield images of human dermal fibroblasts cultured on silicone 

substrates of differing stiffness: 2kPa, 5kPa or 10kPa.  Cells were treated with TGFb1 and 

cultured for 72 hours before brightfield images were captured.  White areas around cells indicate 

areas of substrate wrinkling and are indicated by arrows. 
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Figure 5.20: human dermal fibroblasts were seeded onto silicone substrates of differing 

stiffness (2kPa, 5kPa or 10kPa) and treated with or without TGFb1 for 72 hours.  Following 

culture, 10 random brightfield images were captured per condition.  Images were thresholded 

to highlight substrate wrinkles and then percentage area coverage for each image calculated.  

For each image the number of cells was counted and data is presented as the percentage area 

of the thresholded images normalised to the number of cells present in the image. n=3 ±SD 
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5.3.7.2 OMLP-PCL SEVs have no definitive effect on silicone wrinkle formation  

Using 5kPa silicone substrates dermal fibroblasts were cultured with TGFb1 and either 

50µg/mL or 10µg/mL OMLP-PCL SEVs. Experiments were carried out on dermal fibroblasts 

at three different passages with data demonstrating differing results at each passage (Fig 5.21 

A-C).  At each passage, the level of wrinkling quantified and normalised to cell number was 

significantly increased when cells received TGFb1 when compared to the cells that did not 

receive TGFb1 (P<0.05 t0 P<0.001). Despite a significant reduction in wrinkling when P18 

cells were treated with 50µg/mL of OMLP-PCL SEVs (compared to TGFb1 alone; Fig 

5.21B;P<0.01) the general trend was that there was no significant reduction in wrinkling when 

OMLP-PCL SEVs were added (compared to TGFb1 alone; P>0.05). 
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Figure 5.21: Human dermal fibroblasts were seeded onto 5kPa silicone substrates and treated with or 

without TGFb1 ± OMLP-PCL SEVs for 72 hours.  Following culture 15 random brightfield images were 

captured per condition.  Images were thresholded to highlight substrate wrinkles and then percentage 

area coverage for each image calculated, normalised to cell number and presented as the percentage 

area of the thresholded images normalised to the number of cells present in the image. Data is shown 

for three independent repeats at P12 (n=1), P18 (n=2) and P19 (n=3). Representative brightfield images 

can be seen in appendix IV-V.  ±SD 
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5.3.7.3 OMLP-PCL SEVs have no definitive effect on aSMA staining in wrinkled 

fibroblasts  

Following bright field imaging of wrinkles, cells on silicone were fixed and stained to image 

aSMA, type I collagen I and EDA-FN. Images demonstrate significantly more aSMA type I 

collagen and EDA-FN production when cells received TGFb1 (Fig 5.22 & 5.23).  Fibroblasts 

cultured with TGFb1 and 10 or 50µg/mL OMLP-PCL SEVs demonstrate no distinctive 

differences in aSMA, type I collagen or EDA-FN production compared to TGFb1 alone treated 

cells.  Unlike the differences observed in myofibroblast formation demonstrated in 5.13, 

experiments here were conducted on a substrate with different stiffness and with a higher 

TGFb1 concentration which could account for the differences observed.  

 

  



Chapter 5. Effects of SEVs on Wound Healing Model Systems  

 184 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.22: Representative images of P12 (n=1) human dermal fibroblasts seeded onto 5kPa silicone 

substrates and treated with or without TGFb1 ± OMLP-PCL SEVs for 72 hours.  Cells were fixed and 

stained for aSMA (white), type I collagen (green), EDA-FN (red) and nuclear counterstained with DAPI 

(blue).  Scale bar = 100µm 
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Figure 5.23: Representative images of P18 (n=2) human dermal fibroblasts seeded onto 5kPa silicone 

substrates and treated with or without TGFb1 ± OMLP-PCL SEVs for 72 hours.  Cells were fixed and 

stained for aSMA (white), type I collagen I (green), EDA-FN (red) and nuclear counterstained with DAPI 

(blue).  Scale bar = 100µm 
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5.3.8 Effects of SEVs in an ex vivo corneal wound healing model 

5.3.8.1 SEV uptake into 3D corneal wound healing model  

To determine if any preferential wound healing effects could be due to SEVs action, it was first 

of all important to determine whether SEVs could be taken up into the corneal cells/tissues.  

To do this, 488 labelled OMLP-PCL SEVs were added to the corneal wounds at a concentration 

of 100µg/mL either daily, every 3 days or not at all for a period of 14 days.  After 14 days 

corneas were fixed, frozen and cryo-sectioned before staining with phalloidin-594 and DAPI.  

 

Results demonstrated that SEVs were taken up by the epithelial cells at the surface of the 

cornea and were notably visible in sections that received SEVs daily (Fig 5.24). SEVs were 

visible at the surface of the epithelium suggesting SEVs were bound to the surface of the 

epithelium before being transported throughout the epithelium.  Corneas that received SEVs 

every three days demonstrate a lower level of SEVs present within the epithelium and no 

SEVs present at the epithelial surface (Fig 5.25) suggesting that the SEVs were either washed 

off during the following media feeds or were dispersed throughout the corneal tissue (Fig 5.25).  

Control corneas receiving no SEVs did not contain green fluorescence (Fig 5.26).  
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Figure 5.24: Three representative ICC images of corneal sections following 14 days in culture. Corneas were dosed with 

488 labelled OMLP-PCL SEVs (green) daily for 14 days before cryo-sectioning and imaging. Sections were also stained to 

highlight f-actin using a Phalloidin-594 (red) dye and nuclear counterstained with DAPI (blue).  Scale bar = 20µm 
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Figure 5.25: Three representative ICC images of corneal sections following 14 days in culture. Corneas were dosed with 488 

labelled OMLP-PCL SEVs (green) every three days for 14 days before cryo-sectioning and imaging. Sections were also stained 

to highlight f-actin using a Phalloidin-594 (red) dye and nuclear counterstained with DAPI (blue).  Scale bar = 20µm 
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 Figure 5.26: Three representative ICC images of corneal sections following 14 days in culture. Corneas received no 

SEVs over the 14 day period. After 14 days corneas were cryo-sectioned and imaged. Sections were also stained to 

highlight f-actin using a Phalloidin-594 (red) dye and nuclear counterstained with DAPI (blue).  Scale bar = 20µm 
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5.3.9 Investigation of SEVs in an ex vivo corneal wound healing model  

Previous data presented in this thesis chapter presents that both OMLP-PCL and ReNeuron 

ExoDiff SEVs demonstrate in vitro anti-scarring effects and that SEVs added to ex vivo 

corneas daily demonstrate a greater SEV distribution throughout the epithelium.  Hence, the 

effect of SEVs on corneal wound healing/scarring was next investigated. 

 

Both enface corneal images and H&E stained sections demonstrated, at time point 0, corneas 

were subjected to a penetrating wound, as evidenced by loss of epithelium and a partial loss 

of corneal stroma (Fig 5.27 A-D).  24 hours following the addition of SEVs the corneal 

epithelium could be observed migrating over the stroma (Fig 5.28). As the original wound edge 

remained visible the percentage re-epithelisation was calculated (Fig 5.29). Results 

demonstrated that at 24 hours, no significant differences in the percentage re-epithelisation 

between the SEV treated corneas and the control were observed (P>0.05).  At 48 and 72 

hours the level of re-epithelisation was greater than that seen at 24 hours, indicating the model 

was viable.  However, again there was no significant differences between the SEV treated 

and control corneas (P>0.05). 

 

H&E sections of corneas at each of the time points demonstrated epithelial cells migrating 

over the stroma (Fig 5.30).  However, there were no visible differences between the SEV 

treated and the no SEV controls at any time point.   
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Figure 5.27:  Enface corneal images and H&E section images of porcine corneas 

immediately after wounding (A&B) and, for comparison, healthy undamaged bovine 

corneas (C&D) at time point 0.  Images demonstrate the biopsy punch removes a 

circular area in the centre of the cornea which demonstrates a loss of 

epithelium/some corneal stroma as can be observed in the H&E images. Scale bar: 

2mm (A&C) 200µm (B&D). 
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Figure 5.28: Enface images 

of corneal epithelium 

following wounding and 

culturing with SEVs over 72 

hours.  Images demonstrate 

corneal epithelial migration 

across the wound area while 

the original wound edge is 

still visible. Scale bar: 2mm 
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Figure 5.29: Quantification of the percentage re-epithelisation of bovine corneas treated 

with SEVs from either OMLP-PCL or ReNeuron ExoDiff for 72 hours. n=3 ± SD 
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Figure 5.30: Images of H&E 

sections of wounded bovine 

corneas treated with SEVs 

for 72 hours. Images 

demonstrate a migrating 

epithelium over the damaged 

stroma indicating viability of 

the model.  Scale bar = 

200µm  
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5.3.10 SEV are released from a Gellan Hydrogel 

For the successful clinical application of SEVs an effective delivery method needs to be 

developed. Current EV therapeutic delivery methods fit within two broad categories: injection 

or topical application.  EVs can be directly delivered with injections either locally around the 

wound site or intravenously, with EVs migrating within the blood to the site of injury or having 

their desired therapeutic effects elsewhere within the body which in turn causes a beneficial 

response at the wound site.  Topical application of EVs can involve the use of wound dressings 

or hydrogels.  A slow and sustained release of EVs from the dressing or hydrogel would allow 

for a greater bioavailability of the EVs and therefore a greater therapeutic window.  

 

The ability of SEVs to be released by a Gellan hydrogel was assessed with the aim of 

demonstrating a slow and sustained release. 488-labelled OMLP-PCL and DU145 SEVs were 

loaded into a Gellan hydrogel and the CM assessed over 10 days.  Fluorescence of the CM 

was measured to determine the release kinetics of the SEVs from the hydrogel.  

 

Results demonstrated that that both OMLP-PCL and DU145 SEVs were released from the 

Gellan over the 10-day period (Fig 5.31 & 5.32).  24 hours after medium was first added to the 

Gellan/SEVs, between 30-40% of SEVs were released from the Gellan into the surrounding 

medium (OMLP-PCL = 34%; DU145 = 37%). At each 24hour interval the amount of 

fluorescence detected reduced by around 50%. This data demonstrated that SEVs are 

released slowly from the Gellan with some SEVs still present within the Gellan after 10 days. 
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Figure 5.31: The percentage release of 488-labelled OMLP-PCL SEVs seeded into a 

Gellan hydrogel.  Percentage release is the level of fluorescence at each time point over 

the total amount of SEVs seeded into the Gellan. n=4 ± SD 
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Figure 5.32: The percentage release of 488-labelled DU145 SEVs seeded into a Gellan 

hydrogel.  Percentage release is the level of fluorescence at each time point over the total 

amount of SEVs seeded into the Gellan.  n=4 ± SD 
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5.3.11 OMLP-PCL SEV isolation can be scaled up and retain function 

The scale up required for the therapeutic development of a SEVs to the market requires 

products to remain efficacious using a scalable manufacturing technique. As well as using a 

scalable manufacturing technique, removing or reducing the FBS from cultures results in a 

more refined and controllable product.  Although using a chemically defined medium such as 

that is used at ReNeuron would be ideal, here for the OMLP-PCL we decided to remove the 

serum form the conditioned medium, collecting SEVs in SFM following a PBS wash.  This 

results in a more controllable product that is known to be derived from the cells and not 

containing any contaminating FBS SEVs or small proteins.   

 

NTA analysis demonstrated the presence of particles with a modal size of 85.2nm indicating 

the particles are of appropriate size to be SEVs (Fig 5.33A).  Flow cytometry analysis 

demonstrated positivity for the tetraspannins CD9, CD81 and CD63 further confirming the 

presence of SEVs (Fig 5.33B&C).   

 

Functionally, the most significant findings in this chapter so far for OMLP-PCL derived SEVs, 

in relation to wound healing, have been their ability to inhibit the formation of aSMA positive 

myofibroblasts. Therefore, it would be vitally important that when changing the culture 

conditions and changing the SEV isolation technique that the isolated SEVs retained their 

ability to inhibit the formation of aSMA positive myofibroblasts.  As demonstrated in Figure 

5.33C&D, fibroblasts cultured with 1ng/mL TGFb1 and OMLP-PCL SEVs at 100µg/mL or 

10µg/mL the amount of aSMA produced by cells was significantly reduced compared to when 

no SEVs were added to the culture (P<0.01). Although the reduction of aSMA at 100mg/mL 

is not as significantly reduced as seen in Figure 5.11, at 10mg/mL there was a greater 

reduction in aSMA than was shown in Figure 5.11, suggesting a greater efficaciously at a 

lower doses (Fig 5.33D).  
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Figure 5.33: SEVs derived using TFF from SF CM from OMLP-PCL demonstrate (A) a 

modal size of 85nm by NTA and (B) positivity for the tetraspannins CD9, CD81 and CD63 

by flow cytometry. Functionally, these SEVs are capable of significantly reducing aSMA 

production when fibroblasts are cultured with soluble TGFb1 as assessed by western 

blotting (C) and quantified by densitometry (D). n=2 ± SD 
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5.4 Discussion  

 

The main aim of this chapter was to determine any functional effects SEVs may have on the 

wound healing capabilities of cells involved in the healing process. Wound heling capabilities 

of SEVs isolated from OMLP-PCL were compared to the SEVs isolated from both MSCs and 

DU145 prostate cancer cells.  Two SEVs from ReNeuron were also compared, ExoPr0 and 

ExoDiff that originate from the same cell line but cultured under different conditions.  SEVs 

were assessed in terms of their abilities to demonstrate preferential wound healing as well as 

any potential anti-scarring capabilities.  Following this SEVs that demonstrated preferential 

effects, OMLP-PCL SEVs and ReNeuron ExoDiff, were examined in 3D ex vivo corneal wound 

healing model. Finally, SEVs were examined in terms of their translational potential, 

specifically their release kinetics from a Gellan Gum hydrogel as well as their functional 

characteristics when isolated using a different scalable technology for SEV isolation.  

 

Within this chapter DU145 SEVs were isolated and characterised using the same isolation 

technique as both the OMLP-PCL and MSC SEVs which were thoroughly characterised in 

Chapter 4.  DU145 EVs used in this chapter demonstrated a modal particle size between 30-

150nm determined by both NTA and Cryo-EM, positivity for the tetraspannins CD9, CD81 and 

CD63.  DU145 SEVs also demonstrated uptake into dermal fibroblasts.  These factors were 

sufficient to determine the particles isolated from DU145 cells using the ExoSpin isolation 

method as SEVs (Lotvall et al., 2014, Thery et al., 2018) and therefore could be utilised within 

this chapter as a comparison to the progenitor derived SEVs.  

 

It has been demonstrated here that OMLP-PCL, MSC and DU145 derived SEVs were capable 

of significantly increasing fibroblast proliferation and migration speeds.  Stem cell exosomes 

or SEVs, have previously been demonstrated to increase the proliferation of primary 

fibroblasts (Zhang et al., 2015c, Hu et al., 2016) as well as cancer cells (Lin et al., 2013).  
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Cancer cell derived SEVs have also demonstrated to induce cellular proliferation, specifically 

breast cancer cell derived SEVs (Zhang et al., 2018), gastric cancer cell derived SEVs (Qu et 

al., 2009) and prostate cancer cell derived SEVs (Inder et al., 2014). As well as this, stem cell 

and cancer derived exosomes or SEVs have been shown to significantly increase cell 

migration (Shabbir et al., 2015, Hu et al., 2016).  Based on these similar findings to those 

described in this thesis, the data presented here is in alignment with others.  

 

A number of SEVs tested within this thesis were capable of inhibiting the formation of aSMA 

positive myofibroblasts. OMLP-PCL, MSC and ReNeuron ExoDiff were all capable of 

significantly inhibiting the formation of myofibroblasts with OMLP-PCL SEVs having the 

greatest effect.  However, DU145 derived SEVs significantly increased aSMA production 

whereas ReNeuron ExoPr0 demonstrated no effect of the formation of myofibroblasts.  

Previous studies that have used MSC derived SEVs have also demonstrated a significant 

reduction in myofibroblast formation, through inhibition of the TGFb/SMAD2 pathway (Fang et 

al., 2016), a possible pathway that could also be inhibited by OMLP-PCL or ExoDiff SEVs.  As 

no previous studies have used OMLP-PC derived EVs, their impact on myofibroblast formation 

was previously unknown.  It is known however, that oral fibroblasts that most probably contain 

some oral progenitors are resistant to differentiation into myofibroblasts (Dally et al., 2017), 

an effect that could, inherently, be due to OMLP-PC derived SEVs.  aSMA present in 

myofibroblasts is known to play a critical role in the contraction of wounds and their contractile 

nature can be modelled 2D on silicone substrates (Hinz et al., 2001a).  Data presented in this 

chapter demonstrated significant differences in levels of contraction (substrate wrinkling) 

between fibroblasts at different passages resulting however, this was not modulated by the 

addition of SEVs.  In the short time available to run these assays a degree of variability was 

noted.  Hence, further repeats may mitigate for this variability as it would be expected that, as 

OMLP-PCL, MSC and ExoDiff SEVs are capable of inhibiting the formation of aSMA positive 

myofibroblasts, then the level of silicone wrinkling would also be reduced.  
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U937s are a monocyte model cell line originally isolated from the histiocytic lymphoma of a 37 

year old male patient (Sundstrom and Nilsson, 1976).  Previous studies have also used PMA 

to differentiate U937 monocytes into macrophages (Gillies et al., 2012).  These macrophages 

can be further differentiated into either M1 or M2 like macrophages with LPS and IFN-y or IL-

4 respectively (Cosin-Roger et al., 2013).  IL-10 is an anti-inflammatory cytokine secreted by 

M2 macrophages (Chuang et al., 2016).  Previous studies have used the same U937 

monocyte cell line used in this study as well as another commonly used monocyte cell line 

THP-1.  Here we have demonstrated macrophages stimulated with both OMLP-PCL ReNeuron 

ExoDiff cause the stimulation and release of IL-10 suggesting a M2 polarisation. Ti et al. 

(2015) demonstrated that LPS-preconditioned MSC derived SEVs were capable of 

differentiating PMA activated THP-1 cells into M2 macrophages as determined by an increase 

in anti-inflammatory cytokine mRNA for IL-10 and an increase in the M2 macrophage marker 

CD163 (Ti et al., 2015).  Therefore due to the progenitor cell like characteristics of OMLP-CPL 

and ReNeuron Exo Diff it is not unexpected that these SEVs also demonstrate to differentiate 

macrophages to M2 phenotypes. Primary mouse macrophages cultured with adipose derived 

MSCs also demonstrate a polarisation towards M2 macrophages as determined by an 

increase in M2 associated mRNAs for IL-10 and Arg-1 (Sun et al., 2019). One limitation of the 

data presented in this thesis is due to the use of the U937 cell line.  Primary macrophages 

have demonstrated a distinct genotypic and phenotypic response in comparison to monocyte 

cell lines and hence cell strains should be considered in the future.  

 

The effects of MSC derived SEVs have already been studied in regard to their effects on 

corneal wound healing in vivo.  In vivo data demonstrated that MSC derived SEVs were 

capable of improving corneal re-epithelisation rates by 30% over a 72 hour period (Samaeekia 

et al., 2018).  In respect to the model used in this thesis, further repeats along with some 

technical refinements (e.g. strictly controlling injury depth) may also demonstrate alterations 

in re-epithelisation through the addition the SEVs.  Ex vivo corneal cultures have also 
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previously demonstrated survival for up to 4 weeks in culture (Foreman et al., 1996, Morgan 

et al., 2016).  With these longer culture times, myofibroblasts present in the stroma can be 

identified using ICC and hence the longer culture time may lead to more definitive results.  

Second harmonic generation imaging could also be used to determine collagen organisation 

in the newly synthesised corneal stromal tissue.  These advances on experiments within this 

thesis would give a better understanding on the overall effects SEVs have on corneal 

regeneration.  Studies have demonstrated deterioration and loss of epithelial thickness in ex 

vivo corneal wound healing models after two weeks in culture (Deshpande et al., 2015). By 

changing the static media conditions to a rocking system that regularly coated the cornea in 

medium, corneal epithelium thickness was established and maintained for the four week test 

period. By introducing this rocking system into the model, it not only more closely reflects the 

in vivo blinking response but could also allow for better understanding of the stromal healing 

with or without SEVs (Deshpande et al., 2015). 

 

For the topical administration of SEVs, a carrier or delivery system is needed to keep the SEVs 

in contact with the wound.  A sustained release of SVEs would also allow a longer treatment 

window, increasing the bioavailability of SEVs.  Cells in contact with the hydrogel would not 

only receive a large initial dose of SEVs but would still be receiving SEVs even when the initial 

SEVs had been degraded or ‘used up’ by the cells.  Previous data suggests that a number of 

hydrogels are capable of sustained release of SEVs.  Chitosan/silk hydrogels (Shi et al., 2017, 

Tao et al., 2017), hyaluronic acid / Poly-e-L-lysine (Wang et al., 2019a) and Silk / fibronin (Han 

et al., 2019) hydrogels have all demonstrated sustained release of SVEs.  Gellan gum 

hydrogels have demonstrated sustained release of decorin over a two week period, compared 

to data in this thesis that has demonstrated sustained release of SEVs over 10 days (Grover 

L, 2015) 

 

Scalable SEV isolation techniques are required for the successful manufacture and marketing 

of any therapeutic product. Currently a huge number of possible isolation techniques are 
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available but a standardised, accepted method is still lacking.  Due to the scale up required 

for a therapeutic product, any isolation technique would be required to process high volumes 

of media. TFF allows for the concentration of high volumes of medium with the largest filter 

units capable of processing 1000L commercially available. Here, we demonstrated that TFF 

of serum free conditioned medium was capable of isolating particles with a modal size 

between 50-15nm in diameter which were also positive for the tetraspannins CD9, CD81 and 

CD63 suggesting the isolated particles were SEVs. TFF has been used by many groups for 

SEV isolation, isolating SEVs that demonstrate functional effects both in vitro (Haraszti et al., 

2018, McNamara et al., 2018) and in vivo (Nordin et al., 2015).  The functionality of TFF 

isolated OMLP-PCL SEVs demonstrates good therapeutic potential and real potential for scale 

up. Further experiments to confirm other functional capabilities of TFF isolated OMLP-PCL 

SEVs should be conducted before the potential move into in vivo models.  
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5.5 Conclusions 

 

In conclusion, this chapter set out to determine the functional potential of stem cell-derived 

SEVs in respect to their preferential wound healing capabilities. It was demonstrated that 

OMLP-PCL, MSC & DU145 SEVs were capable of increasing cell proliferation rates in a dose 

dependant manner.  Additionally, these SEVs as well as both ReNeuron SEVs: ExoPr0 and 

ExoDiff, were capable of increasing cell migration speeds.  OMLP-PCL, MSC and ReNeuron 

ExoPro SEVs also demonstrated the ability to inhibit the formation of aSMA positive 

myofibroblasts when dermal fibroblasts were cultured with 1ng/mL TGFb1.  Out of all the 

tested SEVs, OMLP-PCL SEVs demonstrated the greatest ability to inhibit the formation of 

myofibroblasts. OMLP-PCL SEVs demonstrated no significant effects on wrinkle formation of 

silicone substrates, large variations between passages and the dynamic contraction process 

itself should be considered and experiments repeated using time lapse analysis to determine 

any significant differences in wrinkle formation at different time points.  SEVs in an ex vivo 

cornea model were demonstrated to be taken up into the stroma but demonstrated no 

significant difference in corneal re-epithelisation. Additional experiments with an increased 

sample number should be undertaken with corneas in culture over a longer period of time (3-

4 weeks) so as to determine the effects on myofibroblast formation and collagen deposition 

within the stroma.  OMLP-PCL and DU145 SEVs demonstrated sustained release from a 

Gellan hydrogel suggesting a potential delivery method for SEV therapeutics.  OMLP-PCL 

SEVs isolated using a scalable isolation technique demonstrated the expected size and 

tetraspannin expression expected for SEVs, and these SEVs remained functional in terms of 

their ability to inhibit the formation of aSMA positive myofibroblasts. Therefore, in conclusion, 

OMLP-PCL and ReNeuron ExoDiff SEVs have demonstrated both preferential wound healing 

and potential anti-scarring benefits and should be further developed and assessed in in vivo 

wound healing/scarring models.  
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6 - General Discussion  
  



Chapter 6. General Discussion   

 207 

 

6.1 Summarising Discussion  

 

This thesis aimed to determine the wound healing potential of SEVs derived from OMLP-PC 

and two SEV products from ReNeuron.  These novel SEV types were also compared to the 

more commonly studies MSC derived SEVs as to determine any differences between the 

novel SEV types.   

 

Within the past few decades regenerative medicine has studied the use of stem cells to heal 

and regenerate damaged or lost human tissues.  MSCs, iPSCs and ESCs have all been 

studied with promising results for regenerative medicine (Mahla, 2016).  However, cell 

therapies have many limitations, notably the lack of control over implanted cells with a potential 

threat of tumour formation. It has also been demonstrated that stem cell mediated repair is 

largely due to the secretion of paracrine factors such as cytokines, growth factors and EVs 

(Baraniak and McDevitt, 2010, Dittmer and Leyh, 2014, Fu et al., 2017).  EVs are 

characterised based upon their biogenesis and consist of apoptotic bodies, microvesicles and 

exosomes.  The smallest of these, exosomes, have been demonstrated to play a critical role 

in cell-cell communication (Paolicelli et al., 2019) and have also demonstrated significant 

therapeutic potential within the field of regenerative medicine (Zhao et al., 2019).  

 

Exosomes are secreted from all cell types, both in vivo and in vitro. In vitro, cells secrete 

exosomes, microvesicles and other EVs into the media.  When these are isolated it is 

impossible to discriminate between the largest exosomes (can be 30-150nm) and the smallest 

microvesicles (can be 130-500nm) and therefore the ISEV have proposed that experiments 

that would have previously studied exosomes term them SEVs instead (Thery et al., 2018).  

For the production of therapeutic quantities of SEVs, the cells used to condition the media are 

required to undergo significant population doublings.  As cells divide, they get closer to the 
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point of senescence, as this happens the cells secretome significantly changes.  Therefore, 

for the development of a therapeutic SEV product, cells need to be secreting consistent SEVs 

that can be reliably and reproducibly isolated as a therapeutic.  Here, in this thesis we 

overcame the problem of senescence by immortalising OMLP-PCs using hETRT. hTERT is a 

simple cell immortalisation technique that works via the retroviral insertion of the hTERT gene 

for the production of telomerase within the cell. Telomerase rebuilds the cells telomeres so 

that it doesn’t reach the point of senescence.  hTERT immortalisation has previously 

successfully been used to immortalise hard to isolate and culture cells such as chronic wound 

fibroblasts (Caley et al., 2018) or pituitary adenoma cells (Aiello et al., 2017).  hTERT 

immortalisation has also demonstrated to not significantly effect cell function (Wolbank et al., 

2009a, Caley et al., 2018).  Within this thesis we hTERT immortalised three OMLP-PC cell 

strains.  The three immortal cell strains demonstrated significant differences not only between 

the strains but also compared to the matched parental cell strain.  Cell surface stem cell 

marker analysis using FACS demonstrated all newly formed cell lines were negative for 

fibrocyte and haematopoietic markers CD34 and CD45 but were positive for the stem cell 

markers CD90, CD105 and CD166. One OMLP-PC cell line demonstrated no differences in 

differential potential when compared to the matched cell strain, successfully differentiating 

down both adipogenic and osteogenic lineages whereas the other two lines demonstrated 

reduced differentiation potential.  This same cell line also retained the ability to modulate T-

Cell proliferation when exposed to IL2 as expected for OMLP-PCs (Davies et al., 2012) 

Therefore, based on the retention of the cell surface markers, differentiation plasticity and 

immunosuppressive abilities the cell line 10PCAh was chosen for SEV isolation and use in 

subsequent chapters.  hTERT is inserted into the cell’s genome randomly and therefore the 

differences observed between some of the immortalised cells compared to the matched strain 

could be due to this random insertion.  Others have previously also observed differences 

between matched cell strains and newly formed cells lines (Jiang et al., 1999, Morales et al., 

1999, Morales et al., 2003) and therefore the differences observed here are not unexpected.  

Immortalisation of cells for the production of therapeutic SEVs is also a common practice as 
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to avoid the effects of cellular senescence. Chen et al (2011) have immortalised human 

embryonic stem cell derived MSCs cells using hTERT and have demonstrated isolated SEVs 

from the immortal cell line and cell strain demonstrate the same functional effects in vitro.  

 

The chosen OMLP-PC cell line, 10PCAh (OMLP-PCL) was cultured in medium containing 

exosome depleted FBS prior to SEV isolation.  SEVs were the isolated from the CM using a 

precipitation and size exclusion commercial SEV isolation kit.  Commercial SEV isolation kits 

are commonly used for the isolation of SEVs from cell CM  (Tauro et al., 2012, Soares Martins 

et al., 2018). Specifically, the Cell Guidance Systems ExoSpin isolation kit used within this 

thesis has demonstrated isolation of particles the appropriate size for SEVs that have also 

demonstrated the expression of the exosomal markers CD9, CD81 and CD63 .(Lobb et al., 

2015, Soares Martins et al., 2018)  OMLP-PCL isolated SEVs have also demonstrated the 

appropriate size for SEVs, between 30-130nm in diameter, and the expression of exosomal 

markers CD9, CD81 and CD63.  SEVs isolated from the neuronal cell line CTX3 at ReNeuron 

also demonstrate a particle size between 30-130 nm in diameter and expression of the same 

exosomal markers.  This is as expected as although the cells and exosomes are significantly 

different, due to the biogenesis of exosomes, these markers are present within all SEVs and 

are not cell line specific (Andreu and Yanez-Mo, 2014).  Demonstrating uptake and 

internalisation of SEVs into fibroblasts is important as any therapeutic effects could be 

attributed to the SEVs being taken up into the fibroblasts.  All SEVs were labelled using a 

malemide dye that binds to proteins on the SEV surface.  This labelling technique has 

previously demonstrated to not effect SEV function in vitro and has also demonstrated 

significant efficiency when labelling SEVs (Roberts-Dalton et al., 2017).  Importantly, using 

this labelling technique it was demonstrated that all SEVs were taken up into dermal 

fibroblasts.  Uptake of SEVs from progenitor cells has been demonstrated by a number of 

groups and therefore results presented within this thesis are in alignment with others (Toh et 

al., 2017, Van Pham, 2017, Wang et al., 2019c).   
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Functionally, SEVs from the different stem cell lines (OMLP-PCL and ReNeuron) 

demonstrated differing functional effects in vitro. Initially, experiments focused on the pro-

wound healing characteristics of SEVs, assessing their ability to increase fibroblast migration 

speeds and proliferation rates.  Previously, it has been demonstrated that increasing fibroblast 

proliferation and migration speeds in vitro, can lead to increased healing times in vivo (Zhang 

et al., 2015c, Fang et al., 2016, Zhao et al., 2017).  Orangu™ proliferation assays 

demonstrated both OMLP-PCL and MSC derived SEVs significantly increased cell proliferation 

rates after three days, both ReNeuron SEVs (ExoPr0 and ExoDiff) demonstrated no significant 

increase in cell proliferation rates.  DU145 cancer cell line SEVs also demonstrated a 

significant increase in cell proliferation rates after day 1 and day 3 in culture making these the 

most potent SEVs for increasing cell proliferation. Both MSC derived and cancer cell derived 

SEVs have both previously been reported to increase fibroblast proliferation rates and 

therefore observations within this thesis are in alignment with others (Lin et al., 2013, Zhang 

et al., 2015c).  

 

This thesis also examined the potential anti-scarring capabilities of SEVs.  OMLP-PCL, MSC  

and ReNeuron ExoDiff SEVs demonstrated the ability to inhibit the formation of myofibroblasts 

when dermal fibroblasts were cultured with soluble TGFb1.  Other groups have also previously 

reported MSC derived SEVs are capable of manipulating this fibroblast to myofibroblast 

response (Fang et al., 2016, Wang et al., 2017).  By limiting fibroblasts ability to form 

myofibroblasts and therefore limiting fibrosis, wound becomes more oral or foetal like resulting 

in reduced scar formation (Wong et al., 2009).  DU145 prostate cancer derived SEVs 

examined within this thesis demonstrated to increase aSMA levels in fibroblasts something 

that has also been previously reported (Webber et al., 2015b).  

 

Macrophages play an important role within the wound healing process (Krzyszczyk et al., 

2018).  U937s, a monocyte cell line have been used in this thesis to determine the effects 
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SEVs have on the polarisation towards either 1 (pro-inflammatory) or M2 (anti-inflammatory) 

macrophages.  It is well known that M2 macrophages secrete high levels of the anti-

inflammatory cytokine IL10 (Chuang et al., 2016).  OMLP-PCL and ReNeuron ExoDiff SEVs 

significantly increased IL10 production in activated U937 cells indicating a polarisation towards 

M2 macrophages.  ReNeuron ExoPr0 demonstrated a significant reduction in IL10 production 

indicating a shift towards M1 macrophages.  MSC derived SEVs have previously 

demonstrated an ability to drive monocytes towards the M2 anti-inflammatory macrophage 

phenotype (Ti et al., 2015).  Therefore, based upon the similarities OMLP-PCs and MSCs 

have it is not unexpected that the OMLP-PCL SEVs are capable of doing the same. Throughout 

this thesis there have been similarities between OMLP-PCL SEVs and ReNeuron ExoDiff 

SEVs and therefore the similarities observed with macrophage polarisation are not 

unexpected.  However, these experiments demonstrate significantly limited results.  The use 

of primary macrophages is significantly more reliable when trying to determine macrophage 

polarisation.  Monocyte cell lines demonstrate significant genotypic and phenotypic 

differences when compared to the monocyte cell lines and therefore data should be 

reproduced using primary cells (Riddy et al., 2018).  Additionally, cells can be characterised 

based upon the cell surface markers: CD206 and CD23 for M2 macrophages and CD64 for 

M1 macrophages.  A combination of IL10 ELISA and flow cytometry on primary macrophages 

could be used to confidently determine the effects SEVs have on macrophage polarisation. 

 

To assess the wound healing potential of SEVs in a 3D ex vivo model, bovine corneas were 

wounded and cultured with SEVs for 72 hours before rates of re-epithelisation were calculated 

and visualised by H&E staining.  SEV uptake was confirmed by confocal microscopy and 

therefore any potential differences in re-epithelisation could be attributed to SEVs. Previous 

studies have also studied the wound healing potential of SEVs within the cornea. Corneal 

derived MSC SEVs have demonstrated uptake into the cornea after 4 hours including 

penetration into the cornea, similar to that demonstrated within this thesis (Samaeekia et al., 

2018).  This study by Samaeekia (2018) demonstrated SEVs significantly increased the rate 
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of corneal re-epithelisation in an in vivo rabbit model. Unlike the experiments in this thesis 

Samaeekia et al. only removed the epithelium and left the underlying stroma undamaged.  

Experiments in this thesis also damaged the underlying stroma in an un reproducible manner, 

ultimately leading to significant differences between each cornea.  Future experiments could 

look at either just the re-epithelisation and leave the underlying stroma undamaged, similar to 

the experiments of Samaeekia et al. (2018) or remove the epithelium and stroma and look at 

corneal healing over a longer period (3-4 weeks) as the original experiments of Foreman 

(1996) showed.  

 

Finally, this thesis presented data that demonstrated functionality of SEVs isolated using a 

scalable and GMP compatible isolation technique as well as demonstrating sustained SEV 

release from a hydrogel.  For the successful translation of an SEV product SEVs need to be 

produced and isolated according to GMP manufacturing processes.  Additionally, SEVs need 

to be delivered to the wound site with the use of a support.  Hydrogels are commonly used for 

topical administration of bioactive substances including SEVs (Wang et al., 2019a).  Wang et 

al. (2019) also demonstrate sustained release from their hydrogel over a 7 day period, similar 

to the data presented within this thesis.  GMP manufacturing for SEVs is required for the 

successful translation of a therapeutic product.  SEV manufacturing needs to move from a 

research grade to clinical grade where all processes, reagents and materials are approved by 

the FDA. TFF has been successfully transferred from research to clinical GMP grade and is 

the current best technique for scalable production of clinical grade (Lamparski et al., 2002, 

Andriolo et al., 2018).  
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6.2 Future work  

 

This thesis has identified a potential anti-scarring potential of OMLP-PCL, MSC and ReNeuron 

ExoDiff SEVs. To further determine the extent of this anti scarring potential there are a number 

of additional experiments that could be conducted (both in vitro and exo vivo) before SEVs 

move to large scale in vivo studies and then onto clinical trials.  

 

6.2.1 Additional in vitro / ex vivo Studies  

This thesis demonstrates the functional effects of SEVs in terms of their effects on cell 

proliferation, cell migration, myofibroblast differentiation and macrophage polarisation. Within 

the literature there are also a number of additional experiments groups have done before 

moving to the larger animal studies.  While this thesis has touched upon the effects SEVs 

have macrophage polarisation additional studies should be carried out using primary 

macrophages instead of the U937 cell line that was presented in Chapter 5. Using primary 

macrophages in a similar experiment to that was presented in Chapter 3 would allow for a 

significantly greater understanding in the effects these SEVs have on macrophage polarisation 

on primary cells.  

 

Angiogenesis is an important component of both regular wound healing and scarless wound 

healing phenotypes.  Previous studies have also demonstrated a correlation between an 

increase in angiogenesis in vitro and improved wound healing in vivo (Zhang et al., 2015c, 

Liang et al., 2016, Yuan et al., 2016).  Typically, in vitro angiogenesis experiments require 

endothelial cells to be cultured on or within a matrix, typically Matrigel™ and monitoring tubule 

formation over time. Quantification can be achieved by measuring a number of variables: 

tubule length, number of tubules or number of branching points.  These in vitro experiments 

are reliable and sensitive but do not represent the complexity of 3D angiogenesis as wound 



Chapter 6. General Discussion   

 214 

be observed in vivo.  In vivo angiogenic assays demonstrate a complete and fully functional 

angiogenic process which is maintained alongside processes that maintain the state of the 

organism and therefore is considered a significantly better model to assess angiogenesis.  

The chick chorioallantoic membrane (CAM) assay is the most utilized in vivo angiogenesis 

assay (Staton et al., 2009, Irvin et al., 2014).  A small section of shell can be removed from 

the egg and SEVs added onto the CAM either in solution or within a hydrogel.  A change in 

vascular density around the test site implies an effect of angiogenesis.   

 

Within this thesis, the anti-scarring potential of SEVs has been assessed in a 3D ex-vivo 

corneal wound healing model however, the data presented demonstrated no significant 

differences in re-epithelialization when SEVs were added.  To modify the experimental set up 

and potentially distinguish any potential differences then experiments should be divided into 

two separate experiments; one to study re-epithelisation and one to study corneal 

regeneration.  Experiments that aim to study re-epithelisation should be conducted in such a 

way as to only remove the corneal epithelium and not damage the underlying stroma.  

Although an in vivo study, using the methods of epithelial damage of McDaniels et al (2018) 

on the ex-vivo model established in Cardiff University would allow for the successful removal 

of the corneal epithelium using a corneal rust ring remover (Algerbrush®II) while leaving the 

underlying stroma intact.  Re-epithelisation can then be calculated using a fluorescein dye to 

image the wounded area.  Stromal wound healing can be assessed following a longer culture 

period than that demonstrated in this thesis.  Experiments can be set up using the same 

methods as described in Section 5.2.6.1 however, organ cultures should be maintained for 3-

4 weeks prior to analysis.  Following the culture period, corneas should be sectioned and 

stained with H&E as well as cryo-sectioned to be immunohistologically stained for aSMA and 

imaged by second harmonic generation imaging to determine collagen organization within the 

stroma.  
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6.2.2 In vivo studies  

To progress this study towards human trials requires testing in large animals such as pigs.   

Porcine models are well established, with pig skin having the closest comparability to human 

skin. Mouse skin scarring models, despite being widely used, are poor scar model systems 

due to the presence of the panniculus carnosus muscle layer in mice which considerably alters 

skin physiology and wound healing dynamics (Gerber et al., 2014, Zomer and Trentin, 2018).  

Initially a first phase, small animal (murine) non-wounding study to demonstrate the safety of 

the oral (human) SEVs will be conducted.  We have no reason to believe there will be any 

safety issues since, through a collaboration with the Centre for Inflammation Research 

(University of Edinburgh), we have already demonstrated the longer-term safety of adding 

viable human OMLP-PCs (the actual cells) into immunocompetent mice (no disruption of 

organ function- no tumour formation or premature death).  The second phase, porcine (wound-

based) study will provide detailed mechanistic information on the mode of action of the 

exosomes in wound healing/scar prevention.  Addition of the SEVs locally or systemically, 

post-wounding will precede downstream analysis of (i) immune/inflammatory cell activity, (ii) 

mesenchymal cellular responses and (iii) extracellular matrix deposition/scarring outcome.  

This approach will give us a clear indication of the potential of an easily available, consistent 

secreted cell product as a viable treatment option for prevention of skin scarring.   

 

6.2.3 PET labelling and in vivo tracking  

Although SEVs have demonstrated significant regenerative potential within regenerative 

medicine it is still unclear and important to determine their in vivo biodistribution following 

treatment.  However, there is currently little published data available demonstrating where 

administered exosome/cells reside days, let alone weeks, after administration.  Current 

studies use (a) fluorescent labels which can only be used in small animal studies (Wiklander 

et al., 2015) or (b) short lived indium-111-oxine positron emission tomography (PET) tracers 

(T1/2 = 67.2 hrs)  (Smyth et al., 2015).  However, within Cardiff University Positron Emission 
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Tomography Imaging Centre (PETIC) we can now consistently produce 89Zr (T1/2 = 78.4 hrs) 

and 48V (T1/2 = 16 days).  Hence, these isotopes can enable PET imaging for up to 17 days 

and 2 months respectively allowing, for the first time, tracking of SEVs over much longer 

periods offering a significant clinical advancement.   

 

6.3 Concluding remarks  

 

For the first time we have demonstrated OMLP-PCs can be immortalised using hTERT with 

no detrimental effects on cell function.  These immortal progenitor cells secrete SEVs that can 

be reliably isolated from the conditioned medium.  Functional analysis of the SEVS 

demonstrated OMLP-PCL SEVs may be beneficial in improving wound healing with a potential 

scarless wound healing outcome.  This thesis demonstrates a significant, novel development 

with potential scarless wound healing effects.  
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8.1  Appendix I 
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Appendix 1 – Gating for single cells used for FACS analysis  



Appendix  

 263 

8.2 Appendix II 
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Appendix 2: NTA graphs and corresponding particle sizes/concentrations for OMLP-PCL (A), MSC (B), 

DU145 (C), ExoPr0 (D), ExoDiff (E) SEVs.  
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8.3 Appendix III 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 3: OMLP-PCL SEVs were labelled with an Alexa Flour 488 Malemide dye before incubation at 

either 50µg/mL or 10µg/mL for 1hr with dermal fibroblast lines from three patients: nIh, nKh, nHh. After a 

1hr incubation, medium and EVs were removed, cells washed with PBS, trypsinised and analysed by flow 

cytometry.  Data demonstrates a dose dependent uptake of EVs into all three dermal fibroblast cell lines 

compared to a dye only negative control. 
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8.4 Appendix IV 

 

  

Appendix 4: MSC EVs were labelled with an Alexa Flour 488 Malemide dye before incubation at 

either 50µg/mL or 10µg/mL for 1hr with dermal fibroblast lines from three patients: nIh, nKh, nHh. 

After a 1hr incubation medium and EVs were removed, cells washed with PBS, trypsinised and 

analysed by flow cytometry.  Data demonstrates a dose dependent uptake of EVs into all three 

dermal fibroblast cell lines compared to a dye only negative control. 
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8.5 Appendix V 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 5.10: DU145 EVs were labelled with an Alexa Flour 488 Malemide dye before incubation 

at either 50µg/mL or 10µg/mL for 1hr with dermal fibroblast lines from three patients: nIh, nKh, nHh. 

After a 1hr incubation medium and EVs were removed, cells washed with PBS, trypsinised and 

analysed by flow cytometry.  Data demonstrates a dose dependent uptake of EVs into all three 

dermal fibroblast cell lines compared to a dye only negative control. 
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8.6 Appendix VI 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ExoPr0 – 1hr ExoDiff – 1hr 

Appendix 6: ReNeuron EVs (ExoPr0 and ExoDiff) were labelled with an Alexa Flour 488 Malemide dye 

before incubation at either 1x1010p/mL or 1x109p/mL for 1hr with dermal fibroblast lines from three 

patients: nIh, nKh, nHh. After a 1hr incubation medium and EVs were removed, cells washed with PBS, 

trypsinised and analysed by flow cytometry.  Data demonstrates a minimal level of uptake at 1x1010p/mL 

and 1x109p/mL with ExoDiff but only a low level of uptake at 1x1010p/mL and no uptake at 1x109p/mL for 

ExoPr0 after 1hr uptake compared to a dye only negative control. 
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Appendix 7: ReNeuron EV (ExoPr0) were labelled with an Alexa Flour 488 Malemide dye before 

incubation at either 1x1010p/mL or 1x109p/mL for 4hrs with dermal fibroblast lines from three patients: 

nIh, nKh, nHh. After a 4hr incubation medium and EVs were removed, cells washed with PBS, 

trypsinised and analysed by flow cytometry.  Data demonstrates a dose dependent uptake into all 

three fibroblast cell lines compared to a dye only negative control. 
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8.8 Appendix VIII 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 8: ReNeuron EV (ExoDiff) were labelled with an Alexa Flour 488 Malemide dye before 

incubation at 8x1010p/mL, 1x1010p/mL or 1x109p/mL for 4hrs with dermal fibroblast lines from three 

patients: nIh, nKh, nHh. After a 4hr incubation medium and EVs were removed, cells washed with 

PBS, trypsinised and analysed by flow cytometry.  Data demonstrates a dose dependent uptake into 

all three fibroblast cell lines compared to a dye only negative control. 
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8.9 Appendix IX 

 
 
 
  

Appendix 9 – Split channel image of OMLP-PCL SEV uptake into dermal fibroblasts.  Images clearly 

demonstrate a perinuclear localisation of SEVs. 
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8.10 Appendix X 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Appendix 10 – Representative whole western blots for aSMA and bActin demonstrating no double bands 

and overall clean blots 

aSMA 

bActin 
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8.11 Appendix XI 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

No TGF TGF 

10µg/mL SEV 50µg/mL SEV 

Appendix 11 – Brightfield images of SEV treated P12 dermal fibroblasts cultured on 5kPa silicone (n=1) 
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8.12 Appendix XII 
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Appendix 12 – Brightfield images of SEV treated P18 dermal fibroblasts cultured on 5kPa silicone (n=2) 
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8.13 Appendix XIII 
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10µg/mL SEV 50µg/mL SEV 

Appendix 13 – Brightfield images of SEV treated P19 dermal fibroblasts cultured on 5kPa silicone (n=3) 

 


