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Abstract 

Approximately 180,000 people die from burns annually. Skin grafting is pivotal in the 

treatment of burns and is generally successful. However, efficacy remains limited for people 

with burns covering more than 25% of their body. These patients require repeated grafts from 

multiple donor sites. Alternative grafting techniques have been developed but, while effective 

in the short-term, they remain susceptible to rejection, disease transmission, and are often 

prohibitively fragile and expensive. Crucially, many of these products are not permanent and 

require autograft replacement. Prior to this project, the host laboratory developed technologies 

for bioengineered full thickness skin production with the aim of providing a permanent graft 

solution for burns patients. They subsequently developed a company, Upside Biotechnologies 

Ltd, to take this into clinical trial. I aimed to address four unresolved questions following from 

their work by addressing skin digest and culture protocols. Techniques were optimised for 

expansion of human skin cells before seeding onto a synthetic scaffold for full  thickness skin 

production. First, I assessed multiple media combinations and found that Greenôs medium with 

Y27632 remained the most effective for keratinocyte expansion. Next, NIH3T3 feeder cells 

were replaced with autologous dermal cells. Finally, I developed novel techniques for 

keratinocyte outgrowth from whole skin digest using Y27632. This finding provides a 

significant advance in full thickness skin production as it reduces costs and simplifies clinical 

translation. Importantly, this technique has since been patented. We further investigated 

keratinocyte behaviour in response to Y27632. In addition to increased proliferation, Y27632 

increased the explorative capacity of keratinocytes shown by increased track straightness and 

displacement. Secondly, I showed that Y27632 allowed propagation of CK19- keratinocytes, 

while Greenôs medium alone exclusively expanded CK19+ keratinocytes. These suggest novel 

modifications to keratinocyte behaviour in the presence of Y27632. Finally, I aimed to develop 

a pigmented bioengineered skin product. Melanocytes were isolated and cultured from adult 

human skin and melanocyte culture media was enhanced by supplementation with stem cell 

factor and endothelin-3. Melanocytes self-assembled to the stratum basale of bioengineered 

skin and provided pigment to keratinocytes. Overall, these findings significantly contribute to 

the field of skin bioengineering. The graft production rate has been increased, a novel digest 

method developed, and melanocytes incorporated, although further optimisation was required. 

Together, these advances contribute to the development of a full thickness bioengineered skin 

product that will improve the functional and cosmetic outcome for severe burns patients. 
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1 Introduction  

Victims of major burns, trauma and diseases, are threatened due to significant skin loss. The 

consequences of such major skin loss are severe without immediate wound coverage and rapid 

treatment. This poses a significant healthcare burden due to multiple hospital visits, long term 

intensive care, and constant grafting procedures as well as secondary complications. An 

additional burden lies with the individual, who endures multiple grafting rounds, severe pain, 

and cosmetically and functionally unsatisfactory results. Therefore, coverage of major skin 

wounds with bioengineered skin grafts provides an exciting avenue to explore novel concepts 

within regenerative medicine. 

This project aimed to build on techniques developed by the Dunbar lab and now 

commercialised by Upside Biotechnologies, to produce bespoke, full thickness, autologous 

skin on a biosynthetic scaffold as a permanent graft solution. We sought to improve and simply 

techniques of three-dimensional skin growth for clinical application, delineate the cell types 

that are being cultured, and provide this product with pigmentation. Overall, our aims were to 

reduce production time, develop safer culture techniques, and provide a better functional and 

cosmetic outcome for people with major skin loss. 

1.1 Skin 

Nakedness is a particularly defining feature of Homo sapiens. Even our closest living ancestor, 

the chimpanzee, is covered in hair. This nakedness is manifested by the colour, contour, 

character and relative nakedness of human skin. Therefore, skin may be the initial point of 

recognition from one human to another. Yet beyond these primitive functions, skin has far 

more complex roles in human survival, including protection and regulating bodily functions. 

These roles allow us to brave and adapt to the varying extremes provided by the environments 

we live in. They regulate our deeper bodily functions and they determine our comfort levels in 

any given situation. The unique and widely variable functions of skin are explained, at least in 

part, by the underlying structure and function. 
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1.1.1 Structure and function of skin 

Skin is a multi-layered structure and is the largest organ of the human body. Skin characteristics 

differ drastically between individuals and, therefore, are the primary means of human 

identification. However, even within an individual, differing regions of the body are contained 

by skin in varying levels of thickness, hairiness, translucency, tone, texture, and dryness. This 

variability is so great and affects the structure of skin in such a way that no other animal can 

effectively model human skin for all research needs. It is these qualities and the underlying 

structure of the skin that defines their functions. 

Human skin is comprised of three distinct layers, as well as varying skin appendages (Figure 

1.2). The thinner and uppermost layer of the skin is called the epidermis. The outermost layer 

of the epidermis is recognised visually by humans as ñskinò. The other, deeper and thicker 

layer is called the dermis. This has a very distinct composition compared with the epidermis, 

and it is these compositions that provide the functions essential for maintenance of 

homeostasis. 

1.1.1.1 Epidermis 

The epidermis is the outermost layer of the skin and lies superficial to the dermis. The thickness 

of the epidermis is dependent on the region of the body and the function of that body part. For 

example, the eyelids have very little external contact and are required to fold with ease. 

Therefore, they have an epidermal thickness of about 0.05 mm. In contrast, the palms of the 

hand and soles of the feet, which require significant protection from the environment, are about 

1.5 mm thick. In addition, epidermal thickness significantly changes with age1. The epidermis 

is comprised of stratified squamous epithelial cells, which form distinctive epidermal layers 

specifically related to their function and level of differentiation.  

The stratum basale is the deepest layer of the epidermis and is attached to the basement 

membrane. Basal epidermal stem cells and keratinocyte precursors, are spread throughout the 

stratum basale and attached to the basement membrane, which separates the epidermis from 

the dermis2. Epidermal stem cells are long lived and divide relatively slowly, supplying a pool 

of transit amplifying cells, which are numerous throughout the stratum basale3. These are 

highly proliferative epithelial cells in their least differentiated form. As they divide and 

differentiate further they lose their attachment to the stratum basale and enter the stratum 

spinosum2,3.  
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As transit amplifying cells enter the stratum spinosum, they leave the stem cell niche provided 

in the stratum basale and differentiate further. These immature epithelial cells become attached 

to each other by desmosomes and begin to produce lipid rich lamellar bodies4. These are 

granules packaged with various lipids and hydrolytic enzymes and are secreted in the granular 

layer. The immune sentinel Langerhans cells are also present in this layer5. They lie in wait to 

elicit an immune response to any foreign bodies that may cross the barriers formed by the more 

superficial layers of the epidermis.  

Superficial to the stratum spinosum is the granular layer - the stratum granulosum. As epithelial 

cells enter the stratum granulosum from the stratum spinosum, they differentiate further, lose 

their nucleus and their cytoplasm becomes granular6. Lamellar granules are released from the 

cells to form a lipid containing membrane that serves to retain water within the body, prevent 

external fluids and objects from entering the body, and acts as a barrier to the external 

environment by excluding potentially harmful microorganisms. Therefore, the stratum 

granulosum is the bodyôs innermost palisade between the internal and external environments.  

Residing above the stratum granulosum are the stratum lucidum and the stratum corneum. The 

stratum lucidum is a translucent layer found only in the palms of the hand and soles of the feet. 

The keratinocytes contained within this layer are dead and surrounded by an oily substance 

produced by cells of the stratum granulosum. The stratum lucidum functions to add extra 

thickness to skin in places that have high impact external contact, thus requiring an additional 

layer of thickness for protection. These cells contain eleidin, which is converted to keratin in 

the stratum corneum. 

The stratum corneum is the outermost layer of the epidermis. It consists of multiple layers of 

dead keratinocytes called corneocytes7. This layer serves as the outermost barrier to the 

environment, preventing water loss and, therefore, dehydration as well as preventing infection 

due to microbial invasion. The cells of the stratum corneum are linked by modified 

desmosomes (focal cell-cell adhesion points) and covalently linked ceramides8,9.  

These distinctive layers of epithelial cells work in concert to maintain homeostatic levels of 

skin hydration, prevent entry of foreign objects into the human body, provide protection from 

the harsh external environment, and renew and maintain the cells responsible for doing their 

job within each layer. However, the protective function of skin does not explain the variable 

and distinctive skin colours. 
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1.1.1.2 Melanocytes 

Melanocytes are found in the skin, eye, inner ear, meninges, bones and heart. They make up 

approximately 5-10% of the cells in the stratum basale and contribute phenotypically and 

functionally to skin. They provide pigment to skin and hair as well as providing protection 

from ultraviolet (UV) radiation. Melanin is packaged within melanosomes in melanocytes and 

is passed to adjacent keratinocytes. Here, the melanin forms a cap above the nucleus and 

absorbs UV light. Despite the importance of melanocyte presence in human skin, their clinical 

use in engineered skin grafts has been limited. The nature of melanocyte development, the roles 

they play in skin homeostasis and their potential for cancerous transformation provides clues 

as to how they can be manipulated to our advantage in regenerative medicine.  

Melanocytes are neural crest derived cells, along with neurons, glial cells, adrenal medulla, and 

craniofacial tissue10. Therefore, they are relatively unique residents of the ectoderm derived 

epidermis. Melanocytes are derived from melanoblasts, which migrate during development to 

the basal epidermis and hair follicles. Key genes involved in the melanocyte migration pathway 

are PAX3 (paired-box 3), SOX10 (sex-determining region Y (SRY)-box 10), melanogenesis-

associated transcription factor (MITF) and, importantly, endothelin-3 (ET-3) and the 

endothelin receptor B (EDNRB)11ï13. Both ET-3 and stem cell factor (SCF) are implicated in 

migration and development of melanocytes14,15. The endothelin receptor allows melanocytes 

to migrate along extracellular matrix containing ET-3. SCF is produced by dermal cells and 

binds its receptor, c-kit (CD117) on melanoblasts, which leads to Ras activation and post 

translational modification of MITF16,17. The behavioural response is that melanoblasts are 

prevented from undergoing apoptosis and are driven to proliferate12. In accordance, both SCF 

and ET-3 have been shown in vitro to enhance melanocyte proliferation18,19. Once migration 

and development has occurred, however, melanoblasts differentiate into functional 

melanocytes and begin producing melanin.  

Functional melanocytes are long-lived and cease to proliferate or only do so very rarely under 

normal circumstances20. This prompted investigation of a resident melanocyte precursor 

population in human skin. Early reports demonstrated the presence of melanocyte precursors 

in the bulge of the hair follicle11. Melanocyte precursors in the hair follicle bulge become 

activated at the beginning of the hair cycle. They proliferate, and the progeny differentiate into 

functional melanocytes and move up the basal layer of the epidermis eventually reaching the 

interfollicular epidermis21. Loss of these cells have also been strongly implicated in the process 
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of human hair greying22. Further, it is possible that melanoblast populations remain in the 

dermis following embryonic development. However, their survival through adulthood is less 

clear23. More recent studies have reported self-maintenance of differentiated melanocytes in 

skin lacking hair follicles (glabrous skin). This suggests that interfollicular epidermal 

melanocytes may retain some proliferative capacity, or they are derived from an undetermined 

source of melanocyte precursor24. Given the substantial number of epidermal melanocytes, this 

finding has positive ramifications for downstream melanocyte culture and engineering of 

pigmented autologous skin from epidermal cell suspensions. 

The colour of an individualôs skin is determined by the melanin produced by melanocytes. The 

two main types of melanin are pheomelanin and eumelanin, which produce red/yellow pigment 

and brown/black pigment, respectively. Melanocyte numbers remain relatively constant in skin 

between individuals, therefore variation in pigment is due to level of melanogenesis and the 

type of melanin present. One of the driving pathways of melanogenesis is through the 

melanocortin-1 receptor (MC1R). When agonists, such as Ŭ-melanocyte stimulating hormone 

(Ŭ-MSH) and adrenocorticotropic hormone (ACTH) bind MC1R, adenylyl cyclase becomes 

activated, inducing cyclic adenosine 3ǋ,5ǋ-monophosphate (cAMP) production. This signalling 

pathway leads to the activation of MITF, which is crucial for expression of pigment producing 

enzymes, such as tyrosinase. Tyrosinase is responsible for the conversion of tyrosine to 

DOPAquinone (Figure 1.1). In the presence of cysteine, DOPAquinone is converted to 

CysteinylDOPA, which becomes polymerised through oxidation to form pheomelanin. 

However, pheomelanin is largely involved in hair colour but not skin. In the absence of 

cytosolic cysteine, however, DOPAquinone undergoes a series of steps to either form DHICA-

melanin or DHI-melanin, the light brown and dark brown/black forms of eumelanin that are 

responsible for the pigmentation observed in human skin12. By-products of these reactions 

include hydrogen peroxide, superoxide and hydroxyl radicals, which are triggers of oxidative 

stress. Therefore, these reactions occur within melanosomes to protect the cell. Melanin 

containing packages, called melanosomes, are then passed to adjacent keratinocytes, where 

they are brought into the cell through a protease-activated receptor-2 (PAR2) mediated transfer. 

Melanosomes are then distributed above the nucleus where they absorb UV light and protect 

the cell from DNA damage.  
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Figure 1.1 Melanin synthesis in melanocytes during melanogenesis.  

Simplified schematic displaying the major steps of melanogenesis within melanocytes, leading to the 

production of eumelanins and pheomelanin. Figure adapted from Cichorek et al.12. 
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UV light induced DNA damage primarily occurs from exposure to direct sunlight. The 

phenotypic response to sunlight is observed to the naked eye as tanning or sun burn, depending 

on the pheomelanin to eumelanin ratio. It is well known that the tanning response is mediated 

by UV light stimulating melanogenesis. There is evidence to suggest that DNA damage itself 

may be responsible for increased melanogenesis following ultraviolet radiation (UVR). UVR 

causes thymidine breaks in DNA resulting in release of thymidine dimers such as cyclobutane. 

Treatment of melanocytes with thymidine dimers following UVR caused enhanced 

melanogenesis. Moreover, topical application of thymidine dinucleotides caused upregulation 

of tyrosinase and darker pigmentation25. An additional explanation is release of paracrine 

growth factors from surrounding keratinocytes. Keratinocytes, melanocytes and fibroblasts 

communicate with each other through cell-cell contact in addition to paracrine growth factor 

release. Indeed, under UVR, keratinocytes were shown to increase production of growth factors 

involved in melanocyte survival, proliferation, melanogenesis, and dendrite formation14,26. In 

particular, keratinocytes increased release of Ŭ-MSH and ACTH14. It is likely, therefore, that 

both DNA damage and paracrine growth factor release work in concert to protect melanocytes 

and keratinocytes in times of higher than usual UVR exposure. 

In contrast to the protective role of melanocytes within the epidermis, they are also the starting 

point for melanoma. Melanoma is the deadliest form of human skin cancer and develops from 

melanocytes. The source of melanocytes responsible, or whether there is even a consistent 

source of transformation is unclear13. Most melanomas arise in the epidermis before migrating 

across the basement membrane. The mechanism by which melanocytes transform to melanoma 

is not fully elucidated. The BRAF, MAPK and p53 pathways, however, are heavily 

implicated13,27. In addition, it is well known that the ability of a person to tan effectively directly 

correlates with low risk of melanoma25. In addition, the MC1R gene is a significant risk factor, 

independent of UVR exposure. The mechanisms behind these risk factors for transformation 

are largely unknown13. In contrast, the mechanisms for escape are relatively well known. The 

melanoma cells downregulate molecules required for melanocyte-keratinocyte 

communication, while upregulating molecules important for melanocyte-fibroblast 

interactions. They also deregulate morphogens, such as Notch receptors, and lose basement 

membrane attachment through deregulated expression of cell matrix adhesion proteins28.  

Therefore, melanocytes are important components of skin. They provide protection from UV 

radiation, allowing keratinocytes to function normally, which is expressed phenotypically as 

skin colour. 
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1.1.1.3 Dermis 

The dermis lies between the epidermis and the subcutaneous tissues. It consists of an upper, 

papillary dermis and lower, reticular dermis. The cellular component of the dermis is primarily 

comprised of fibroblasts, adipocytes and immune cells. Fibroblasts are of mesenchymal lineage 

and share many characteristics with mesenchymal stem cells29. As such, they can be identified 

in vivo by immunohistochemistry staining for vimentin, a marker of mesenchymal lineage30. 

While vimentin is not specific for fibroblasts, it is not present on keratinocytes. Therefore, 

vimentin can be used to distinguish between epidermal and dermal layers. Fibroblasts of the 

reticular and papillary dermis are derived from a common origin but are functionally distinct. 

The reticular fibroblasts are primarily focused on production of extracellular matrix (ECM), 

while the papillary fibroblasts are involved in interfollicular epidermal support in addition to 

ECM production. Further research has identified multiple fibroblast subsets using single cell 

sequencing. These include major populations defined by SFRP2, FMO1, and COL11A1 gene 

expression. These populations were suggested to have roles in matrix deposition, inflammatory 

cell retention, and connective tissue cell differentiation, respectively31. Despite these distinct 

roles, fibroblasts are largely thought of as quiescent cells that become activated during wound 

healing to produce the primary components of the ECM, including collagen and elastin fibres29. 

However, they also have important roles in communicating with vasculature, nervous system, 

epithelial cells and the immune system. Actively proliferating fibroblasts in vitro can be 

identified by their expression of Thy-1 (CD90)32,33. Collagen and elastin provide strength and 

elasticity to the skin, as well as a matrix for blood and lymphatic vessels to penetrate, and 

innervation. In addition, the dermis houses skin appendages, including hair follicles and sweat 

glands. Immune cells patrol the dermis as sentinels providing protection in case the epidermal 

barrier is compromised allowing foreign material to enter the body. These innate immune cells 

that provide signals to resident T cells of the adaptive immune system, which, in turn, mount 

an immune response toward the invading microorganisms.  

A key distinction of the dermis and epidermis, is the presence of blood vessels in the dermis. 

These provide essential nutrients to resident cells within the dermis as well as the basal layer 

of the epidermis. Lymphatic vessels are also present in the dermis and are responsible for 

draining waste products produced within by dermal cells, epidermis, and interstitial fluid. 

These are filtered at the lymph nodes, and returned back to the circulatory system. 

Mechanoreceptors and thermoreceptors are also present in the dermis, providing a means of 
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touch and heat sensation, while the sweat glands and hair follicles are essential 

thermoregulators, which help to cool the body and retain body heat, respectively. 

Both the epidermis and the dermis work together to function as a unit. The epidermis provides 

an initial protective barrier, while the dermis provides nutrients for maintenance of this barrier 

and an army of immune cells for a secondary line of protection. Spanning both the dermis and 

the epidermis, however, are skin appendages, which maintain a stable body state through 

thermoregulation, but also have essential roles in maintenance and repair of skin. 

1.2 Skin appendages 

1.2.1 Hair  

Hair is present almost all over the human body. The exceptions to this are glabrous skin, such 

as the soles of the feet, palms of the hand and the lips. Human hair can be broadly divided into 

vellus and androgenic hair. Vellus hair is more obvious in females and adolescents and is the 

short clear hair that exists almost all over the body. This is in stark contrast to androgenic hair, 

which develops during puberty and is much longer and darker. Androgenic hair is far more 

prominent on males, growing heavily on arms, legs, genital regions, chest, face and armpits.  

During embryonic development, the epidermis gradually stratifies and acquires a layer of 

terminally differentiated cells which form the functional epidermal barrier. During this process, 

some of the undifferentiated cells at the basement membrane of the epidermis send and receive 

messages to and from the dermis, allowing the epidermal cells to adopt a hair follicular fate 

and the dermal cells to form a structure called the dermal papilla. This occurs primarily through 

Wnt/ɓ-catenin signalling34. This leads to formation of the hair follicle and differentiation into 

the discrete lineages of the hair follicle and its hair shaft. These initial stages are mediated 

initially through SHH signalling and later through Notch signalling. Hair follicles also develop 

sebaceous glands, which secrete an oily substance to lubricate the skin and ensure 

impermeability of the hair follicle to water35. 

From birth onwards, the hair follicle undergoes cycles of growth. Upon proliferative 

exhaustion, the hair shaft ceases to grow. At this point the hair follicle enters a destructive 

phase called catagen whereby the lower portion of the follicle degrades, and the upper portion 

remains intact, surrounding the old hair shaft. The base of this pocket is where the new dermal 
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papilla resides, and this region is called the bulge. The bulge is the known reservoir for hair 

follicle stem cells and the purported reservoir for epidermal stem cells, at least in mice36ï38. 

The stem cells within the bulge then enter a quiescent phase called telogen. The length of this 

phase is variable in humans but lasts from about one to four months39,40. Following this, Wnt/ɓ-

catenin signalling ensues, and bulge stem cells become activated allowing formation and 

extension of a hair germ. This progression is driven by SHH signalling until bone morphogenic 

protein (BMP) signalling limits proliferation and stimulates differentiation and the formation 

of the new shaft, which extends through the original orifice. The final proliferation and growth 

of the hair shaft is, again, driven by Wnt/ɓ-catenin signalling.  

The obvious functions of hair are thermoregulation, protection and sense of touch. However, a 

somewhat hidden role lies in the maintenance and repair of the epidermis. As mentioned, the 

bulge is a reservoir for hair follicle stem cells. However, it is also continuous with the 

epidermis. Therefore, it has been suggested that this pool of stem cells may have a role in the 

maintenance and re-epithelialisation of the epidermis. This is known to be the case in mice41ï

44; however it has only been shown in a few cases in humans and some questions remain 

unanswered45,46. Not least of which is that glabrous skin, such as the palm of the hand, has no 

hair follicles and, thus, no bulge, sebaceous glands or follicular stem cell pool. Granted, 

glabrous skin has interfollicular epidermis and stratum basale, which may contain cells with 

the ability to renew the epidermis under homeostatic conditions. However, in the situation of 

wounds that extend beyond the epidermis of glabrous skin, mechanisms must exist to re-

epithelialise the compromised interfollicular epidermis. 

1.2.2 Sweat glands 

Sweat glands are found on a wide variety of animals including primates. However, they differ 

in distribution and function between animal groups. Humans have two types of sweat glands: 

apocrine and eccrine. Apocrine sweat glands are localised to pubic regions, in the ear and on 

the eyelids. These sweat glands are coupled to hair follicles and secrete sweat into the pilary 

canal of the hair follicle. These sweat glands secrete a thick substance which provides nutrients 

for commensal micro-organisms. The breakdown of this leads to the production of the rich 

scent we familiarise with as body odour. Apocrine sweat also contains pheromones that entice 

organisms of the same species. Eccrine sweat glands, on the other hand, are found all over the 

body except for the lips, ear canal, prepuce, and some genital regions. These are much smaller 

than apocrine sweat glands and secrete sweat onto the surface of the skin. The sweat produced 
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by eccrine seat glands is essentially water containing electrolytes. Because they are so widely 

distributed throughout the human body, these small tubes of salty water have profound effects 

on homeostasis. The most important of these is regulation of body temperature. As they secrete 

water onto the surface of the skin, it evaporates, which is an endothermic reaction, therefore 

lowering body temperature. However, eccrine sweat glands also appear to have a primary role 

in maintaining and repairing the human epidermis. Rittie, et al. showed that, in a wounding 

situation, skin repair can originate from epidermal outgrowths extending from eccrine sweat 

glands47. Furthermore, these outgrowths extend at the same rate as that of re-epithelialisation. 

This, in combination with high numbers of eccrine sweat glands in human skin, suggests they 

have a primary role in epidermal repair and may be an additional source of keratinocyte 

precursors. In support of this, glabrous skin, which has high density of eccrine sweat glands, 

has no defect in epidermal repair, despite the lack of hair follicles. Biedermann, et al. further 

showed that it is possible to drive keratinocyte outgrowth from isolated eccrine sweat glands48. 

Despite the essential roles of the hair follicle and sweat gland in maintenance of homeostasis, 

maintenance of the interfollicular epidermis and the interfollicular stem cell niche is of primary 

importance to skin bioengineering. 

1.3 Stem cells and development 

Early in embryonic development gastrulation occurs, resulting in the formation of the 

endoderm, mesoderm and ectoderm. These represent the inner, middle and outer layers of the 

gastrula, respectively. Following gastrulation, the mammalian epidermis originates from the 

epidermal ridge of the ectoderm at about embryonic day 9.5 (E9.5). Mesenchymal cells, which 

originate from the mesoderm, are recruited to the developing skin at about E12.5 and promote 

stratification of the single layered epidermis until E17.549. During this period, the first signs of 

hair follicle formation occurs, while hair shaft growth does not occur until the first weeks 

following birth50. In contrast, sweat glands begin to develop at about 12 weeks gestation on the 

palms of the hands and soles of the feet, about 20 weeks on the rest of the body, and resemble 

adult sweat glands by about gestational week 3251. These events are the initial stages in defining 

the structure of skin as we know it. Once these structures are established, they are maintained 

throughout adulthood by multipotent stem cells. 

Stem cells are defined by their ability to grow indefinitely while maintaining pluripotency52,53. 

These can be broadly divided into embryonic and adult stem cells. Embryonic stem cells are 
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derived from the embryo and are pluripotent, meaning they can differentiate into any cell of 

the developmental germ layers ï the endoderm, mesoderm, or ectoderm. Adult stem cells, on 

the other hand, are found within many tissues of the body. Many adult stem cells are 

multipotent meaning they can differentiate into cells of a particular lineage. For example, 

mesenchymal stem cells can differentiate into chondrocytes, osteocytes and adipocytes29,32. 

However, they cannot mature into cells of the gastrointestinal system, the nervous system, or 

epithelial cells. Keratinocytes, found in the epidermis, are constantly renewed by a population 

of adult stem cells, while dermal fibroblasts are maintained by mesenchymal stem cells. 

1.3.1 Stem cells in skin 

Keratinocyte stem cells reside in various locations within the skin depending on the organism 

and region of skin in question. Because there are such dramatic differences between organisms 

and the majority of studies have been completed in mice, the literature regarding the bona fide 

stem cells responsible for renewing the human epidermis remains contentious. In addition, 

keratinocyte stem cells reside in different areas throughout the epidermis and may have distinct 

roles depending on their location. Their behaviour may also change when skin is exposed to 

trauma, further complicating the issue. Generally, when the epidermal barrier becomes 

compromised due to wounding, stem cells within the interfollicular epidermis, hair follicle and 

sweat glands become mobilised. They proliferate and migrate to achieve wound coverage 

before their progeny undergo stratification to rebuild the epidermal barrier36. 

Our understanding of skin biology and keratinocyte stem cells has been indispensably 

advanced by elegant murine studies. However, important distinctions remain between the 

structure, function and underlying dermatological mechanisms of mice versus man. Indeed, 

Sullivan et al. found that only 53% of human trials investigating wound healing agreed with 

experimental data, when pre-clinical research was completed in small animal models54. This 

confronting statistic is elucidated when considering the structural and functional differences 

between organisms. Firstly, the epidermis of mice is much thinner than that of humans and 

does not contain rete ridges55,56. The most discernible distinction, however, may be that mice 

are completely covered in hair. Human evolution has resulted in the loss of hair and apparition 

of eccrine sweat glands all over the body. Increased sweat and decreased insulation from hair 

allows for superior thermoregulation for adaptation to endurance running51,57. Hair follicle 

density on the human head reaches approximately 800 follicles/cm2. In contrast, mice are 

covered in hair at approximately 5000 follicles/cm2 58,59. Eccrine sweat glands, on the other 
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hand, are found all over the human body at densities ranging between 37 glands/cm2 and 518 

glands/cm2 but are only present on the paws of mice. These structural distinctions have 

functional consequences in terms of skin homeostasis and repair. These become especially 

clear when considering that both the sweat gland and bulge region of hair follicles have 

keratinocyte stem cell regions.  

Evidence of this lies within distinct stem cell marker pattern expression. Keratinocyte stem 

cells within the bulge of mice can be identified using CD34 37,38,40. In contrast, CD34 in humans 

is expressed by other cells, such as some fibroblasts, and certainly is not restricted to the bulge 

keratinocyte stem cells in humans33. Lrig-1 is another example of keratinocyte stem cell marker 

discrepancies between mice and humans. Lrig-1 is purported to be responsible for retaining 

quiescence in keratinocyte stem cells60. Indeed, its dysfunction results in epidermal 

hyperproliferation. However, Lrig-1 positive keratinocytes are found in the interfollicular 

epidermis of humans, but in the hair follicle of mice61. The importance of these discrepancies 

is manifested in re-epithelialisation of humans compared with contraction of small animal 

model wounds54. Given the biological discordance between small animals and humans, it is not 

surprising that human trials rarely reflect small animal research. To avoid confusion, the 

remainder of this review will focus primarily on data obtained from human research. 

Possibly the most well studied structure within the human epidermis, is the interfollicular 

epidermis (IFE). This is the area of epidermis that lies between hair follicles. Here, the 

uppermost layers consist primarily of dead keratinocytes forming the protective barrier 

between the internal and external environments. However, below this are living keratinocytes 

at differing stages of differentiation and differing levels of proliferation (see Figure 1.2 for 

details). The cells that reside in the stratum basale closest to the basement membrane are in 

their least differentiated form and the highest proliferative potential. The basement membrane 

is where the dermis attaches, and this exists in a series of peaks and troughs known as rete 

ridges. The rete ridges are purported to aid in the strength of the dermo-epidermal attachment 

by providing an undulating structure preventing epidermal and dermal separation by shear 

force. However, more recent reports highlight functional differences between the peaks and the 

troughs of the rete ridges. CD271, the low affinity nerve growth factor receptor, is expressed 

primarily in the peaks of the rete ridges compared with the troughs62. CD271 is known to be 

expressed by transit amplifying cells but not keratinocyte stem cells. It has been suggested that 

the trough of the rete ridge may be a bona fide epidermal stem cell niche. This structure is not 

unheard of in the adult stem cell world and, moreover, the epithelial adult stem cell world. An 
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analogous system is observed in the small and large intestines where the crypts house the 

intestinal adult stem cells at their base which divide, moving more cells up the length of the 

crypt where they continue to divide and differentiate further as they leave the stem cell niche63. 

The power of these cells has recently been harnessed by many lab groups, who have established 

long term human intestinal organoid culture systems64. Indeed, Michel et al., showed that 

cytokeratin-19 (CK19), was expressed on skin stem cells and, in humans, these cells reside 

deep in the base of rete ridges65. These cells supply a pool of transit amplifying cells, which 

move toward the peak of the rete ridge, upregulating their expression of CD27162. Here, as the 

transit amplifying cells move away from the stem cell niche, they differentiate further losing 

their basement membrane adhesion molecules, such as the integrins, CD29 and CD49f. They 

also lose expression of cytokeratin-14 and -15 (CK14 and CK15), which are restricted to 

keratinocytes attached to the basement membrane, as they move into the stratum spinosum and 

stratum granulosum. Once they have lost these they move toward the surface of the epidermis, 

where they terminally differentiate into mature keratinocytes expressing keratin proteins such 

as cytokeratin-10 (CK10) in the stratum granulosum, lucidum, and corneum. These cells 

present in the stratum basale may be sufficient to renew the local epidermis; however, hair 

follicles are also known to contain stem cell populations. 

Evidence provided by these studies and others, shows a profoundly efficient system for 

maintaining and repairing the epidermis. Hair follicles, sweat glands, and interfollicular 

epidermis all play vital roles in maintaining homeostasis through temperature regulation, 

mechanoreception, and, importantly, fuelling maintenance and repair of the epidermal barrier 

.



 

 

 

 

Figure 1.2 Skin structure and keratinocyte stem cell populations.  

The epidermis is stratified for optimal barrier function. In the stratum basale melanocytes provide pigment to keratinocytes. Keratinocyte stem cells also reside 

here and supply a pool of transit amplifying cells, which differentiate further into the upper epidermal layers. The hair follicle also has a pool of keratinocyte 

stem cells within the bulge region. The sweat gland is also implicated in re-epithelialisation of skin especially during wounding. Below the epidermis is the 

dermis, which is split into the papillary and reticular dermis, and is made up of collagen and elastin extracellular matrix, produced by dermal fibroblasts. Deep 

of the dermis is the hypodermis, which primarily functions as fat storage.  

 






















































































































































































































































































































































































