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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 Green’s 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 Green’s 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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Chapter 1: Introduction

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.

1

Chapter 1: Introduction

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 “skin”. 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 body’s 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.

3

Chapter 1: Introduction

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), melanogenesisassociated transcription factor (MITF) and, importantly, endothelin-3 (ET-3) and the
endothelin receptor B (EDNRB)11–13. 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 individual’s 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 α-melanocyte stimulating hormone
(α-MSH) and adrenocorticotropic hormone (ACTH) bind MC1R, adenylyl cyclase becomes
activated, inducing cyclic adenosine 3′,5′-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 DHICAmelanin 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 α-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

communication, while upregulating molecules important

melanocyte-keratinocyte
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/β-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 mice36–38.
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/βcatenin 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/β-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 mice41–
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 reepithelialise 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 – 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
.
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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.
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1.4

Skin wounds

Skin wounds can be as minor as grazes and lacerations, or as major as full thickness skin loss
from a large portion of the body. These can be due to burns, soft tissue trauma, and disease
leading to skin necrosis. Non-healing skin wounds, such as diabetic ulcers are increasing

and are a major health issue. However, skin injury and full thickness skin loss is most often
caused by severe burns. Burns can be caused by thermal, electrical or chemical energy. Most
often, open flame and smoke is the cause of burn in adults, while scalding is the most common
cause of burns in children. These injuries are devastating, resulting in mortality, morbidity,
declined mental health and lesser quality of life. In general, the incidence and severity of burns
is decreasing worldwide, which may be attributed to successful prevention programmes and
increased workplace safety66. However, the burden of burns on health systems worldwide and
on individual’s quality of life remains of primary concern. Burn injuries affect greater than 11
million people worldwide every year and the world health organisation estimate 180,000
people die from burns annually67. The majority of mortality occurs in low and middle-income
countries68. However, reporting of burns in these countries is poor, so these estimates are likely
to be low. In Australia and New Zealand in 2015, approximately 33% of burns cases are
paediatric, while the vast majority of adult burns patients are men69. One systematic review
found the mean total healthcare cost per burn patient in high income countries was $88,218
and ranged between $704 and $717,30670. Therefore, despite a potential decrease in incidence
of burns, they remain of high economic and societal impact.
Burns can be classified depending on the depth and severity of the wound. First degree burns
affect only the epidermis. They are characterised by red, non-blistered skin but are often very
painful. In most cases a full recovery is expected. Second degree burns extend beyond the
epidermis and affect part of the dermis as well. Here, blisters develop, and the surrounding skin
becomes red and very painful. Third degree burns destroy both the epidermis and the dermis.
They also have the potential to damage underlying tissues, such as bone and muscle. Nerve
endings are destroyed, therefore no feeling in the area is experienced and the burn site appears
charred or white.
Most people naturally recover from first degree burns involving the epidermis only. Superficial
second degree burns, however, generally require dressing and often antimicrobial treatment if
the burn site becomes contaminated. More serious burns, including second degree mid dermal
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and deep dermal second degree burns as well as third degree full thickness burns may require
excision and skin grafting.

1.5

Skin grafting

A skin graft is a piece of skin taken from one area of the body and applied to the site of skin
loss. Because the skin graft has no blood supply, it relies entirely on nutrients provided by the
wound bed. Skin grafts are applied when the area of skin loss is too great for natural healing to
be effective. In most cases, the wound bed and surrounding dead skin is excised before grafting
takes place. Grafting is very important in these severe burns as time from the burn injury to
wound closure is directly correlated with susceptibility to infection, pain duration, length of
hospital stay, and incidence of scarring. According to the 2015 Burns Registry of Australia and
New Zealand Annual Report69, three quarters of all burns presented to the 16 burns centres
underwent a burn wound management procedure in theatre, half of which required skin
excision and grafting. Many of these cases required readmissions and it is well known that
burns for many patients require multiple grafting procedures.
Skin grafts are either split or full thickness. Split thickness grafts are most common and involve
removal of the epidermis and part of the dermal layer using a dermatome. The skin for split
thickness grafts is most often taken from the lower leg and is perforated to stretch over the
wound site. Full thickness grafts are less common and have limited use. A scalpel is used to
remove all layers of the skin required, then applied to the wound site. Split thickness grafts are
more commonly used in all areas of the body for larger burns, while full thickness grafts are
more often used for smaller wounds on the hand or face. Both grafts cause scarring and
additional pain, however, split thickness grafts require their own dressing to cover up the
painful graze-like wound of the graft site. These grafting techniques are very effective for burns
of small total body surface area (TBSA), despite the obvious limitations of pain and scarring.
However, when patients present with large TBSA burns, these grafting techniques become
more limited.
Many patients with greater than 25% TBSA burns die. Often transplantation of large skin grafts
would save their lives. However, with such major burns, grafts from one site to another within
the same individual (autologous grafts) are often impossible due to lack of available skin. Skin
grafts where the donor is a separate individual of the same species (allografts) or a donor of a
separate species (xenografts) have been trialled to overcome this issue. However, these are
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invariably rejected due to the immunogenic nature of skin. While immunosuppressant drugs
may prolong the survival of allogeneic skin grafts, they are not a permanent solution. Despite
their inevitable rejection, allografts and xenografts serve as effective biological dressings, or
temporary skin substitutes and have been indispensably useful in improving survival by
prevention of infection and fluid loss.
While autologous split and full thickness grafts remain the gold standard and are generally
effective for patients with low TBSA second degree mid dermal to full thickness burns, they
are not perfect. Pain, scarring and additional hospital visits are but a few of the limitations.
Moreover, patients with over 25% TBSA burns have a high risk of mortality due to lack of
donor sites and additional complications. Therefore, alternative treatment methods are required
to improve treatment of major burns.

1.6

Skin substitutes and bioengineered skin

Bioengineered skin has eventuated due to the limitations in living autologous skin grafts,
rejection of allogeneic and xenografts, and the lack of a permanent skin substitute. The ideal
bioengineered skin graft should be safe, clinically effective, produced in a timely manner, easy
for the surgeon to handle, and, importantly, permanent. Many products have been trialled and
are available for use around the world. A comprehensive list is available in Table 1.1. All types
of skin substitutes have their merits and pitfalls, and while their function is of primary concern,
their cosmetic appearance is also an important consideration.
Epidermal sheets were among the first cellular bioengineered skin substitutes. They generally
consist of a sheet or suspension of autologous keratinocytes that have been expanded in vitro.
While there have been many improvements in epidermal sheet products they remain difficult
to handle, have a very short shelf life and a long production time. Due to their difficult handling,
delivery systems have been developed. For example, CellSpray have developed a spray on
delivery system for a sub-confluent suspension of keratinocytes71. Advances in cell culture
techniques have allowed small skin biopsies to be expanded into epidermal sheets with
sufficient surface area to cover large burn wounds72. However, due to their fragile nature, many
companies now grow the epidermal sheet on a transplantable scaffold. MySkin uses a silicone
support layer with a specially formulated surface coating, which provides additional strength
to the epidermal sheet73. However, multiple applications are often necessary and failure of
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keratinocyte-only skin substitutes to effectively heal full thickness wounds has prompted
further development of bioengineered skin substitutes.
Dermal substitutes remain a popular alternative to epidermal sheets. They provide a scaffold
in the wound bed for the patient’s keratinocytes to migrate over and begin the repair process.
However, most available dermal substitutes are acellular and prepared from allogeneic,
xenogeneic or synthetic material (Table 1.1). Acellular skin substitutes were used early on and
revolutionised temporary burn dressings. Their constituents ranged from lyophilised human
acellular dermis, such as in AlloDerm74, to silicone and nylon filament, which mimicked the
epidermis and dermis, respectively, in Biobrane75. While these are not permanent skin
substitutes, they still save many lives by temporarily covering the wound thereby preventing
infection and substrate loss while other graft solutions are sourced.
These do not contain the highly immunogenic keratinocytes but are still prone to rejection due
to the presence of allogeneic or xenogeneic material. In addition, because of a lack barrier
function, some dermal substitutes are also prone to infection without an impermeable
dressing76. Despite this, they have some success in coverage of full thickness and severe second
degree burn wounds and are much easier to work with than epidermal sheets.
Composite bioengineered skin includes components of both the epidermis and the dermis. A
wide range of autologous, allogeneic and xenogeneic products have been developed and
incorporated growth factors, cytokines and ECM to aid in wound repair. The allogeneic and
xenogeneic products, such as Stratagraft and Oasis respectively, are prone to rejection over
longer periods of time but serve well as a bridge before autografting in burns patients 77,78.
However, autologous full thickness bioengineered skin holds promise for long term use in the
clinic. Due to the low chance of rejection, these can be permanent graft solutions. For example,
DenovoSkin shows near normal skin architecture79 and has had some success in the clinic
(Ernst Reichmann, unpublished data, Tissue Engineering and Regenerative Medicine
International Symposia, EU 2017); however, no clinical series has been published to date.
Many autologous full thickness bioengineered skin products, however, are still in development.
As such they and come with a high price tag and long production time, therefore, steps need to
be taken to dramatically improve large-scale production.
While huge advancements have been made in skin bioengineering, each of these products has
its own limitations and no perfect skin substitute is currently available. Despite this,
improvements of cell culture techniques, biomaterials, and visions of large-scale production
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will eventually lead to development of bioengineered skin widely applicable to clinical use.
Initial attempts were aimed at developing epidermis-only bioengineered skin. However,
clinical uptake was slow, due to difficulty of handling. Now, the field is moving more towards
full-thickness bioengineered skin (Table 1.1). This advance allows dermo-epidermal
communication, which is essential for survival, proliferation and effective epidermal
stratification. However, these products remain without pigment. Melanocytes are an important
addition to skin grafts for the functional reasons outlined above, as well as providing a better
cosmetic outcome for the patient. Reichmann, et al. showed it was possible to develop skin
grafts that reflected the colour of the donor site by adding autologous melanocytes separately
to the skin substitute80. Furthermore, they showed the ability of these grafts to remain alive and
pigmented when transplanted onto humanised rats for prolonged periods of time. However, the
cells for these grafts were derived from foreskin of children, which are known to have much
higher proliferative capacity than adult sources81. As such, an autologous, pigmented skin
substitute is yet to be developed that effectively caters to the needs of burns patients from all
age groups.
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Table 1.1 Commercially available bioengineered skin products
Substitute
Acellular

Product

Company

Components

Ref

Hyaluronan-FNfds
hydrogel matrix

SUNY at Stony Brook,
USA

Hyaluronan coupled
with fibronectin
functional domains

82

Human hair
keratincollagen
sponge
Composite nanotitanium oxide–
chitosan artificial skin
(NTCAS)
Terudermis

Southern Medical
University, China

-

Permacol Surgical
Implant

Tissue Science
Laboratories plc, UK

Cryomilled porcine
acellular diisocyanite
cross-linked dermis
Composite nanotitanium oxide–
chitosan with gelatin
and hyaluronic acid
Silicone, bovine
lyophilised crosslinked
collagen sponge made
of heat-denatured
collagen
Porcine acellular
diisocyanite
crosslinked dermis

Matriderm

Dr Suwelack Skin and
HealthCare AG,
Germany

Bovine non-crosslinked lyophilised
dermis, coated with aelastin hydrolysate

78

EZ DermTM

Brennen Medical Inc.,
USA

Porcine aldehyde
cross-linked
reconstituted dermal
collagen

84

Bovine collagen
cross-linked with
microbial
transglutaminase

National University of
Ireland, Ireland

Freeze-dried bovine
collagen scaffold
cross-linked with
microbial
transglutaminase

85

Collatamp

SYNTACOLL AG,
Switzerland

Multilayer bovine
collagen matrix

-

Alloderm

LifeCell Inc.,
Branchburg, NJ, USA

Human acellular
lyophilised dermis

74

Cardinal Tien College
of Healthcare and
Management, Taiwan
Olympus Terumo
Biomaterial Corp.,
Japan

-

83

78
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Substitute

Product
SureDerm

Company
HANS BIOMED
Corporation, Daejeon,
Korea

Components
Human acellular
lyophilised dermis

Ref

OASIS Wound
Matrix

Cook Biotech Inc., West
Lafayette, IN, USA

Porcine acellular
lyophilised small
intestine submucosa

-

Biobrane

Mylan Bertek
Pharmaceuticals, USA

Silicone as epidermal
film and 3D nylon
filament as dermis with
type I collagen
peptides

75

Integra DRT

Integra® LifeSciences
Corp., USA

Dermis - bovine
collagen and
chondroitin-6-sulfate
GAG; epidermis silicone polymer
polysiloxane

75

DFB Pharmaceuticals,
Inc., USA

Cultured keratinocytes
in
fibrin substrate
Cultured keratinocyte
sheet from outer root
sheath of hair follicles
Cultured keratinocyte
sheet)
Sub-confluent cultured
keratinocyte sheet with
silicone support with
surface coating
Sub-confluent cultured
keratinocyte
suspension with fibrin
sealant
Sub-confluent non/cultured keratinocyte
suspension
Sheets of keratinocytes
attached to petrolatum
gauze support

-

Epidermal
Autologous AcuDress

EpiDex

Modex Therapeutiques,
Lausanne, Switzerland

EPIBASE

Laboratoires Genevrier,
Antibes, France
CellTran Ltd., UK

MySkin

Bioseed-S

BioTissue Technologies
GmbH, Germany

CellSpray

Clinical Cell Culture
(C3), Australia

Epicel

Vericel

86

87

73

88

71

89
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Substitute Product
Autologous Laserskin or
Vivoderm

Autoderm
TransDerm
Lyphoderm
Cryoceal
Dermal
Autologous denovoDerm
Hyalograft 3D

Allogeneic

Company
Fidia Advanced
Biopolymers Srl, Italy

XCELLentis NV,
Belgium
XCELLentis NV,
Belgium
XCELLentis NV,
Belgium
XCELLentis NV,
Belgium
EUROSKINGRAFT,
Switzerland
Fidia Advanced
Biopolymers, Italy

Components
Autologous
keratinocytes and
fibroblasts grown on
microperforated
hyaluronic acid
membranes
Cultured keratinocytes

Ref

Cultured keratinocytes

91

Lyophilised neonatal
keratinocytes
Cryopreserved
keratinocytes

92

Autologous dermal
substitute
Cultured fibroblasts
hyaluronic acid
membrane
Bio-absorbable
polygalactin mesh
matrix with human
neonatal fibroblasts
then cryopreserved

79

90

91

93

94

79

Dermagraft

Advanced BioHealing,
Inc., USA

TransCyte

Advanced BioHealing,
Inc., USA

Collagen-coated nylon
mesh seeded with
neonatal human
foreskin fibroblasts

95

Cyzact (ICX-PRO)

Intercytex, St John’s
Innovation Center, UK

-

ICX-SKN skin graft
replacement

Intercytex, St John’s
Innovation Center, UK

Cultured allogeneic
human dermal
fibroblasts in human
fibrin gel matrix
Cultured dermal
fibroblasts in human
collagen matrix

-
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Substitute
Allogeneic

Product
Polycaprolactone
collagen nanofibrous
membrane

Company
National University of
Singapore, Singapore

Components
Cultured dermal
fibroblasts
polycaprolactoneblended collagen
electrospun
nanofibrous membrane

Ref

Tegaderm-nanofibre
construct

National University of
Singapore, Singapore

-

Collagen–
glycosaminoglycan–
chitosan dermal
matrix seeded with
fibroblasts

INSERM, France

Hyaluronan-FNfds
hydrogel matrix

SUNY at Stony Brook,
USA

Cultured dermal
fibroblasts poly(e caprolactone)/gelatin
nanofibrous scaffold
electrospun on
polyurethane dressing
Cultured dermal
fibroblasts bovine
collagen I/chondroitin4/6-sulfate/chitosan
lyophilised dermal
matrix
Hyaluronan coupled
with fibronectin
functional domains
Fibroblasts and
keratinocytes cultured
with bovine collagen
and GAG substrates
Full thickness cultured
skin

79

Composite
Autologous ESS

Amarantus

96

75

82

Tiscover™ (A-Skin)

Advanced Tissue
Medicinal Product,
Netherlands

denovoSkin™

EUROSKINGRAFT,
Univ. of Zurich,
Switzerland

Full thickness cultured
skin

79

PolyActive

HC Implants BV,
Netherlands

Cultured keratinocytes
and fibroblasts
polyethylene oxide
terephthalate
(PEO)/polybutylene
terephthalate (PBT)

97

79
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Substitute Product
Autologous TissueTech Autograft
System (Laserskin
and Hyalograft 3D)

NovoSorbTM BTM

PelliCell

Allogeneic

Apligraf®

OrCel®

Karoskin (Karocells)

CeladermTM
StrataGraft™

Allox

Company
Fidia Advanced
Biopolymers, Italy

Components
Cultured keratinocytes
and fibroblasts
microperforated
hyaluronic acid
membrane (HAM)
PolyNovo Biomaterials, Cultured keratinocytes,
Australia
fibroblasts and
endothelial cells on
biodegradable
polyurethane scaffold
Upside BioTechnologies Autologous
Ltd.
keratinocytes and
fibroblasts on selfassembled on a PLGA
scaffold
Organogenesis Inc.,
Neonatal foreskin
USA
fibroblasts and
keratinocytes in bovine
collagen matrix
Ortec International Inc., Type I collagen matrix
USA
with neonatal foreskin
fibroblasts and
keratinocytes
Karocell Tissue
Human cadaver skin
Engineering AB,
with dermal and
Sweden
epidermal cells
Celadon Science LLC,
Sheets of cells derived
USA
from neonatal foreskin
Stratatech Corporation, Full thickness skin
USA
substitute with dermal
and fully differentiated
epidermal layers
DFB Pharmaceuticals,
Sprayed suspension of
Inc., USA
keratinocytes and
fibroblasts in fibrin
substrate

Ref
90

98

-

99

85

75

99

77

-

Table adapted from Vig, et al.100
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1.6.1 Concluding remarks: what have we learnt?
In summary, skin is a protective organ surrounding the human body. When people are exposed
to severe trauma and burns, skin grafting is often necessary. However, this is limited for
patients with over 25% TBSA skin loss. The field of regenerative medicine has made continual
ground-breaking improvements in the form of skin substitutes and bioengineered skin, such as
those outlined in Table 1. However, many products remain limited in the capacity of risk of
infection, pain, rejection, prohibitive cost, long production time, lack of pigmentation, and,
importantly, lack of permanence. To avoid the risk of disease transmission and rejection, skin
products need to become fully autologous. Delineation of the cells responsible for reepithelialisation and repair will lead to more informed innovation in the field of bioengineered
skin. Specifically, knowledge is lacking in identification and characterisation of keratinocyte
stem cells and melanocyte precursors. In addition, there has been slow clinical uptake of
pigmented products. Further investigation of autologous melanocyte culture and incorporation
into bioengineered skin is warranted to develop fully autologous, full thickness pigmented skin
products. Further exploration into the complexity of skin homeostasis and repair may provide
insight into how keratinocytes, melanocytes and fibroblasts can be manipulated to develop a
permanent grafting solution for patients with full thickness high TBSA wounds.

1.7

Our vision

Upside Biotechnologies has developed a product whereby full thickness autologous skin is
cultured in approximately 30 days. Skin is taken from donors for keratinocyte and fibroblast
extraction. These cells are expanded separately until adequate cell numbers are achieved.
Following this they are seeded into a scaffold where the cells self-assemble for 48 hours
submersed in nutrient rich growth media. Keratinocyte contact with air is required for normal
epidermal stratification101. Therefore, after 48 hours, the scaffold with cells is moved to an air
liquid interface (ALI), where the underside of the scaffold is in contact with growth medium,
while the upside of the scaffold is in contact with air. This mimics the in vivo environment,
where the dermis is provided with nutrients through vascularisation. In contrast, the basal layer
of the epidermis receives growth signals from the dermis. However, as stratum basale
keratinocytes proliferate and move upwards through the epidermal column, these proliferative
signals are lost, and the cells begin to differentiate. This would not be possible, however,
without the scaffold allowing cellular self-assembly.
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Growth of full thickness skin requires a scaffold to support cell growth and to provide strength
to the graft. The additional strength provided by the scaffold makes the graft much easier for
surgeons to handle. Further requirements of the graft are to support cellular self-assembly, be
safe for clinical use, and be biodegradable and biocompatible so that the graft is permanent,
and the scaffold will safely be passed through the body. From these criteria, poly(lactic-coglycolic acid) (PLGA) was chosen for the scaffold. PLGA is a Food and Drug Administration
(FDA) approved copolymer that has been used in various medical devices, such as
biodegradable sutures102. It can be electrospun in a way that forms a mesh of fibres with
variable pore sizes. This allows cells to settle within the sheet of PLGA, attach, and proliferate,
using the mesh as a three-dimensional support system. Here, fibroblasts can produce ECM,
while keratinocytes settle on top of the electrospun PLGA where they proliferate and
differentiate to form a stratified epidermis. With this support system in place, cells can selfassemble and form full thickness skin while the scaffold provides the strength required for the
graft to be handled with ease. The manufacture process of electrospun PLGA scaffold for skin
engineering was established prior to this project in the Dunbar laboratory. PLGA scaffolds
were characterised, including appropriate pore size, fibre diameter, thickness, and coating to
allow for cellular self-assembly and full thickness skin growth. The coating used is collagen
IV, which resembles the epidermal basement membrane allowing stratification of the
epidermis.
This project envisions significant contribution to the well-established protocols developed in
the Dunbar lab and commercialised by Upside Biotechnologies Ltd. We aim to simplify clinical
translation through better techniques for skin digestion, optimisation of media used for
keratinocyte culture and development of fully autologous culture methods. Furthermore, we
aim to improve this bioengineered skin product through provision of pigmentation by isolating,
culturing and incorporating autologous melanocytes. Overall, this would contribute to
development of a safe and effective permanent autograft solution that avoids repeated surgical
procedures, rejection, disease transmission, infection, and unnecessary pain, while improving
the functional and cosmetic properties of the bioengineered skin graft.

1.8

Limitations of three-dimensional skin culture

Despite the obvious advantages of this system, some limitations remain. Firstly, it has a long
production time. This is highly variable between donors but the current rate limiting step is
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keratinocyte proliferation. Decreased production time through manipulation of keratinocyte
proliferation would be a significant advance in manufacture of a bioengineered skin product.
Secondly, keratinocytes are cultured in Green’s medium, which contains animal products as
well as cholera toxin. These are not attractive to clinical application but are currently required
for keratinocyte proliferation. Therefore, alternative growth media must be sourced. In addition
to growth media, keratinocytes must be grown in the presence of feeder cells. The feeder cells
traditionally used are lethally irradiated NIH3T3, which are a transformed mouse cell line.
Implantation of xenogeneic cells into a human poses a risk of rejection as well as disease
transmission. As such, these feeders must be replaced with cells more amenable to clinical
translation or removed altogether. This would contribute to the convenience of production as
well as reducing regulatory concern. Third, human keratinocyte precursors are poorly defined.
Currently, we seed a range of terminally differentiated and dead keratinocytes as well as bona
fide keratinocyte precursors into the full thickness skin culture model. Therefore, if it were
possible to enrich for keratinocyte precursors, we may be able to improve efficiency of full
thickness skin culture. Finally, the full thickness skin culture model is not pigmented. Addition
of autologous melanocytes to these protocols may provide appropriate colour to the engineered
skin, which would denote a significant advance to the Upside Biotechnologies Ltd product.
Overall, manipulation of keratinocyte proliferation, the necessity of feeder cells and
incorporation of melanocytes will lead to an advanced bioengineered skin product with shorter
production time and fewer regulatory constraints.
1.8.1 Green’s medium
Green’s medium was developed by Rheinwald and Green in 1975103. This paved the way for
future research using primary human keratinocytes. The components of Green’s medium
allowed these cells, which previously could not be sustained in culture, to proliferate and
survive multiple passages. While this media has been essential in advancing dermatological
research to where it is today, the advent of bioengineering and inching closer to clinical
translation has demanded faster growth rates and safer components.
For development of a bioengineered skin graft in an appropriate timeframe, keratinocytes must
be rapidly expanded to the necessary numbers. Currently, keratinocytes can be cultured to
confluence in approximately two weeks. This leads to a production time that is not ideal for
clinical application. Three ways to reach an appropriate number of keratinocytes in a faster
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time frame are to; 1) increase the cell seeding density; 2) increase the rate of proliferation; and
3) increase the yield of viable cells with proliferative potential. Increased seeding density is not
an option as only limited and variable amounts of healthy skin will be supplied from donors,
therefore increased keratinocyte proliferation rate, or increased yield of proliferative cells is
required.
Rheinwald and Green pioneered the successful use of growth factors for keratinocyte
proliferation. For example, they used epidermal growth factor (EGF) in their first keratinocyte
media formulation. EGF binds its receptor, EGFR, which activates the receptor tyrosine kinase,
leading to downstream activation of the MAPK pathway and activation of genes involved in
cell proliferation, differentiation and motility104. However, as epidermal homeostasis has been
investigated new and emerging growth factors have been identified. For example, keratinocyte
growth factor (KGF) holds potential for enhanced keratinocyte proliferation in vitro105.
However, the advent of small molecule inhibitors has provided an alternative avenue to explore
the effect of specific pathway inhibition on whole cell populations. Recently, Y27632, a potent
Rho associated kinase (ROCK) inhibitor, was used in the development of human intestinal
organoids from single intestinal stem cells64. In this case, it was purported that Y27632
prevented anoikis of intestinal epithelial stem cells that had separated from their niche64,106,107.
Anoikis is a form of programmed cell death initiated when an anchorage dependent cell is
detached from the surrounding extracellular matrix. This process may be important in
keratinocytes stem cells due to their attachment to the basement membrane in vivo. Due to the
similarities observed between intestinal and epidermal epithelia, it is feasible to suggest
Y27632 may be useful in enhancing keratinocyte stem cell survival. Indeed, Y27632 has been
used with some success in enhancing proliferation of keratinocytes derived from human
neonatal foreskin108. While these cells are more highly proliferative than adult human
keratinocytes it is feasible to suggest a similar effect may be observed with adult keratinocyte
precursors.
In addition to sub-optimal keratinocyte growth rates, some of the components of Green’s
medium are not suitable for clinical use. One of the essential ingredients in Green’s medium is
cholera toxin. Cholera toxin increases the levels of cytosolic (cAMP), and it was this effect that
was first hypothesised to aid in proliferation of keratinocytes. Indeed, at least three other factors
that increase levels of cAMP have similar effects109. While this may be dependent on cell
density110, sub-confluent keratinocyte proliferation in Green’s medium demands the use of
cholera toxin. However, as the name suggests, cholera toxin is toxic to humans. It is a protein
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complex secreted by Vibrio cholera, a bacterium found in brackish or salt water. Upon
ingestion, the bacterium secretes cholera toxin, which enters intestinal cells and, through a
series of steps whereby the Golgi apparatus and endoplasmic reticulum are hijacked, leads to
massive efflux of chloride ions and water. This is observed by the host as watery, explosive
diarrhoea, of up to two litres of fluid per hour. Therefore, despite the positive effects of cholera
toxin on keratinocyte proliferation, it is not an attractive component of Green’s medium when
considering transplantation to humans.
Keratinocyte proliferation in Green’s medium is also reliant on animal products. Fetal bovine
serum is commonly used in cell culture and keratinocyte growth is no exception. Serum
contains growth factors and nutrients required for healthy cell metabolism and division.
However, it also bears the risk of disease transmission and is not chemically defined.
Autologous serum may be possible in some applications but is not practical for burns patients,
given the nature of their trauma. While fetal bovine serum has been used in previous clinical
applications that have been licenced by regulators, it is advantageous to have a media
formulation without animal serum.
Green’s medium has been essential in unravelling the biology of keratinocytes. This has led to
development of many products that have had a range of success in the clinic. However, it is
limited in the rate that keratinocytes are cultured as well as potentially dangerous components
such as cholera toxin and animal serum. Development of chemically defined toxin and serum
free media would be advantageous for any skin culture application with the aim of clinical
translation.

1.8.2 Feeder cells
Development of Green’s medium by Rheinwald and Green coincided with the use of mouse
embryonic fibroblasts (NIH3T3) as feeder cells for keratinocytes111. They showed that some
feeder cells were necessary for keratinocyte proliferation in vitro and that NIH3T3
outperformed the other feeder cells investigated. This historical discovery led to much progress
in understanding keratinocyte biology as well as the insurgence of dermatological regenerative
medicine. However, use of xenobiotic cells, in the current climate, is a major hurdle to clinical
translation due to ethical issues and the rare incidence of transmissible disease.
Feeder cells allow colony formation of keratinocytes, presumably from undifferentiated, highly
proliferative precursors and serial cultivation. While the mechanisms by which they assist in
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this process are not fully known, it may be through secreted factors, such as growth hormones,
or contact dependent signals. These secreted and contact dependent signals are hypothesised to
reproduce some aspects of the stem cell niche. Rheinwald and Green further elucidated that
epithelial cell growth, but not colony formation was achieved when using NIH3T3 conditioned
medium111. Certain components of NIH3T3 cells have been shown to support epithelial cell
growth when seeded at high density. However, viable NIH3T3 cells were required for
keratinocytes to form colonies at low seeding density. As such, it is likely that soluble and
secreted factors work in a non-redundant fashion to support the keratinocyte culture and
reproduce the stem cell niche.
Knowledge of how feeder cells promote keratinocyte colony formation and the stem cell niche
has led to significant advances in their use. These advances have primarily been driven by the
need to move away from xenobiotic components for clinical translation. Indeed, Rheinwald
and Green first explored the possibility of using human fibroblasts as feeder cells for
keratinocytes111. While they were effective, the pair reported that keratinocytes grew more
slowly and remained in a less differentiated state. As their aim was to drive serial culture as
well as keratinocyte differentiation, this result remained unexplored. More recently, however,
Bullock et al showed that irradiated human fibroblasts could be used as feeder cells for
keratinocytes112. Moreover, Jubin et al. reported that non-irradiated autologous human
fibroblasts could be used as feeder cells for keratinocytes, at the correct ratio, with comparable
efficacy to that of irradiated NIH3T3 cells113. It is not yet clear whether keratinocytes require
autologous feeder cell contact for proliferation, or whether they primarily rely on soluble
factors. However, these studies are the first reports of autologous cells being used as feeders
for keratinocytes, with comparable efficacy to that of NIH3T3. This is a major step toward
development of fully autologous full thickness bioengineered skin.
Research and development of skin substitutes involving keratinocytes has relied on the support
of NIH3T3 cells since 1975. This has significantly progressed towards fully autologous culture
in recent years. Further elucidation of the nature of feeder cell support may provide clues as to
how keratinocyte culture can be made more efficient and safer for future clinical application.

1.8.3 Precursors
The epidermis is a complex, layered structure. While all cell types are important, only a small
number of cells survive and proliferate in vitro. It is unknown exactly which keratinocytes are
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responsible for in vitro outgrowth; however, it is generally accepted that keratinocyte stem cells
become activated and rapidly divide, given the proliferative environment. Qualitative evidence
of this is the colony formation of only a few keratinocytes compared with the total number of
live keratinocytes seeded into the culture system. Enrichment of keratinocyte precursors may
improve the efficiency and quality of full thickness skin growth.
Technology for cell enrichment and purification has vastly improved since the advent of
fluorescence activated cell sorting (FACS). Now, the power of rapid cell enrichment,
purification and identification has been realised with development of clinical grade flow
cytometers, and protocols such as magnetic cell separation techniques. These techniques rely
on the specificity of antibodies and the detection of such antibodies through lasers or magnetic
beads. This allows a cell population of interest to be selected and used or selected and
discarded, depending on the application. In the case of bioengineered skin, cell separation may
become very useful. Selection of the appropriate cell types required for full thickness skin
growth, while discarding cellular debris, dead cells, and cell types that have the potential to
impede self-assembly within the scaffold could streamline production and make full thickness
skin culture more efficient. Furthermore, consistency of seeding known cell populations is
advantageous for regulatory ease and useful for consistency in good manufacturing practice.
Cell enrichment for skin bioengineering may be particularly useful for keratinocytes. When the
epidermis is first digested and seeded into culture, approximately half of the keratinocytes are
dead. Even more cells are in the process of terminal differentiation and, therefore, only a very
small proportion are the keratinocyte precursors important for expansion. Indeed, Fisher et al.,
showed that keratinocyte precursors had the highest proliferative capacity in vitro, while
CD271+ cells were highly proliferative transit amplifying keratinocytes that remained in the
basal layer of the epidermis62. Therefore, enrichment of highly proliferative stratum basale
keratinocytes and removal of dead and terminally differentiated keratinocytes may provide an
avenue to enhance keratinocyte culture for full thickness skin growth.
In addition to enriching keratinocyte stem cells using cell specific epitope detection, it may be
possible to recreate the stem cell environment through media supplementation. This is
especially relevant given the lack of a reliable cell surface marker for human keratinocyte stem
cells, meaning current use of FACS and MACS is limited. The full potential of this technique
has been realised with chemically induced human pluripotent stem cells114. While this extent
of reprogramming is not necessary for bioengineered skin, it may be possible to enhance
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keratinocyte stem cell survival and further activate their proliferation in development of future
products.
Knowledge of the epidermal microenvironment and the stem cell niche will be critical in
furthering full-thickness skin growth methods. Harnessing the proliferative capacity of
keratinocyte precursors while removing dead cells and debris holds promise for development
of a highly efficient, bioengineered skin substitute for victims of severe burns.

1.8.4 Bioengineered skin pigmentation
Our full thickness bioengineered skin substitute holds promise for clinical efficacy. Similar
bioengineered skin substitutes have successfully closed full thickness wounds on people with
severe burns115–117. However, many of these products are limited in that they produce
hypopigmented skin. While this may seem merely a cosmetic concern, pigmentation also
functions to protect skin from UV radiation. Addition of melanocytes to bioengineered skin
products may remedy this issue. However, few groups have isolated and expanded autologous
adult melanocytes for successful incorporation into full thickness skin models.
In 1957, Hu et al. first described the presence of human melanocytes in cell culture118. Three
years later, Cruickshank et al. described the culture and cell number increase of pigmented
dendritic cells from Guinea pig and human skin slices119. While the absolute confirmation is
lacking, these are likely the first reports of human melanocytes surviving in culture and
proliferating, respectively. In 1982, a targeted approach was adopted, and melanocytes were
more directly cultured. Eisinger and Marko used phorbol 12-myristate 13-acetate (PMA) at
high concentrations to drive melanocyte proliferation while halting that of keratinocytes 120.
They also used cholera toxin in conjunction to further enhance melanocyte proliferation. These
reports, however, were primarily from neonatal foreskin samples, which are now known to
have much higher melanocytic proliferation rates than adult skin samples. Gilchrest et al. were
the first to serially cultivate adult melanocytes using selective media albeit over a very long
period of time121. These early works pioneered the culture of melanocytes and even today these
media supplements are still used in commercially available melanocyte culture medium.
However, the combination of commercially available melanocyte media and new and growth
factors known to stimulate melanocyte proliferation, may provide opportunities for melanocyte
isolation and rapid culture from primary adult human skin samples.
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The commercially available human melanocyte growth supplement (HMGS) has been shown
to support culture of human melanocytes in combination with Medium 25426. Importantly, it
contains bovine pituitary extract, fetal bovine serum, recombinant human insulin-like growth
factor-I, bovine transferrin, basic fibroblast growth factor, hydrocortisone, heparin, and PMA.
While this formulation has been effective in driving proliferation of melanocytes from neonatal
foreskin and children, its efficacy for adult melanocytes is not well documented. It is possible
that this media formulation may need additional supplementation to further promote survival
and proliferation of melanocytes in vitro. SCF, for example, is a growth factor that binds
CD117 on melanocytes leading to stimulation of cell division17. ET-3 has also been shown to
increase melanocyte proliferation in vitro as well as drive a melanoblast-like phenotype when
supplemented in combination with SCF and fibroblast growth factor18. Therefore, it is possible
that further supplementation of HMGS may result in enhanced survival and subsequent
proliferation of adult human melanocytes. This could allow sufficient melanocyte numbers for
successful incorporation into the full thickness skin culture protocols to develop fully
autologous, pigmented human skin.
Following effective culture of melanocytes, the challenge remains of incorporation into fullthickness skin growth. This provides additional hurdles including removal from the cell culture
plate, transfer to a new media formulation, and potential competition for space and nutrients in
a three-dimensional model. Despite these challenges, Reichmann et al. have elegantly
displayed that the addition of foreskin derived melanocytes from children to a full thickness
skin growth protocol can confer pigmentation80. They further showed that this pigmentation is
dependent on the origin of the fibroblasts within the model. For example, dark skin
melanocytes did not provide pigment to skin grown with palmar fibroblasts, while dark skin
fibroblasts allowed dark pigmentation. These works provide novel insight into the complex
dermo-epidermal interactions at the cellular level. However, additional challenges are faced
when culturing and incorporating autologous melanocytes from adults. It is well known that
proliferative capacity, survival and number of melanocytes declines with age22. Therefore,
harnessing the melanocytes with highest proliferative capacity will be important in successfully
developing a pigmented full thickness skin model from adult tissue samples.
While enriching for and supporting melanocytes with the highest proliferative capacity is the
goal, consideration of melanoma formation is important. Melanoma is a cancer that develops
from melanocytes and most often occurs in the skin. It develops due to DNA damage within
melanocytes induced by UV radiation. However, the exact mechanism of transformation is not
34

Chapter 1: Introduction

well understood. Due to the lack of evidence surrounding the mechanism of melanoma
formation, any process whereby the genetic makeup of melanocytes is altered or damaged may
be of concern. Therefore, strict karyotype testing and rigorous prior investigation must take
place before autologous melanocytes are transplanted into patients.
Overall, isolation, culture and incorporation of melanocytes to a permanent grafting solution
may provide a better functional and cosmetic outcome for the patient.
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1.9

Summary of project aims

While considerable progress has been made in treating severe burns, further improvements can
be made. The advent of regenerative medicine has provided an avenue for these improvements
and the field of bioengineered skin is rapidly growing worldwide. While the bioengineered skin
products currently available have shown some success, advances towards fully autologous
culture systems, better understanding of keratinocyte precursors, and addition of pigment to
bioengineered skin could provide crucial steps towards a permanent graft solution for burns
patients. Overall, this project aims to address four challenges to full thickness skin engineering:
1. Develop methods for quantification of keratinocytes and melanocytes in vitro (Chapter
3).
2. Develop media for faster and safer keratinocyte culture (Chapter 4).
a. Determine whether Y27632 enhances keratinocyte culture.
b. Investigate efficacy of commercially available feeder and serum free media for
keratinocyte culture.
c. Investigate the efficacy of commercially available feeder and serum free media
for full thickness skin production.
3. Replace mouse feeder cells with autologous feeder cells (Chapter 5).
a. Determine whether Y27632 replaces the requirement for feeder cells.
b. Grow keratinocytes using primary human dermal cells as feeder cells.
c. Determine whether keratinocytes require feeder cell contact for proliferation.
d. Produce full thickness skin using primary human cells as feeder cells.
4. Determine the phenotype of keratinocytes seeded into full thickness skin (Chapter 6).
a. Identify potential keratinocyte precursors.
b. Enrich for keratinocyte precursors using flow cytometry.
c. Determine the in vitro effect of Y27632 on keratinocyte precursors.
5. Develop protocols for pigmented lab grown skin (Chapter 7).
a. Isolate and culture melanocytes from human skin digests.
b. Improve melanocyte culture for clinical application.
c. Produce pigmented human skin using autologous melanocytes.
d. Improve melanocyte isolation techniques using cell specific separation.
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2

2.1

Materials and methods

Patients

Tissue taken for this study was obtained from people undergoing breast reconstruction, breast
reduction or abdominal resection. These procedures were performed by various surgeons at
Middlemore Hospital or Manukau Surgical Centre, Auckland, New Zealand. All skin samples
were organised by Consultant Plastic Surgeon Michelle Locke and were at a frequency of
approximately one skin sample per month.
The Northern A Health and Disability Ethics Committee approved collection of all tissue
samples (ref# NTX/08/09/086/AM06) and all subjects gave informed consent.

2.2

Tissue processing and cell isolation

All tissue processing and cell isolation was carried out in a class II biological safety cabinet.

2.2.1 De-epidermised acellular dermis
Tissue samples ranged in size but were generally in the order of 10 cm2. Therefore, most
samples were used to obtain fibroblast and keratinocyte single cell suspensions. However,
some larger samples had areas reserved for production of de-epidermised acellular dermis
(DED). DED is used as a control scaffold for full thickness skin growth to ensure skin cells
have the ability to form viable skin. To produce DED, all subcutaneous fat and hypodermis
was removed by trimming. The skin was washed once in phosphate buffered saline (PBS)
before being soaked overnight, immersed in 1 M sodium chloride at 37oC, 5% CO2. The
following day, epidermis was removed using forceps by pinching the epidermis and pulling
away from the dermis. The dermis was then left in Dulbecco’s Modified Eagle Medium high
glucose

with

GlutaMAX

(DMEM)

(Gibco

10569-044)

supplemented

with

1%

Penicillin/Streptomycin (P/S) (Gibco 15140-122) (D0) overnight to ensure no contaminants
were present. The DED is then kept in D0 at 4oC until required.
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2.2.2 Keratinocyte and fibroblast extraction
Skin samples were placed in 15 cm culture dishes. All subcutaneous fat and hypodermis was
removed by trimming with scissors. Following this, the underside of the dermis was scored
heavily with a scalpel, being cautious not to cut right through the skin, before the skin was
sliced into 5 mm wide strips attached at the ends. Dispase (Gibco 17105-041) was prepared
immediately prior to use at 10 mg/mL with MilliQ water. The enzyme solution was then
sterilised by passing through a 0.22 µm pore size filter. 72 mL of D0 and 8 mL of sterile dispase
were added to the skin sample. Epidermis was facing upwards and the surface was scraped
from the epidermis using a scalpel to ensure submersion. Skin samples were incubated at 37oC,
5% CO2 overnight.
The next day, the epidermis was separated from the dermis using forceps. The separated
epidermis was placed in a new 15 cm culture dish with 36 mL Green’s medium (3:1
DMEM:Hams F12 with GlutaMAX (Gibco 31765-035), 10% Fetal Bovine Serum (FBS)
(source), 10 ng/mL epithelial growth factor (EGF) (Sigma E9644), 0.4 µg/mL hydrocortisone
(Sigma H0396), 0.1 nM cholera toxin (source), 180 µM adenine (Sigma A2786), 5 µg/mL
insulin (Sigma I9278), 5 µg/mL apotransferrin (Sigma T2036), 2 nM 3,3’,5,-triiodo-Lthyronine (Sigma T2752), 1% P/S, 0.625 µg/mL amphotericin B (Sigma A2942)). After
separating the dermis from the epidermis, the dermis was also transferred to the dish containing
Green’s medium and a scalpel was used to scrape the top layer of the dermis to ensure removal
of all highly proliferative basal keratinocytes. The dermis was returned to 72 mL of fresh D0
with the addition of 8 mL filter sterilized 5 mg/mL type I collagenase (Gibco 17100-017) in
MilliQ water. The dermis was left overnight at 37oC, 5% CO2.
A scalpel was used to cut the epidermis into smaller pieces. The Green’s medium containing
keratinocytes was removed and enough TrypLE (Gibco) was added to the culture plate to cover
the remaining pieces of epidermis. This was incubated at 37oC, 5% CO2 for 10 minutes. The
medium containing keratinocytes was added back to the plate and gently but repeatedly passed
through a serological pipette to further break up the pieces of epidermis. The cell suspension
was then passed through a 100 µm pore size cell strainer before being centrifuged at 1800 rpm
at room temperature for 10 minutes with deceleration set to 7 and acceleration set to 9. If the
cell pellet was not intact, as much supernatant was removed as possible before the cell pellet
was resuspended in Green’s medium and passed through the filter again. The centrifuge
spinning step was repeated until an intact cell pellet was present. Supernatant was discarded
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and viable cells were counted. This cell suspension was the epidermal preparation that could
either be used immediately or cryopreserved in 10% dimethyl sulfoxide (DMSO) (Sigma
D2650), 40% FBS and 50% Green’s medium.
On the third day, 36 mL of DMEM with 10% FBS and 1% P/S (DF10) was added to a new 15
cm culture dish. The dermis was transferred to this dish and teased with a scalpel until only
extracellular matrix (ECM) remained and the majority of cells were in suspension. The DF10
and enzyme containing medium was passed through a 100 µm pore size cell strainer before
being centrifuged at 1800 rpm for 10 minutes at room temperature with acceleration set to 9
and deceleration set to 7. As much supernatant was removed as possible without disturbing the
cells pellet. The pellet was resuspended in DF10 and the straining and centrifugation process
repeated until an intact cell pellet was present. The intact cell pellet was resuspended in DF10
and viable cells were counted. This cell suspension was the dermal preparation that could either
be used immediately or cryopreserved in 10% DMSO, 40% FBS and 50% DF10.

2.2.3 Whole skin digest
As previously described, skin samples were placed in 15 cm culture dishes and subcutaneous
fat and hypodermis was removed. 0.25% trypsin was further diluted to 0.1% in D0 to make a
total volume of 80 mL. This was added to the skin in the culture dish and incubated at 37 oC,
5% CO2 overnight. Alternatively, for trypsin and type I collagenase digest, skin samples were
placed in 15 cm culture dishes and subcutaneous fat and hypodermis was removed as
previously described. 8 mL of type I collagenase was prepared immediately prior to use at 5
mg/mL in MilliQ water and sterilized by passing through a 0.22 µm filter. 0.25% trypsin was
diluted to 0.1% in D0 to a final volume of 72 mL. The type I collagenase and trypsin were
added to the culture dish containing skin making a final volume of 80 mL and incubated
overnight at 37oC, 5% CO2. The next day, for both trypsin only, and trypsin with collagenase
methods, the skin was teased with a scalpel until epidermis was separated, basal layer
epidermal cells were removed, and it was clear that most dermal cells were in suspension
leaving only ECM. Skin was dissociated further by gently and repeatedly passing through a
serological pipette. The cell mix was passed through a 100 µm pore size cell strainer before
being centrifuged at 1800 rpm for 10 minutes at room temperature with acceleration set to 9
and deceleration set to 7. As much supernatant was removed as possible without disturbing the
cell pellet. The cell pellet was then resuspended in DF10, passed through a 100 µm pore size
cell strainer and the centrifugation step repeated until an intact cell pellet was present. The cell
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pellet was resuspended in DF10 and was either used immediately or cryopreserved in 10%
DMSO, 40% FBS and 50% DF10.

2.3

Electrospun poly(lactic-co-glycolic acid) (PLGA)

2.3.1 Dissolving PLGA
5.25 g of poly(lactic-co-glycolic acid) (PLGA) (Purasorb, PDLG7507) was added to a glass
vial and dissolved in 7.5 mL dimethylformamide (DMF) by stirring for up to 30 minutes. 7.5
mL tetrahydrofuran (THF) was added, the glass vial sealed with parafilm and stirred until fully
dissolved (3-5 hours). PLGA mixture was stored at -20oC until required.

2.3.2 Electrospinning PLGA
The electrospinning chamber was kept at less than 50% humidity by a constant flow of nitrogen
and temperature was kept at 30oC. 2 mL of PLGA mixture was added to a 5 mL syringe with
18 gauge needle and air bubbles removed. The pump was turned on and syringe diameter set
to 11.68 mm. The syringe was then locked in the pump ensuring that the point of the needle
was on the bottom. The stainless-steel collector plate with 1 cm diameter holes was placed 10
cm away from the needle point and positive lead attached to the plate while the negative lead
was attached to the needle. The power supply was set to 8 kV, pump rate to 0.35 mL/hour and
1.9-2 mL PLGA mixture was electrospun for approximately 5 hours. The sheet of electrospun
PLGA was then removed from the collection plate and cut into squares around the 1 cm holes
before being sterilized by gamma irradiation.

2.4

Cell culture

2.4.1 Thawing cells
Cryopreserved cells were thawed for 1-2 minutes in a 37oC water bath before being transferred
to a 15 mL tube. 9 mL of appropriate medium was added in a dropwise fashion with regular
swirling to ensure cells were not subjected to osmotic shock. Following this, cells were
centrifuged at an appropriate setting for the cell type before being resuspended in cell specific
medium.
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2.4.2 Irradiated mouse embryonic fibroblasts
One vial of NIH3T3 (ATCC, CRL1658) cells (5x105) were thawed, centrifuged at 125 g for 5
minutes and resuspended in 12 mL DF10, before being seeded into a 75 cm2 culture flask.
Medium was changed every 3-4 days and cells cultured to approximately 80% confluence. At
this point, medium was removed and 2 mL TrypLE added to the flask. The cells were incubated
at 37oC, 5% CO2 for 1 minute. TrypLE was then neutralised by adding at least 10 mL DF10
back into the flask before half of the cells were cryopreserved in 10% DMSO, 40% FBS and
50% DF10 and the other half transferred to a 175 cm2 culture flask at 3-5x103 cells/cm2 and 30
mL DF10 added. Cells were cultured and split as described until 1x108 fresh cells were present.
These were removed from the flask by adding 2 mL TrypLE and incubating at 37oC, 5% CO2
for 1 minute before being centrifuged and resuspended in 50 mL total DF10. Cells were
transferred to a 100 mL Schott bottle then transferred to the gamma irradiation facility on ice
where they were exposed to a 60 Gy dose of radiation. 1x106 irradiated NIH3T3 (MEF) were
cryopreserved in 10% DMSO, 40% FBS and 50% DF10 per cryotube for future use.

2.4.3 Skin cell culture
Epidermal cell suspensions were either seeded fresh or from cryopreserved samples. They were
seeded into tissue culture plates or flasks in Green’s medium at a density of 2x104 cells/cm2
with the addition of MEF at 5x103 cells/cm2, unless otherwise specified. Y27632 (Selleckchem
S1049) was added at a concentration of 10 µM where indicated. Media (and Y27632 when
required) was replaced after 24 hours, then every 2-3 days following. Cells were either
harvested at approximately 80% confluency or passaged. When passaging keratinocytes, the
growth area was gently washed with PBS, then PBS replaced with TrypLE. Cells were
incubated at 37oC, 5% CO2 for 10 minutes in TrypLE and repeatedly passed through a
serological pipette to aid in detachment and dissociation of clumps before being centrifuged at
1300 rpm for 5 minutes at room temperature and resuspended in Green’s medium.
Keratinocytes were reseeded at 2x104 cells/cm2 with 5x103 MEF in Green’s medium.
Dermal cell suspensions were either seeded fresh or from cryopreserved samples. They were
seeded into culture plates or flasks at varying densities in DF10, unless specifically stated
otherwise. Media was changed every 3-4 days and once confluency reached approximately
80%, cells were harvested or passaged using TrypLE, as previously described at a ratio of 1:4.
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Epidermal, dermal, or whole skin cell suspensions were seeded into culture flasks or plates
either fresh samples or from cryopreserved samples for melanocyte growth, as indicated. First,
cells were centrifuged at 1300 rpm for 5 minutes at room temperature before being resuspended
in Medium 254 (Gibco M254500) supplemented with Human Melanocyte Growth Supplement
(HMGS) (Gibco S0025) and additional supplements added where indicated. Media was
changed every 3-4 days and once confluency reached approximately 80% experiments were
either harvested or cells were passaged using TrypLE, as previously described, at a ratio of 1:4.

2.4.4 Full thickness skin growth
Keratinocytes, fibroblasts and melanocytes were cultured for 7-14 days in their appropriate
medium, as indicated. Cells were detached using the TrypLE method, centrifuged at 1300 rpm
for 5 minutes at room temperature, then resuspended in an appropriate amount of Green’s
medium.
Custom metal rings with 1 cm inner diameter and 1 cm depth were sterilized by being immersed
in 70% ethanol for at least 30 minutes then washed once with sterile PBS. Metal rings were
placed on top of electrospun PLGA in a 6-well plate. Collagen IV stock (Sigma C5533) was
diluted in PBS to 50 µg/mL to obtain 10 µg/cm2 coverage. PLGA was coated by adding 200
µL collagen IV working solution to the PLGA within the metal ring. All samples were
incubated at 37oC with 5% CO2 for two hours. Following incubation, PLGA was washed three
times with sterile PBS. For DED, pre-prepared DED was cut into approximately 2 cm2 pieces
and metal rings placed on top.
Cell suspensions were seeded at 3x105 keratinocytes per sample, 1x105 fibroblasts, and 6x104
melanocytes in a total of 800 µL per ring. 2 mL of Green’s medium was added to the outside
of the metal rings to the surrounding well. Following cell seeding, samples were cultured in
37oC with 5% CO2 until ready for harvest. After 24 hours, media was replaced with fresh
media. After 48 hours, all samples were moved to air liquid interface (ALI) and media replaced.
Here, metal racks were sterilized by immersion in 70% ethanol for 30 minutes. They were
washed once in sterile PBS then placed in a fresh 6-well plate. All samples were placed on a
corresponding metal rack and each well was filled with Green’s medium so that the top of the
metal rack is exposed to air, while the underside was in contact with medium. Medium was
changed every 2-3 days and samples were harvested for analysis after 14 days at ALI, unless
otherwise stated. Samples were cut in half and embedded in optimal cutting temperature (OCT)
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compound, snap cryopreserved in liquid nitrogen and cut into 5 µm transverse sections for
immunohistochemistry or Fontana-Masson staining.

2.5

Cellular quantification

2.5.1 Cell counting and viability
Prior to each experiment, and when stated during experiments, cell viability was assessed by
trypan blue exclusion (0.2 % trypan blue in PBS, pH 7.4) (Gibco 15250-061). A
haemocytometer was used to enumerate cells.
Where indicated, CellTiter Blue (Promega, G8080) or PrestoBlue (Invitrogen A13261) were
used to assess cell viability according to manufacturer’s instructions. For CellTiter Blue, 20 µL
of reagent was added to every 100 µL of media. Samples were incubated at 37oC, 5% CO2 for
four hours before fluorescence was recorded using an Enspire (PerkinElmer) or Envision
(PerkinElmer) plate reader at 560/590 nm. For PrestoBlue, 10 µL of reagent was added to every
100 µL of growth media. Samples were incubated at 37oC, 5% CO2 for 90 minutes before
fluorescence was recorded using an Enspire or Envision plate reader at 560/590 nm.
Alternatively, samples were imaged using the Operetta High Content Imaging System
(PerkinElmer) and counted using Harmony (PerkinElmer) or Columbus (PerkinElmer)
analytical software based on nuclear staining and cell specific staining where applicable.

2.5.2 Keratinocyte confluency
Confluency of keratinocytes was visualised using rhodamine B (Sigma R6626). Medium was
removed from all wells or flasks and replaced with 4% formaldehyde (ThermoFisher 28908).
Samples were incubated at room temperature for 30 minutes. Formaldehyde was removed and
replaced with 1% rhodamine B for 10 minutes. Following this, wells or flasks were thoroughly
rinsed with water then dried overnight. Wells or flasks were then ready for imaging.
Rhodamine B staining was quantified initially using ImageJ (National Institutes of Health),
then with the Operetta High Content Imaging System. These methods are explained in detail
in Methods Development 3.2. Briefly, images were imported to ImageJ where they were
rendered greyscale. The well area was then outlined by the user and pixel intensity threshold
defined as above background when compared with a well with no rhodamine B staining.
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Confluency was then measured as the pixels within the chosen area above the pixel intensity
threshold as a percentage of total pixels within that area. Alternatively, images of rhodamine
B fluorescence were taken using the Operetta High Content Imaging System. Harmony or
Columbus analytical software was then trained to recognise keratinocytes and exclude
fibroblasts and melanocytes based on cell texture, morphology and pixel intensity. Confluency
was then calculated by dividing the area taken up by keratinocytes by the total area imaged.

2.6

Imaging techniques

2.6.1 Immunofluorescence
All immunohistochemical staining was performed on 5 µm thick frozen sections. Sections were
first outlined with a DAKO PAP pen. Sections were then fixed with ice cold acetone at room
temperature for five minutes. Following this, sections were washed once in TBS (8 g sodium
chloride 0.2 g potassium chloride, 3 g Tris Base, and 1 L distilled water solution). Next, the
slides were blocked with 0.25% casein blocker (0.5 g casein, 0.195 g sodium azide, and 200
mL PBS) for 10 minutes at room temperature in a humidity chamber. Blocker was removed
and sections washed once with TBS. Primary antibodies (Table 2.1) were prepared at the
respective concentrations in dilution buffer (1% FBS

in TBS solution), added to the

appropriate section and incubated at room temperature for one hour in a humidity chamber.
Primary antibody was removed before sections were washed three times for 5 minutes each
with gentle rocking. Following this, fluorophore conjugated secondary antibodies (Table 2.1)
were centrifuged at 14000 rpm for 3 minutes before being prepared at respective concentrations
in dilution buffer. Secondary only controls were used for each donor. Here, dilution buffer only
was added during primary antibody incubation, and fluorophore conjugated secondary
antibodies were added as usual. DAPI nuclear stain was added to secondary antibody master
mix for all samples at a concentration of 1:2000. Secondary antibody master mix was applied
to sections and incubated at room temperature for 30-60 minutes in a humidity chamber in the
dark. Secondary antibody was removed before sections were washed twice for 15 minutes each
with gentle rocking. One drop of ProlongGold (Invitrogen P36930) was pipetted onto the
coverslip per section and the coverslip was lowered onto the slide. Slides were imaged the
following day using a Nikon NiU upright epi-fluorescent microscope.
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For immunocytochemistry, cells were either cultured in an 8-well chamber slide or removed
from their culture plate/flask and allowed to attach to the chamber slide at 37 oC, 5% CO2
overnight, as indicated. Growth media was removed and cells were washed three times with
TBS before being fixed with ice cold methanol for 20 minutes. Samples were washed three
times in TBS and staining procedure was followed as per immunohistochemistry.
Alternatively, for quantification, cells were grown in 48-well plates. The same staining protocol
was followed; however, samples were imaged using the Operetta High Content Imaging
System and quantified using Columbus or Harmony software.
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Table 2.1 Summary of primary and secondary antibodies used for immunofluorescence
Antigen (Isotype)

Clone

Source / Catalog number

Concentration

Anti-human Pan-Cytokeratin

C11

Abcam / ab7753-100

1:200

M2-

Cell Marque / CM 281M-95

1:250

(IgG1)
Anti-human MART-1 (IgG2b)

7C10
Anti-human MART-1 (IgG1)

A103

Serotec / MCA2083

1:50

Anti-human Cytokeratin 14

RCK107

Abcam / ab9220

1:200

Anti-human CD90 (IgG2a)

Thy-1A1

R&D Systems / MAB2067

1:100

Anti-human Vimentin (IgG2a)

Vim 3B4

Abcam / ab28028

1:300

Anti-human Ki-67 (rabbit

SP6

Cell Marque / 275R-15

1:500

Anti-human CD29 (IgG2a)

JB1B

Abcam / ab30388

1:50

Anti-human CK19 (IgG1)

RCK108

Abcam / ab9221

1:200

Anti-human CD271 (IgG1)

ME20.4

Biolegend / 345101

1:100

Anti-human CD117 (rabbit

SP26

Abcam / ab53209

1:100

CUB1

Biolegend / 324002

1:80

(IgG1)

IgG1)

IgG)
Anti-human CD318 (IgG2b)
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2.6.2 Fontana-Masson
All Fontana-Masson staining was performed on 5 µm thick frozen sections. Ammonical silver
solution was prepared prior to staining. Concentrated ammonium hydroxide was added
dropwise to 10% silver nitrate solution until the precipitate that forms is clear. This solution
was left overnight and used the following day after being diluted to 25% in distilled water. For
nuclear fast red solution, 5 g aluminium sulphate was dissolved in 100 mL distilled water. 0.1
g nuclear fast red was added and the solution was slowly brought to boil before being cooled,
filtered and one grain of thymol added as preservative.
Slides were thawed before being left in ammonical silver working solution for two hours in a
56oC oven. Following this slides were rinsed three times in distilled water before being placed
in 0.2% gold chloride for one minute. Slides were rinsed once then placed in 5% sodium
thiosulfate solution for one minute, rinsed again, and counterstained with nuclear fast red
solution for 2-5 minutes. Slides were rinsed thoroughly in distilled water, dehydrated using
ethanol, cleared using xylene and mounted with a coverslip and synthetic mounting medium.
Slides were left overnight before brightfield images were taken on the Leica DMR microscope
using the Leica DC500 camera coupled with AnalySIS LifeScience software.

2.6.3 Live cell imaging
All live cell imaging was completed on Nikon TE2000E inverted fluorescence microscope with
a 20x/0.40 NA CFI Hoffman Modulation Contrast LWD objective lens in a live cell imaging
chamber at 37oC, 5% CO2. Videos were recorded with Nikon Elements software.
Keratinocytes were seeded in a two-fold dilution series with MEF:Keratinocyte ratio of 1:5.
Media was changed after 24 hours and at day 2 before plates were moved to the live cell
imaging chamber where they were kept and imaged for the following 48 hours. In each
predefined location chosen for imaging, one brightfield image was taken every 30 minutes and
subsequently a time lapse video was created and analysed using Imaris 7.7.

2.6.4 Photography
Macroscopic photographs were taken using a DSLR camera set up on a height and light
controlled stage with neutral coloured background.
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Microscopic photos were taken using a Leica C-Mount 0.55x camera mounted on a Leica
DMI3000B microscope using the indicated objective.

2.7

Flow cytometry

All antibodies used for flow cytometry were titrated using the cells of interest to obtain optimal
concentrations prior to use. A list of antibodies is shown in Table 2.2.
All flow cytometry experiments were completed using cryopreserved skin digests. Cells were
thawed as previously described and resuspended in 10 mL culture medium with 0.5 µL
benzonase. Cells were then rested at 37oC with 5% CO2 for one hour. The respective antibody
master mix was prepared along with all appropriate single stain and fluorescence minus one
controls. Cellular aggregates were removed by passing cell suspension through a 100 µm pore
size cell strainer before they were counted and centrifuged at 1300 rpm for 5 minutes at room
temperature. Cells were resuspended in the appropriate amount of culture medium required for
staining, then seeded into the appropriate FACS tubes. Cells were centrifuged at 1300 rpm for
5 minutes at room temperature, supernatant removed, and resuspended in ice cold FACS buffer
(PBS with 1% FBS). All subsequent steps were carried out on ice. For each single stain bead
control, one third of a drop of beads was added to each FACS tube in FACS buffer. All required
antibodies were added and incubated in the dark on ice for 30 minutes. All tubes were washed
twice by centrifuging at 1300 rpm for 5 minutes at 4oC in FACS buffer. 1 µL of 1:100 DAPI
was added to each sample, which was vortexed before being run.
Cytometer setup and tracking (CS & T) was completed each day before experiments were run.
For each group of samples, one tube of cells was left unstained as a negative control and to set
photomultiplier tube (PMT) voltages to adjust for background fluorescence. Single stain bead
controls or single stained cells were used to adjust PMT voltages and calculate compensation.
Fluorescence minus one (FMO) controls were used as gating controls. For FMO controls, all
staining steps, as above, were followed exactly; however the antibody of interest for that
particular FMO control was not added.
All data acquisition was performed using an Aria II (Becton Dickinson, Franklin Lakes, NJ,
USA) using FACSDiva software (Becton Dickinson). Raw data was exported as FCS 3.0 files
and analysed using FlowJo software (version 10.4, Tree Star, Ashland, OR, USA). Flow
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cytometry experimental design and analyses were completed in consultation with Dr. Anna
Brooks.
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Table 2.2 Summary of antibodies used for flow cytometry
Antigen-fluorophore

Clone

Source / Catalog Number Concentration

CD29-APC

MAR4

BD / 559883

1:10

CD117-FITC

104D2

Biolegend / 313231

1:40

CD318-APC

CDCP1

Biolegend / 324008

1:40

CD271-PE

ME20.4

Biolegend / 345105

1:20

CD45-BUV395

HI30

BD / 563792

1:40
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2.8

Statistical analysis

The statistical analyses used were determined on an experiment specific basis, and are indicated
in figure legends.
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3

Methods development

Keratinocytes have traditionally been cultured at a relatively large scale. Historically,
rhodamine B was used to visualise keratinocyte confluence in 25 cm2 culture flasks. However,
as skin culture techniques developed, fine tuning was required to further our understanding of
keratinocyte biology. High throughput culture and more accurate methods of keratinocyte
quantification were required to further develop keratinocyte culture for full thickness skin
culture. An additional challenge was set to specifically quantify keratinocytes while excluding
fibroblasts from a heterogenous population of cultured cells in a cheap and rapid manner.
Keratinocytes and fibroblasts are morphologically distinct and can quickly be separated by eye.
Therefore, morphological and textural properties were hypothesized to provide an avenue for
specific quantification. These considerations were especially important in developing methods
for an autologous, bespoke product that can be produced in a timely manner for clinical use.
Therefore, I set out to develop rapid and accurate protocols for quantification of keratinocyte
confluence. Though I explored the possibility of high throughput cell viability assays, the
combination of traditional rhodamine B staining, and new imaging technology allowed
development of rapid techniques for keratinocyte confluence quantification using the Operetta
High Content Imaging System and Columbus and Harmony software.
Due to the success of keratinocyte confluence quantification, I explored similar possibilities
for that of melanocytes using the Operetta High Content Imaging System and found that the
combination of cell-specific markers with powerful image analysis software allowed more
detailed quantification of melanocyte populations than initially thought possible.
Summary of chapter aims:
1. Develop rapid and accurate methods for keratinocyte quantification.
2. Develop robust methods for melanocyte quantification.

3.1

Keratinocyte culture downscale and quantification

Rhodamine B generally gives strong signal for detection of keratinocytes but is difficult to
quantify. Initially, a blinded scoring system based on rhodamine B staining was used, where
flasks were assigned a score of zero to four depending on the level of rhodamine B staining
and therefore keratinocyte confluence. No growth was determined zero, while total coverage
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by rhodamine B was determined four. It was likely that this form of quantification was not
sensitive enough to consistently distinguish differences in keratinocyte growth. Therefore, I
sought to determine whether visual quantification was suitable for determining keratinocyte
confluence in Green’s medium compared with commercially available media.
Keratinocytes were cultured in Green’s medium, CELLnTEC medium, EpiLife supplemented
with S7 and EpiLife supplemented with EDGS in the presence and absence of MEF and the
presence and absence of Y27632. Following seven days culture, flasks were stained with
rhodamine B and analysed visually. While Green’s medium was clearly more effective for
driving keratinocyte proliferation, resulting in a higher level of confluency than commercially
available media, the assay was not sensitive, consistent, nor powerful enough to accurately
distinguish keratinocyte confluence in different growth conditions (Figure 3.1). This
demonstrated that subjective human scoring is not sensitive nor robust enough for
quantification of keratinocyte culture.
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Figure 3.1 Subjective scoring does not provide sufficient sensitivity to distinguish between
keratinocyte growth rates.
Cryopreserved epidermal cell suspensions were cultured in Green’s medium, CELLnTEC, EpiLife with
S7 or EpiLife with EDGS with or without Y27632 and MEF feeder cells, as indicated for seven days.
Cultures were then stained with Rhodamine B and subjected to blinded visual analysis. Data shown are
means ± SEM. n=4. Statistical analyses were completed using one-way ANOVA with Dunn’s test of
multiple comparisons. *p<0.05
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Two commercially available products, CellTitre-Blue and PrestoBlue are designed to
determine cell viability based on the ability of a live cell to reduce resazurin to a measurable
fluorescent by-product, resorufin. This would allow quantification of keratinocyte cell viability
within a 96-well plate. Therefore, I first sought to determine whether keratinocytes could be
cultured in plates with less than 25 cm2 growth area. From previous pilot experiments, it
appeared that Y27632 enhanced keratinocyte proliferation. Therefore, Y27632 was included
to determine whether an optimal media formulation would allow keratinocyte culture in a small
surface area.
Keratinocytes were seeded at 20000 cells/cm2 into 25 cm2 flasks, 12-well plates, 24-well plates
and 96-well plates in the presence or absence of Y27632 and cultured for seven days. They
were then imaged using light microscopy before being stained with rhodamine B. In the
presence of Y27632, keratinocytes were cultured in all surface areas used (Figure 3.2), while
in the absence of Y27632, clear colonies were only visible using rhodamine B staining in 25
cm2 flasks, 12-well, and 24-well plates (Figure 3.2).
Due to the ability to culture keratinocytes in 96-well plates in the presence of Y27632, I next
investigated the sensitivity of CellTitre-Blue. Keratinocytes were cultured for seven days in
Green’s medium before being removed from the culture surface and added to a 96-well plate
in doubling dilution series. Cell viability was measured using CellTitre-Blue. The minimum
number of cells CellTitre-Blue was able to detect in a 96-well plate was 18750 keratinocytes
(Figure 3.3). Fluorescent readout increased in a cell number dependent fashion reflecting a loglinear model and did not appear to plateau at least until 600000 cells per well. In addition,
sensitivity was not significantly different between D0, RPMI, or PBS with 10%serum.
We next investigated the sensitivity of CellTitre-Blue to media supplementation, independent
of cell number. Keratinocytes and lethally irradiated mouse embryonic fibroblasts were first
cultured in 25 cm2 flasks in Green’s medium together and separately in the presence or absence
of Y27632 before being removed and seeded into 96-well plates in a doubling dilution series.
Figure 3.4 shows that CellTitre-Blue was sensitive to cell number in each well, effectively
detecting cells above background in a cell number dependent manner. In addition, changes in
metabolic activity by the addition of Y27632 was not detected as there were no significant
differences between the same number of keratinocytes or mouse embryonic fibroblasts cultured
in the presence compared with the absence of Y27632. These results suggested that CellTitreBlue may be an effective assay for quantification of cell viability in 96-well plates.
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A

B

Figure 3.2 Keratinocytes cultured in 96-well plates in the presence of Y27632.
Cryopreserved epidermal cell suspensions were cultured in Green’s medium in the presence or absence
of Y27632 as indicated in the dish size indicated before being stained with Rhodamine B. A) Brightfield
images showing keratinocyte colonies (white dashed lines) in indicated culture dish size after seven
days growth. B) Photographs of Rhodamine B staining in indicated culture dish sizes after seven days
growth. n=4
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Figure 3.3 CellTitre Blue does not detect less than 18750 keratinocytes.
Cryopreserved epidermal cell suspensions were cultured in Green’s medium for 14 days. Cells were
removed from flasks and seeded into wells of a 96-well plate in triplicate in fresh media in a doubling
dilution series as determined by haemocytometer cell counting before being immediately subjected to
CellTitre Blue fluorescent readout. Data shown are means ± SEM. n=3
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Figure 3.4 Addition of Y27632 does not affect cell viability measurement by CellTitre Blue.
Cryopreserved epidermal cell suspensions (KC) and MEF were cultured in Green’s medium in the
presence or absence of Y27632 as indicated for seven days. Cells were removed from flasks and seeded
into wells of a 96-well plate in triplicate in fresh media in a doubling dilution series as determined by
haemocytometer cell counting before being immediately subjected to CellTitre Blue fluorescent
readout. Red line indicates media only baseline. Data shown are means ± SEM. n=3
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PrestoBlue takes advantage of the same biochemical principal as CellTitre-Blue but requires a
shorter incubation time and retains cell viability. Therefore, I sought to compare the ability of
PrestoBlue to quantify keratinocyte viability, to that of CellTitre-Blue. 20000 cells/cm2
keratinocytes were seeded into 96-well plates in a doubling dilution series and cultured for
seven days in Green’s medium in the presence or absence of Y27632. Following this,
PrestoBlue and CellTitre-Blue were used to quantify keratinocyte cell viability according to
manufacturer’s instructions. Both reagents showed sensitivity to cell number, and incubation
time (Figure 3.5A and 3.5B). Longer incubation times lead to greater separation from
background while increased number of seeded cells saw increased fluorescent readout. The
addition of Y27632 to keratinocyte cultures caused an increase in fluorescence, which is
correlated to the number of cells in each well. However, keratinocytes cultured in the absence
of Y27632 were not detected above the level of feeder cell only controls. When comparing
sensitivity of both reagents, there were no significant differences between separation of signal
to background or keratinocyte signal from feeder signal (Figure 3.5C). Therefore, due to the
shorter incubation time and ability to use cells following viability readout, PrestoBlue was
chosen for further experiments.
Recent publication reported the efficacy of commercially available media for culturing
keratinocytes113. We hypothesized that these chemically defined media could be used to avoid
animal products and toxins that are essential to keratinocyte culture using Green’s medium,
such as cholera toxin and serum111. Building on the success of PrestoBlue quantification of
keratinocyte viability, I first measured keratinocyte viability after one week of culture in
Green’s media, CELLnTEC, EpiLife with S7 or EpiLife with EDGS in the presence or absence
of Y27632. However, primary human keratinocytes only proliferated in 96-well plates in
Green’s medium (Figure 3.6A). This contrasted with 12-well plates, where keratinocytes were
cultured in all commercially available media, albeit at a slower rate than in Green’s medium
(Figure 3.6B). It is possible that 96-well format does not allow adequate numbers of
keratinocyte precursors to survive in suboptimal growth conditions, therefore the true
keratinocyte culture potential is not accurately assessed. This may be overcome by a higher
cell seeding density; however, a large quantity of dead cells and debris will also be seeded,
preventing effective culture. These data suggest that quantification of keratinocytes cultured in
a 96-well format in sub-optimal media may not be possible and larger surface area plates are
required.

59

Chapter 3: Methods development

A

B

C

Figure 3.5 PrestoBlue and CellTitre Blue effectively quantify cell viability.
Cryopreserved epidermal cell suspensions (KC) and MEF were cultured in Green’s medium in the
presence or absence of Y27632, as indicated, in a doubling dilution series. After seven days culture,
cell viability was assessed. A) Fluorescent readout after CellTitre Blue incubation in fresh media for
the indicated times at the indicated cell concentration. B) Fluorescent readout after PrestoBlue
incubation for the indicated times at the indicated cell concentration. C) Assessment of assay sensitivity
to background, distinct growth conditions and separation of keratinocytes from feeder cells, as
indicated. Data shown is from three technical replicates of one individual donor. Data shown are means
± SEM.
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Figure 3.6 Keratinocytes grow in sub-optimal medium in 12-well plates but not 96-well plates.
Cryopreserved epidermal digests were cultured in Green’s medium, CELLnTEC, EpiLife with S7, or
EpiLife with EDGS in the presence or absence of Y27632 as indicated. After seven days culture,
images were taken and cell viability was assessed. A) Cell viability measured using PrestoBlue
fluorescent readout from 96-well plates. Red line indicates media only baseline. Data shown is mean ±
SEM. n=2. B) Brightfield images of keratinocytes cultured in 12 well plates with the indicated medium
and Y27632 taken using 10x objective. n=2
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3.2

Keratinocyte quantification in 12-well plates

As 96-well plates did not have sufficient surface area for keratinocyte culture in media other
than Green’s medium, another growth surface was required. 12-well plates were successfully
used for keratinocyte culture in EpiLife with supplement S7 and EpiLife with supplement
EDGS. As only medium throughput keratinocyte culture was required, 12-well plates were
sufficient. However, the use of PrestoBlue with 12-well plates would be prohibitively costly,
compared with 96-well plates. Therefore, I sought to quantify rhodamine B stained
keratinocytes in 12-well plates using ImageJ image analysis software.
Keratinocytes were cultured in 12-well plates in Green’s medium for seven days, fixed and
stained with rhodamine B before being photographed using a DSLR camera. Images of
rhodamine B stained keratinocyte colonies (Figure 3.7A) were converted to greyscale (Figure
3.7B) before a pixel intensity threshold was set to determine areas above a certain pixel
intensity and those below (Figure 3.7C, red and greyscale, respectively). The pixel intensity
threshold was set by eye based on visual representation of red pixels compared with pink
rhodamine B staining in the colour images. Confluency was then measured by selecting a
specific area (Figure 3.7C, yellow circle) and the pixels above and below the predetermined
threshold were counted and expressed as a percentage of total pixels within the selected area.
This analysis was then applied to a batch of images. However, a shadow effect was present in
some of the wells of the 12 well plate (Figure 3.7C, bottom row), which lead to confounded
confluency measurement. For example, the image in the top row of Figure 3.7 visually has
more rhodamine B staining than that on the bottom row. However, the measured confluency
of the top image was 40.81% confluent, compared with 50.57% confluent in the bottom image.
This was clearly inaccurate and confounded by the shadow effect. These results combined with
subjective pixel intensity thresholding, indicated that this method of quantification was not
accurate enough for measuring keratinocyte confluency in 12-well culture plates.
While the rhodamine B stained culture plates were not effectively quantified using ImageJ
analysis of rhodamine B staining, it was possible to take advantage of the fluorescent properties
of this dye. Rhodamine B has fluorescent excitation at 553 nm and emission at 627 nm. This
spectral range can be viewed using the Operetta High Content Imaging System in 12-well plate
format. Moreover, Harmony and Columbus image analysis software were able to distinguish
between cell types based on their texture and morphological properties. Therefore, I sought to
quantify keratinocyte confluency by imaging rhodamine B stained cultures using the Operetta
62

Chapter 3: Methods development

High Content Imaging System and identifying areas occupied by keratinocytes compared with
those occupied by fibroblasts or open area using Harmony or Columbus analysis software.
Keratinocytes were cultured for seven days in 12-well plates before being stained with
rhodamine B and images taken using the Operetta High Content Imaging System. Images were
analysed using Harmony or Columbus software as follows: all cells were identified based on
expression of rhodamine B over background. At least 30 cells known to be keratinocytes were
selected and morphologically analysed by the software. Cells with these morphological
characteristics were automatically detected and labelled as “keratinocytes”. At least 30 cells
known to be cells other than keratinocytes were selected and analysed for their morphological
properties by the software. These were labelled as cells to disregard. This process was repeated
for textural properties before results were calculated based on the percent of analysed area
covered by keratinocytes, compared with cells to disregard, or open area. This analysis protocol
was saved and applied to all samples following validation by an independent investigator.
Rhodamine B stained cells were detected in 12-well plates (Figure 3.8, left column). When the
analysis software was applied, areas occupied by keratinocytes (Figure 3.8, red) and other cells
or unoccupied area (Figure 3.8, green and black) were measured and expressed as a percentage
of total area measured. As shown in Figure 3.8, this method effectively distinguished between
keratinocytes and other cells or unoccupied area. Importantly, in a well where confluent
fibroblasts were assessed (Figure 3.8, bottom row), only small contaminating keratinocyte
colonies were recognised. However, as the fibroblasts and other cells are not expressing a cell
specific marker, the software was not able to distinguish between these cells and open area.
Therefore, only keratinocyte confluency could be measured in comparison to the cumulative
confluency of open area and other cells. Importantly, this method was applied to batch analysis
in an unbiased, automated way, allowing medium-high throughput analysis of keratinocyte
confluency in 12-well plates.
We concluded that Operetta High Content Imaging System combined with Harmony or
Columbus confluency analysis was the most accurate and efficient way to measure keratinocyte
confluency at hand in a format applicable to the experiments required.
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Figure 3.7 ImageJ threshold analysis is confounded by lighting imperfections.
Cryopreserved epidermal digests were cultured in Green’s medium before being stained with
rhodamine B and photographed. Top row shows an image not confounded by lighting flaws and the
bottom row shows an image that is. A) Original photographs taken of rhodamine B staining. B)
Greyscale rendered image by ImageJ. C) Threshold analysis visualisation where the analysed field is
within the yellow circle and the pixels with intensity above the predetermined threshold are coloured
red, while those below remain colourless. Images are representative of multiple repeats from more than
four donors.
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Figure 3.8 Operetta High Content Imaging System measures confluency of keratinocytes stained
with rhodamine B in a 12-well plate.
Cryopreserved epidermal digests were cultured in Green’s medium before being stained with
rhodamine B, imaged using the Operetta High Content Imaging System and analysed using Columbus
software. Left panels show fluorescent whole-well images taken using 2x objective and stitched
together. The insert on the right panel shows an individual 2x objective image (area indicated by blue
rectangle) within the analysis platform that has been trained to recognise keratinocytes (red) and other
cells (green) or unoccupied area (black). Top row: highly confluent keratinocytes. Middle row: mixed
culture of keratinocytes and some fibroblasts. Bottom row: highly confluent fibroblasts with few
keratinocytes. Images are representative of three technical repeats from four donors.
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3.3

Quantification of proliferating melanocytes

Successful quantification of keratinocyte confluence using the Operetta High Content Imaging
System led us to believe that similar results could be obtained using other cell types.
Keratinocytes, however, are morphologically distinct from fibroblasts and melanocytes and, as
such, were easily distinguished by their texture and morphological characteristics.
Melanocytes, on the other hand, are morphologically similar to fibroblasts and therefore were
more difficult to quantify using cellular characteristics. This was further confounded by the
fact that it was unknown whether fibroblasts proliferate in melanocyte culture medium.
Therefore, I required a method for distinguishing between melanocytes and fibroblasts while
measuring their proliferative capacity. Melanocytes and fibroblasts have mutually exclusive
expression of MART-1 and CD90, respectively. Furthermore, all cells express Ki67 in growth
phase of the cell cycle. Therefore, I hypothesised that melanocyte proliferation could be
quantified by determining the number of MART-1+ cells expressing Ki67 as a percentage of
total MART-1 expressing cells, while excluding any cells within the culture that express CD90
or did not express any markers other than DAPI.
Melanocytes were cultured from epidermal digests for 14 days before being fixed and stained
for MART-1, CD90 and Ki67 then imaged using the Operetta High Content Imaging System.
Images were taken from the centre of each well of a 48-well plate, none of which included the
border of the well. First, the input images were viewed to ensure realistic and consistent
staining (Figure 3.9A). Next, cells were identified by definition of having a nucleus, as detected
by DAPI staining (Figure 3.9B). Following cell detection, the cytoplasm of all cells was defined
by a combination of CD90 and MART-1 staining. This allowed cell populations to be analysed
based on the presence of nuclei, as previously defined, and cytoplasmic pixel intensity in a
certain channel above a predetermined threshold, based on secondary only controls, and
autofluorescence of cells that do not express the marker in question. For example, Columbus
software identified 92.5% MART-1+ cells (melanocytes) within a field of view by the
recognition of a nucleus associated cytoplasmic Alexa488 signal above or equal to a pixel
intensity of 400 (Figure 3.9C, green outline). Cells recognised as having a nucleus but not
having an Alexa488 signal greater than or equal to 400 were excluded from further analysis
(Figure 3.9C, red outline). Proliferating melanocytes were then quantified by determining the
number of MART-1+ cells that expressed Ki67 (Alexa555 signal greater than or equal to a pixel
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intensity of 400) within the nucleus (Figure 3.9D, green outline), and expressing this as a
percentage of total MART-1+ cells. MART-1+ cells that did not express Ki67 were outlined in
red.
These data show that proliferation of melanocytes were calculated by imaging cultured cells
stained for immunocytochemistry using the Operetta High Content Imaging System in
combination with Columbus image analysis software. This particular example demonstrated
the accuracy of using a definitive marker of cell type (MART-1) in conjunction with a broad
marker of proliferation (Ki67). In addition, melanocyte cell numbers could be counted,
meaning that both cell number, purity of culture, and the percent of total cells expressing a
marker of proliferation could be calculated. Finally, it is feasible to suggest that this
proliferation analysis technique could be applied to other cell types that can be detected by
immunocytochemistry, including keratinocytes, using cytokeratin markers, and fibroblasts,
using CD90.
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Figure 3.9 Operetta quantifies marker specific cells and their proliferation state.
Cryopreserved epidermal cell suspension was seeded into melanocyte growth medium. After 14 days
culture, cells were processed for immunocytochemistry and stained for DAPI (blue), CD90 (red), Ki67
(gold), and MART-1 (green). Top Left: input image showing all immunofluorescent staining. Top
Right: Analytic detection of cells using DAPI stained nuclei. Middle Left: Detection of MART-1+ cells.
Cells expressing MART-1+ above a predetermined threshold are outlined in green, while those below
the threshold are outlined in red. Middle Right: Detection of Ki67+MART-1+ cells. Only MART-1+
cells are outlined in this image. Those that are expressing Ki67 above a predetermined threshold are
outlined in green while those that below the threshold are outlined in red. Bottom Left: Secondary only
control showing all channels. Bottom Right: Secondary only control without DAPI channel. Images are
representative of three repeats from four donors. Images taken under 10x objective lens.
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3.4

Discussion

One of the major limitations in laboratory cultured full thickness skin development has been
rapid keratinocyte growth and implementation of epidermal stratification. However, before this
could be optimised, rapid and accurate medium throughput techniques to quantify twodimensional keratinocyte confluency were required to develop more efficient keratinocyte
growth protocols. As shown in Figure 3.1, subjective human scoring was not sensitive nor
accurate enough to distinguish between confluency of keratinocytes in different growth media.
While rhodamine B staining has traditionally been used in our lab to visualise keratinocyte
growth, this technique is neither robust nor consistent for quantification.
We hypothesized that this could be overcome by growing keratinocytes in 96-well plates and
using cell viability dies with a fluorescent readout. We first sought to down-scale keratinocyte
growth by seeding the same cell density keratinocytes into 25 cm2 flasks, 12-, 24-, and 96-well
plates. Figure 3.2 demonstrates that keratinocytes were cultured in 25 cm2 flasks, 12- and 24but not 96-well plates in the absence of Y27632. Given that the seeding density of keratinocytes
was 20000 cells/cm2 and the surface area of one well of a 96-well plate is 0.32 cm2, it was
surprising that none of the 6400 keratinocytes seeded were able to proliferate. This was likely
due to significant cell death during the seeding process and the lack of live keratinocyte
precursors in such a small well surface area. Additionally, only a small proportion of
keratinocytes are bona fide keratinocyte stem cells with the ability to produce highly
proliferative transit amplifying cells responsible for colony formation2. In the presence of
Y27632, however, keratinocytes proliferated and grew to confluence in all flasks and wells.
This highlighted the power of Y27632 in preventing detachment mediated cell death (anoikis)64
or promoting proliferation, as well as confirming the need for rapid and accurate quantitative
methods. Finally, I concluded that, in the presence of Y27632, keratinocytes could be cultured
in 96-well plates, which presented new opportunities for quantification.
Previous reports used cell counts and seeding density to measure population doubling113,
however we required higher throughput endpoint quantification. The ability to culture
keratinocytes in 96-well plates in the presence of Y27632 allowed the use of cell viability
assays, such as CellTitre Blue and PrestoBlue. However, when comparing commercially
available media, even in the presence of Y27632, it was clear that these media did not allow
survival of enough keratinocytes for culture to be established in 96-well plates. This was in
contrast to 12-well plates where keratinocytes were cultured in all media formulations even
69

Chapter 3: Methods development

without Y27632. This was not surprising given that even in Green’s medium without Y27632,
no keratinocyte colonies were established. In addition, previous reports using commercially
available keratinocyte growth media take more than 14 days for cultures to establish, whereas
these experiments were terminated after 10 days. It is possible that given more time
keratinocytes would have proliferated. However, a more likely explanation is that the 96-well
plate format suffered from clonal dilution. Too few keratinocyte precursors were seeded under
sub-optimal growth conditions, meaning live or proliferating cells were not sufficient to
generate signal. This is especially likely as keratinocytes began forming colonies within 10
days in 12-well plates. Visual assessment of keratinocyte confluency is not sensitive enough,
while cell viability measurement in a 96-well plate was not feasible due to clonal dilution in
sub-optimal media. While it would be optimal to grow keratinocytes in 96-well plates for high
throughput quantification, I concluded that 12-well plates were far more reliable especially
when investigating alternative media formulations.
Due to the efficiency of 12-well plates in growing keratinocytes, I sought to develop a
quantification platform using rhodamine B stained keratinocytes in 12-well plates. ImageJ can
measure image pixel intensity. Therefore, high quality images were taken of rhodamine B
stained keratinocyte cultures in 12 well plates and analysed using ImageJ. The main advantage
of this technique was the ability to create a batch analysis formula and generate results for
multiple images in a short space of time. However, as shown in Figure 3.7, the threshold
intensity output was confounded by lighting imperfections in the images. While these
imperfections could potentially be overcome by growing cells only in the central well of a 12well plate, this does not align with a medium throughput quantification technique. Furthermore,
12-well plate photography on a large scale is relatively labour intensive and time consuming.
Due to the lack of consistency and confounded results, I concluded that quantification using
rhodamine B staining, manual photography and ImageJ analysis was not feasible for our
purposes.
The timely purchase of the Operetta High Content Imaging System by the School of Biological
Sciences provided high throughput detection of fluorescence with 12-well plate reading
capacity. Rhodamine B has a fluorescent spectrum of 553 nm excitation and 647 nm emission.
Therefore, the Operetta High Content Imaging System was able to detect rhodamine B
fluorescence in 12-well plates. Furthermore, Harmony and Columbus image analysis software
was able to be trained to recognise keratinocytes and disregard fibroblasts based on cell texture,
size and morphology. It was possible that some fibroblasts were present within keratinocyte
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colonies and these may be measured. However, such a small percentage of the total confluency
area was a determined to be a negligible confounder when investigating large differences in
keratinocyte confluency in response to distinct media formulations. The keratinocyte
recognition analysis platform was applied to separate donors as well as multiple plates imaged
in a short amount of time and batch analysis created. Therefore, this analysis platform satisfied
the requirements of a keratinocyte specific imaging system with medium-high throughput
capacity that could accurately quantify keratinocytes in 12-well plates. We concluded that the
Operetta High Content Imaging System in combination with Columbus or Harmony software
was the best suited tool available for keratinocyte quantification.
In conclusion, keratinocyte culture in small surface area culture flasks is not reliable nor
consistent. This challenge was overcome by rhodamine B staining keratinocyte colonies in 12well plates in combination with a high content imaging system and high throughput analytical
platform. Using these techniques, keratinocytes were quantified in a rapid, accurate, and
efficient manner, which allowed reliable comparisons to be made in future experiments. While
this technique was sufficiently robust for our purposes, it could be better validated with
additional controls. For example, a positive (100% pure keratinocytes) or negative (100% pure
fibroblasts) could be used to determine the proportion of false negative detection, and
background positive detection, respectively. These measurements could be made additionally
robust by using a cell specific marker in parallel with measuring confluency using cell texture
and morphology. These measures would be essential to take when seeking to understand subtle
changes in keratinocyte culture. Furthermore, rhodamine B staining was present in fibroblasts
at low levels. Therefore, morphological and textural properties are important discriminators of
keratinocytes and fibroblasts using this technique. However, as we were seeking a method to
quantify large differences in keratinocyte confluence in response to different media
combinations, the conclusion was made that measuring keratinocyte confluence based on
distinct morphological and textural features was adequate for this purpose.
Further to keratinocyte culture optimisation, I aimed to incorporate melanocytes into the full
thickness skin growth model, with the overarching goal of developing pigmented autologous
human skin. Given that primary human melanocytes had not been cultured in our hands before,
I first sought to optimise their culture in a similar manner to keratinocytes. However, a robust
and efficient quantification method was required. Due to the heterogeneous nature of
melanocyte culture and the previous success of keratinocyte culture optimisation using the
Operetta High Content Imaging System, I hypothesized that the combination of cell specific
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markers with proliferation markers would allow robust melanocyte quantification. Indeed, costaining of the melanocyte specific antigen, MART-1 and the marker of proliferation, Ki67,
not only allowed quantification of melanocyte numbers, but also the proportion of melanocytes
in a proliferative state. This was limited in that a predetermined fluorescence intensity threshold
must be set in order to quantify the expression of each specific marker. Therefore, fluorescence
intensity threshold required adjustment for each donor based on secondary only controls and
known positive and negative cells to avoid false positive or negative signals. While it was
important to make fluorescence intensity threshold adjustments on a donor-donor basis,
secondary only controls showed that background fluorescence of Ki67 and MART-1 was very
low, therefore false positive signal was highly unlikely. It was also possible that cells stacked
on top of each other may be inadequately quantified. This was likely only an issue when over
confluent cultures were analysed. As such, care was taken to ensure no cultures over 80%
confluence were analysed using this platform. In conclusion, cell specific markers allowed
robust quantification of distinct cell subsets using the Operetta High Content Imaging System.
In summary, keratinocytes were cultured in a manner that allows medium throughput analysis
and, in combination with the Operetta High Content Imaging System, were rapidly and
accurately quantified using Columbus and Harmony analytical software. Melanocyte culture
was also quantified in a similar manner but with the use of cell specific and functional markers.
This has positive consequences for improving the way full thickness skin is grown in the
laboratory.
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4

Keratinocyte culture media: past, present, and future formulations

Green’s medium is the gold standard for keratinocyte culture and full thickness skin
production. While it has been instrumental in developing our knowledge of keratinocyte
biology over the last four decades, it contains cholera toxin and fetal bovine serum, which are
toxic to humans and carry the risk of disease transmission, respectively. For ease of clinical
translation, it would be advantageous to address these issues through development of
alternative media.
We have developed robust techniques for measuring keratinocyte confluence. This provides an
avenue to explore alternative options for culture media with the ability to accurately and
consistently measure effects on keratinocyte culture. The speed of culture is of particular
importance as patients are prone to progressive infections until time of wound closure.
Commercially available chemically defined, serum and feeder free keratinocyte growth media
has been recently developed and shown to be effective for culturing keratinocytes. In addition,
a wide variety of small molecules have been known to modify culture of a variety of primary
human cells, with great effect. In particular, Y27632 has been shown to prolong and increase
the proliferative capacity of neonatal foreskin keratinocytes. I hypothesised that the
supplementation of commercially available chemically defined, serum and feeder free
keratinocyte culture media with Y27632 would provide an effective keratinocyte culture
method that would simplify clinical translation of full thickness skin production. Therefore, I
sought to determine the efficacy of these media in combination with Y27632 in two and threedimensional keratinocyte culture.
Therefore, the aims of this chapter are:
1. Determine whether Y27632 enhances adult human keratinocyte culture.
2. Investigate efficacy of commercially available feeder and serum free media for
keratinocyte culture.
3. Investigate efficacy of commercially available feeder and serum free media for full
thickness skin production.
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4.1

Y27632 enhances keratinocyte culture in Green’s medium

Rho associated coiled-coil protein kinase (ROCK) inhibitors have been used in the context of
cell culture previously. One such inhibitor, Y27632, is routinely used in culture of intestinal
organoids64. Intestinal epithelial cells display a comparable growth cycle to that of
keratinocytes. Firstly, they reside in a single cell layer attached to a basement membrane.
Secondly, they proliferate and move away from a niche of precursors and differentiate as they
do so. Finally, their survival relies on attachment to adjacent cells and removal from this
environment is postulated to result in anoikis64,106,107. Hans Clevers’ group found Y27632 to
be essential in the culture of intestinal stem cells and development of intestinal organoids. They
attribute this largely to the inhibition of anoikis. Since this pioneering work, Y27632 has also
been used to enhance culture of keratinocytes derived from neonatal foreskin samples108.
However, to our knowledge, Y27632 has not been used to enhance culture of keratinocytes
derived from primary human adult skin samples for the purpose of full thickness skin
production. Therefore, I sought to investigate whether Y27632, or any other ROCK inhibitors,
had a positive effect on adult keratinocyte survival and proliferation in vitro. Keratinocytes
were cultured in Green’s medium with and without the presence of Y27632 and stained with
rhodamine B before being imaged on the Operetta High Content Imaging System and
confluency measured using Columbus software.
After seven days of culture keratinocytes grown in the presence of Y27632 had almost reached
confluency, while those without Y27632 had not, as visualised with rhodamine B staining
(Figure 4.1A). Furthermore, quantification of rhodamine B staining using the Columbus
software showed that keratinocytes reached significantly higher confluency within one week
when cultured with Y27632 than without (Figure 4.1B). These data suggest that Y27632
significantly enhances keratinocyte culture in Green’s medium in the presence of mouse
embryonic fibroblast feeder cells.
Due to the success of Y27632 in enhancing keratinocyte culture, it was possible that other
ROCK inhibitors would further improve keratinocyte proliferation and survival. Therefore,
keratinocytes were cultured in the presence of RKI 1447, SB 772077B, GSK 269962, TC-S
7001, AS 1892802, OXA 06, at 10-fold dilutions, Y27632 at 10 mM, and no ROCK inhibitor
in Green’s medium. After one week, cells were fixed and stained with rhodamine B then
imaged and confluency measured using the Operetta High Content Imaging System and
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Columbus software to determine whether these ROCK inhibitors improved keratinocyte
growth compared withY27632.
While most of the ROCK inhibitors showed some improvement in keratinocyte growth
compared to cultures without ROCK, only SB 772077B at 4 µM and 400 nM showed
comparable levels of confluency to that of Y27632 (Figure 4.2). These data suggest that either
concentration of SB 772077B or Y27632 at 10 mM can be used to enhance keratinocyte culture
in Green’s medium in the presence of feeder cells. As more literature was available for Y27632,
it was chosen to be used in future experiments.
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Figure 4.1 Y27632 increases keratinocyte confluency.
Cryopreserved adult epidermal cell suspensions were cultured for seven days in Green’s medium with
MEF in the presence or absence of Y27632 before being stained with rhodamine B. Confluency was
assessed using the Operetta High Content Imaging System and Columbus analytical software. A)
Rhodamine B fluorescence (yellow) in 12-well plate highlighting keratinocytes. 9 images were taken
under 2x objective and stitched together to form a whole well image. B) Quantification of keratinocyte
confluency (n=3). Data shown are mean ± SEM. Statistical analysis was completed using an unpaired
t-test. *p<0.05
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Figure 4.2 SB 772077B enhances keratinocyte culture to the same level as Y27632.
Cryopreserved epidermal cell suspensions were cultured In Green’s medium with MEF for seven days
in the presence or absence of ROCK inhibitors at indicated concentrations before being stained with
rhodamine B and keratinocyte confluency assessed using the Operetta High Content Imaging System
and Columbus analytical software (n=4). Broken red line shows mean of Green’s medium without
ROCK inhibitor supplementation. Data shown are mean ± SEM. Statistical analysis was completed
using on-way ANOVA with Dunn’s multiple comparisons test.
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4.2

Keratinocytes are more mobile in the presence of Y27632

Y27632 was shown to have a profound effect on keratinocyte proliferation. The nature of this
effect was not confirmed; however, the Clevers group showed that Y27632 prevents anoikis of
intestinal stem cells, therefore allowing their long term culture in vitro. It is possible that a
similar mechanism was being observed with keratinocytes. I hypothesized that Y27632 was
preventing anoikis of keratinocytes in two-dimensional culture, which would be manifested by
enhanced mobility and reduced colony formation. Therefore, I sought to measure the mobility
of keratinocytes and gain an understanding of their behavioural changes when cultured in the
presence and absence of Y27632 using live cell imaging.
Keratinocytes were cultured in Green’s medium with MEF with or without the addition of
Y27632. They were monitored for 48 hours. Cell division appeared to begin at 48 hours, so
culture plates were moved to a temperature, humidity and atmosphere controlled live cell
imaging chamber. Here they were imaged every 30 minutes for 48 hours. In the presence of
Y27632, keratinocytes appeared to proliferate faster and appeared to be more mobile than in
the absence of Y27632. The same effects were observed as cells expanded throughout 96 hours
of culture (Figure 4.3 and Supplementary Figure 1, compact disc). 11 cells per video were
tracked, as shown in coloured lines to observe individual cells pattern of movement in the
presence and absence of Y27632. Spider plots revealed widespread movement of cells in the
presence of Y27632, while those cultured without Y27632 did not appear to move far from
their original grounding (Figure 4.4A). Further analysis revealed this was not the case. In fact,
distance travelled and cell velocity remained constant between treatments. However, track
straightness was increased in the presence of Y27632, which led to higher overall cell
displacement (Figure 4.4B).
This data supports the hypothesis that Y27632 enables keratinocytes to survive and proliferate
independent of colony formation, as observed in Figure 4.3. In contrast, without Y27632,
keratinocytes were restricted to colonies. This may be explained by the homeostatic
requirement of contact dependent signalling for survival and/or proliferation. However, it is
possible that ROCK inhibition bypasses this requirement through inhibition of anoikis,
allowing a much larger proportion of cells to survive and proliferate once seeded into culture
following tissue dissociation.
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Figure 4.3 Keratinocytes are more mobile in the presence of Y27632.
Cryopreserved epidermal cell suspensions were cultured for 48 hours with MEF in the presence (right
column) or absence (left column) of Y27632. They were then imaged every half hour for the following
48 hours. 11 cells were tracked per video and representative frames were taken after 48 hours (top), 72
hours (middle) and 96 hours (bottom) total culture time using Imaris analysis software. Track lines are
coloured blue to red in order of time. Images are representative of 12 videos per treatment taken from
one individual donor.
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Figure 4.4 Y27632 increases keratinocyte track straightness and displacement.
Cryopreserved epidermal cell suspensions were cultured for 48 hours with MEF in the presence or
absence of Y27632 before being imaged every half hour for 48 hours. 11 cells were tracked per video
and analysed using Imaris analysis software. A) Spider plot detailing individual cellular progression in
the presence (right) or absence (left) of Y27632. Track lines are coloured blue to red in order of time.
Cell tracks were normalised to a central starting point. B) Average track length (µm), cell velocity
(µm/hour), track displacement (displacement/length), and displacement (µm) in the presence or absence
of Y27632 as indicated (n=11). Data shown are means ± SEM. Statistical analyses were completed
using unpaired t-test. *<0.05
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4.3

Green’s medium provides better support for keratinocyte survival and
proliferation than commercially available feeder and serum free media

For clinical application, it is advantageous to have protocols without animal products and
transformed cells. As shown previously, Green’s medium with the addition of Y27632 is
effective for increasing the rate of expansion of human keratinocytes. However, an essential
component of Green’s medium is cholera toxin, which is not suitable for use in the clinic.
Furthermore, keratinocyte growth using Green’s medium requires the addition of irradiated
mouse embryonic fibroblast feeder cells and serum. The use of these products in the clinic is
cause for concern due to the potential for disease transmission and as well as presence of toxins.
CELLnTEC have recently developed a chemically defined keratinocyte growth medium, which
claims to be effective for keratinocyte growth in the absence of serum and feeder cells. This
pre-supplemented medium would be suitable for clinical use, provided it supports the growth
of keratinocytes. Additionally EpiLife Coating Matrix combined with EpiLife Basal Medium
and EDGS (defined growth medium) or supplement S7 (chemically defined and animal origin
free) also claim to effectively support keratinocyte culture. We sought to determine whether
our current protocols using Green’s medium and MEF could be improved using commercially
available serum and feeder free media. Therefore, keratinocytes were cultured for seven days
in each of the commercially available growth media with and without Y27632 to determine
whether commercially available media could replace Green’s medium.
Keratinocytes grown in the presence of Y27632 in Green’s medium with MEF reached
confluence within 7 days and at a faster rate than those cultured in the absence of Y27632, as
shown by rhodamine B fluorescence (Figure 4.5A, top left). However, less rhodamine B
staining was observed in all other culture conditions, indicating that keratinocyte growth was
not well supported in the observed time frame. Y27632 appeared to enhance keratinocyte
culture in CELLnTEC medium and EpiLife with supplement S7, but not EpiLife with
supplement EDGS. Indeed, quantification showed that Green’s medium with Y27632 is
significantly more effective for keratinocyte culture than all other media combinations (Figure
4.5B). Interestingly, there were no significant differences between CELLnTEC or EpiLife +
S7 alone compared with both media in the presence of Y27632. However, it was clear that
there were more keratinocytes in both cultures with Y27632. Over a longer culture period with
more donors, these differences are likely to become more pronounced.
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These data suggest that Green’s medium with MEF and Y27632 remains the most effective
driver of keratinocyte proliferation and/or survival; however, CELLnTEC medium and EpiLife
with Supplement S7 in the presence of Y27632 may provide an opportunity for chemically
defined animal origin free, albeit slower, keratinocyte culture and downstream clinical
protocols. EpiLife with supplement S7 was more readily available and showed no clear
disadvantages when compared with CELLnTEC medium, therefore EpiLife with supplement
S7 was chosen for assessment in full thickness skin growth. However, full thickness skin
culture requires dermal fibroblast survival as well as keratinocyte proliferation. Whether
EpiLife with Supplement S7 can support dermal fibroblast survival and proliferation was yet
to be determined.
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Figure 4.5 Green’s medium is more effective than commercially available media for keratinocyte
culture.
Cryopreserved epidermal cell suspensions were cultured in the indicated media for seven days in the
presence or absence of Y27632 in indicated media before being stained with rhodamine B and
confluency assessed. A) Images of rhodamine B fluorescence (yellow) in 12-well plate. 9 images were
taken under 2x objective then stitched together to form a whole well image using the Operetta High
Content Imaging System. B) Quantification of keratinocyte confluency using Columbus analytical
software (n=3). Data shown are means ± SEM. Statistical analysis was completed using a one-way
ANOVA with Tukey’s multiple comparisons test. *p<0.05
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4.4

EpiLife basal medium with supplement S7 supports fibroblast survival but not
proliferation

EpiLife with supplement S7 was the strongest available candidate for keratinocyte growth in a
clinical context. However, for full thickness skin culture, fibroblasts are also required.
Fibroblasts are isolated from skin samples and cultured in Dulbecco’s Modified Eagle Media
with 10% fetal bovine serum (DF10) until the required number of cells are available. DF10
does not contain dangerous toxins and fibroblasts do not require feeder cells; however, it does
contain bovine derived serum, which is an animal origin product. Furthermore, for full
thickness skin growth to be toxin and animal origin free, the full thickness protocol (Materials
and Methods section 2.4.4) requires use of an animal product free chemically defined media,
such as EpiLife with supplement S7. Therefore, it was essential to determine whether
fibroblasts survive and proliferate in EpiLife basal medium with supplement S7.
Cryopreserved dermal cell suspensions were thawed in EpiLife supplemented with S7 and
seeded into culture plates for ten days. After five days it was clear that fibroblasts were alive
and healthy in both Green’s medium and EpiLife with supplement S7 with a higher density of
fibroblasts present in Green’s medium (Figure 4.6). At day 10, fibroblasts were over confluent
in Green’s medium, showing clear and rapid proliferation in 10 days of culture, while in
EpiLife supplemented with S7 fibroblasts numbers remained relatively constant, despite the
presence of some colony-like structures.
These results were confirmed by immunocytochemistry, where many CD90+ cells were coexpressing Ki67 in Green’s medium compared with no detectable CD90+Ki67+ cells in EpiLife
supplemented with S7 after both five and 10 days culture (Figure 4.7).
These results suggest that, while fibroblasts survive in EpiLife supplemented with S7, Green’s
medium is more mitogenic. Importantly, this shows that supplement S7 does not support
enough fibroblast proliferation for pre-expansion prior to full thickness skin production,
however it may still be suitable for keratinocyte proliferation and maintaining fibroblast
survival in the full thickness skin culture model.
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Figure 4.6 Fibroblasts survive but do reach confluence after 10 days in EpiLife supplemented
with S7.
Cryopreserved dermal cell suspensions were cultured for 10 days in either EpiLife with supplement S7
(left column) or Green’s medium (right column) before being photographed. Brightfield images of
dermal cells after five days culture (top row) and ten days culture (bottom row) Images were taken
under 10x objective (n=4).
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Figure 4.7 Fibroblasts survive but do not proliferate in EpiLife supplemented with S7.
Cryopreserved dermal cell suspensions were cultured for 10 days in either EpiLife with supplement S7
(left column) or Green’s medium (right column) before being processed for immunocytochemistry.
Immunofluorescent images of dermal cells after five days culture (top row), and 10 days culture (bottom
row) stained for DAPI (blue), CD90 (grey) and Ki67 (red). Images were taken under 20x objective
(n=4). Scale bar = 50 µm.
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4.5

EpiLife basal medium with supplement S7 does not support full thickness skin
production

EpiLife with supplement S7 was shown to be the strongest candidate as a chemically defined
medium for keratinocyte culture and fibroblast survival. While it is not as efficient as Green’s
medium, the benefits of an animal origin and toxin free medium may outweigh the benefits of
the efficiency of Green’s medium. Therefore, I sought to determine whether supplement S7
was suitable for use in our full thickness skin culture protocol.
Keratinocytes were seeded into Green’s medium with MEF and Y27632 or EpiLife with
supplement S7 and Y27632. Due to the lack of observed fibroblast proliferation in supplement
S7 (Figure 4.6 and Figure 4.7), dermal cell suspensions were seeded into DF10 as usual for
both treatments. Once the appropriate number of cells were reached, fibroblasts and
keratinocytes were removed and seeded onto electrospun PLGA scaffolds or de-epidermised
acellular dermis (DED) in EpiLife with supplement S7, or Green’s medium. These cultures
were submerged for 48 hours, before being lifted to air-liquid interface (ALI), then cultured for
a two weeks before being harvested and analysed by immunohistochemistry.
Full thickness skin cultured in Green’s medium showed multiple layers of epidermis and some
epidermal stratification as determined by pan-cytokeratin expression (Figure 4.8, right image).
In addition, a thick dermal layer was present, as demonstrated by vimentin staining, despite
some disintegration of the sections. In contrast, full thickness skin cultured in EpiLife with
supplement S7 was poor. Only single layers of keratinocytes and fibroblasts were present, as
determined by pan-cytokeratin and vimentin staining, respectively (Figure 4.8, left image). In
addition, much of this staining was not associated with nuclear staining (DAPI) suggesting the
presence of dead cells, or non-specific staining only. These results were consistent when
examined over multiple donors.
Together, these data show that Green’s medium is more effective than EpiLife with supplement
S7, for pre-expansion of keratinocytes, survival of fibroblasts and, importantly, development
of full thickness stratified skin. While EpiLife with S7 is xenobiotic free and chemically
defined, its skin production efficacy was too low to be considered for future experimental
procedures.
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Figure 4.8 Green’s medium is more effective than EpiLife with supplement S7 for full thickness
skin production.
Keratinocytes were cultured in EpiLife with S7 (left) or Green’s medium (right) and fibroblasts were
cultured in DF10. Keratinocytes and fibroblasts were seeded onto collagen IV coated electrospun PLGA
scaffold in EpiLife with S7 (left) or Green’s medium (right) where they were kept submerged for 48
hours before being moved to air-liquid interface for two weeks. Samples were snap frozen and stained
by immunohistochemistry for DAPI (blue), pan-cytokeratin (green), vimentin (magenta) and MART-1
(red). Each row is representative of an individual donor, as indicated. Images taken under 10x objective
lens. Scale bar = 100 µm (n=3).
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4.6

Discussion

Keratinocytes have been cultured in Green’s medium since 1975. While Green’s medium has
been essential to dermatological research and advances in laboratory scale skin culture, the
nature of its components make it difficult to incorporate into clinically translatable skin culture
protocols. These components include cholera toxin, serum and the need for mouse embryonic
fibroblasts. Our aim was to enhance keratinocyte proliferation and identify means by which to
grow keratinocytes in an animal product free, chemically defined manner.
We first sought to enhance keratinocyte proliferation using small molecule inhibitors. Y27632
has been shown to enhance neonatal foreskin keratinocyte culture108,122. However, whether
primary human adult keratinocytes are affected by Y27632 treatment and the mechanisms of
enhanced growth was unknown. In this study, Y27632 clearly enhanced the culture of primary
human adult keratinocytes in vitro in Green’s medium as well as CELLnTEC medium and
EpiLife with supplement S7. The Clevers group showed that Y27632 prevented detachment
mediated apoptosis (anoikis) of intestinal stem cells, allowing the development of threedimensional intestinal organoids in vitro64. Intestinal epithelial stem cells are analogous to
keratinocyte precursors in that they reside in the base of an epithelial invagination, are attached
to a basement membrane and adjacent cells, and they differentiate as they move away from
their stem cell niche63. While it is not definitive proof of anoikis inhibition, the increase in track
straightness and displacement of keratinocytes as well as their lack of structured colony
formation in the presence of Y27632, supports the hypothesis that Y27632 prevents detachment
meditated cell death. Other reports have shown that ROCK inhibition affects cytoskeletal
elements, which directly affect cell fate123,124. This suggests direct involvement of Y27632 in
differentiation and proliferation potential of adult stem cells, which may include keratinocyte
stem cells. Finally, Y27632 has been used to great effect in increasing clonal efficiency of
human pluripotent stem cells107. Therefore, it is likely that Y27632 is not only acting on
cytoskeletal components, but actively promoting the survival of keratinocyte stem cells. This
effect was clearly useful in enhancing the rate at which keratinocytes are expanded in culture;
however, there may be implications for full thickness skin production due to lack of epidermal
differentiation. Indeed, it was shown that addition of Y27632 in the differentiation phase of
keratinocyte growth abrogated epidermal stratification and led to totally unstructured
epidermis108,123. In accordance, I showed that removal of Y27632 prior to full thickness skin
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production allowed epidermal stratification to ensue. This further supports the hypothesis that
Y27632 assists in survival and maintenance of keratinocytes in an undifferentiated state.
We investigated other ROCK inhibitors to determine whether they had similar or more
profound effect on keratinocyte culture. SB 772077B enhanced keratinocyte proliferation to
the same level as Y27632. This was not surprising given they both potently inhibit ROCK1.
Other ROCK inhibitors were not as effective, which is likely due to their potency. RKI 1447,
for example, has an IC50 of 14.5 nM compared with 5.6 nM for SB 772077B. Alternatively,
they may have off-target effects, which reduce cell viability or proliferation. For example, AS
1892802 also inhibits the C-alpha subunit of PKA, which is known to be essential for cellular
proliferation125. While either SB 772077B or Y27632 could effectively be used in rapid
expansion of primary human adult keratinocytes, I chose to use Y27632 for future experiments
due to its availability and the wealth of literature supporting its use in cell culture.
Although keratinocyte culture was significantly enhanced by the addition of Y27632, the
presence of cholera toxin, serum and feeder cells remained a concern. CELLnTEC medium,
EpiLife supplemented with EDGS and EpiLife supplemented with S7 are chemically defined
media formulations that claim to be effective for keratinocyte cell culture. We sought to
determine whether, in our hands, I could substantiate their claims and whether addition of
Y27632 would enhance keratinocyte culture in these commercially available media. Green’s
medium outperformed all three commercially available media in their ability to grow
keratinocytes. However, it was not expected that almost no keratinocytes at all would be
present in all commercial media formulations without the addition of Y27632. This was
especially surprising, given that keratinocytes had previously been cultured by another lab
groups using both EpiLife with EDGS and EpiLife with S7113. This report showed that first
passage was reached between 12 and 15 days. Therefore, it is possible that our cultures were
not allowed sufficient time for cultures to establish. However, due to complete absence of
keratinocyte colony formation, it is more likely that the commercially available media do not
adequately support survival and proliferation of enough keratinocyte stem cells for cultures to
be consistently established in a 12-well plate. This is supported by the fact that Lenihan, et al.
used 75 cm2 culture flasks with approximately 1.5x106 total keratinocytes seeded into each
culture, while 12-well plates only allow for 7.6x104 seeded keratinocytes at the same seeding
density126. Therefore it is more likely that significant higher numbers of keratinocyte stem cells
will be seeded into 75 cm2 flasks, compared with 12-well plates. This is further supported by
the observation that Y27632, which is known to enhance survival and clonal efficiency of
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undifferentiated keratinocytes, enhanced keratinocyte culture in both EpiLife with S7 and
CELLnTEC medium, as well as Green’s medium. While Green’s medium with Y27632
remained significantly better for growing keratinocytes than all three commercially available
media with Y27632, the lack of animal products, toxins and feeder cells in CELLnTEC with
Y27632 and EpiLife with S7 and Y27632 is a major advantage. Therefore, I chose EpiLife
with S7 to conduct full thickness culture experiments due to it being more readily available
than CELLnTEC medium.
Green’s medium has been very effective at growing full thickness skin in the laboratory.
However, in moving to clinical practice, a chemically defined xenobiotic free media
formulation is advantageous. EpiLife with supplement S7 was the best candidate of all
investigated commercially available media for keratinocyte culture. However, full thickness
skin production requires the addition of dermal fibroblasts. Therefore, I sought to determine
whether EpiLife with supplement S7 could support the survival and promote proliferation of
fibroblasts in two dimensional cell culture. Green’s medium effectively supported the survival
of fibroblasts over the culture period. Furthermore, Ki67 staining was present in many of the
cells, suggesting active proliferation. In contrast, no Ki67 expression was present in fibroblasts
in EpiLife with S7. Encouragingly, small colonies of fibroblasts appeared to be forming by day
10; however cell density appeared much lower than that of Green’s medium. This was not
surprising given the mitogenic nature of Green’s medium and the presence of serum. Jubin, et
al., however, showed that autologous fibroblasts formed colonies and survived in two
dimensional culture in the presence of autologous keratinocytes in EpiLife with supplement
EDGS113. This may be due to the paracrine growth factors released by keratinocytes 14, or it
may be due to the distinct formulation of EDGS compared with S7. Either way, the survival of
fibroblasts in EpiLife with S7 was encouraging, therefore I concluded that it was not sufficient
for fibroblast expansion prior to full thickness skin culture; however, it may be sufficient for
the scaffold growth phase of full thickness skin, especially given the potential for enhanced
growth in the presence of keratinocytes.
Due to the survival of fibroblasts in EpiLife with supplement S7, I hypothesized that this
commercially available, chemically defined and xenobiotic free medium could be used for full
thickness skin production. However, after two weeks culture in EpiLife supplemented with S7
at air-liquid interface, the subsequently grown skin resembled unstructured, thin epidermis and
some fibroblasts. In contrast, the skin grown with Green’s medium showed multi-layered
stratified epidermis as well as a clearly separate dermis. This was not totally surprising given
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the discrepancy between Green’s medium and EpiLife with S7 in two-dimensional culture. It
is possible that a thicker epidermis would have been observed if Y27632 was added to the full
thickness skin culture. However, it is likely that, even with a thicker epidermis, it would not
have been sufficiently stratified to form tight junctions required for a functional protective
barrier, which is necessary for producing a functional skin graft. This is supported by the notion
that Y27632 prevents keratinocyte differentiation122,127. It is possible that supplement S7
contains factors that maintain an undifferentiated state in keratinocyte precursors. Without
significant mitogens and at ALI, this may cause these keratinocyte precursors to receive
conflicting signals, preventing their division and subsequent differentiation. This hypothesis is
supported by the presence of smaller, rounder keratinocytes when cultured in EpiLife with S7,
which are purported to have different behavioural characteristics and proliferative capacity than
larger, flattened keratinocytes128. However, a more likely explanation is that the media itself is
not strongly mitogenic enough to support keratinocyte proliferation and subsequent
development of full thickness, stratified skin. To our knowledge, no other research groups have
successfully grown full thickness skin using serum free commercially available media.
Successful and efficient skin production in serum free conditions would profoundly influence
the skin engineering field. However, Green’s medium remains the strongest candidate for full
thickness autologous skin production.
To conclude, I have shown the ability of Y27632 to significantly enhance keratinocyte culture.
This may be due to promoting survival of keratinocyte stem cells through prevention of anoikis,
cytoskeletal arrangement directly affecting proliferation, or maintenance of stem cell
populations that provide a pool of transit amplifying cells. Increased track straightness and
displacement, however, strongly lends to the prevention of anoikis hypothesis. We have also
shown that Green’s medium remains far superior to commercially available xenobiotic free
and chemically defined media in both two- and three-dimensional cell culture. However,
EpiLife with supplement S7 and CELLnTEC medium hold promise for two-dimensional
keratinocyte expansion. Together, these data support the conclusion that Y27632 should be
used in combination with Green’s medium for pre-expansion of keratinocytes, while Green’s
medium alone should be used for differentiation of keratinocytes and development of full
thickness, stratified lab grown skin.
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5

Feeder cells: the necessity and nature of their nurture

As shown in Chapter 4, Green’s medium remains the most effective media for supporting
survival and proliferation of keratinocytes. Historically, this efficacy has been dependent on
the presence of irradiated mouse embryonic fibroblasts as feeder cells (referred to as MEF or
NIH3T3). It is not fully understood whether the signals provided by these feeder cells are
secreted molecules, contact dependent signals, or a combination of both. What is clear,
however, is that to grow keratinocytes in Green’s medium at a rate that is appealing for clinical
application, these feeder cells are essential103,129,130.
Use of irradiated NIH3T3 feeder cells has not been an issue for the last 43 years in laboratory
research involving primary human keratinocytes. However, with the advent of regenerative
medicine, cell therapy and the closeness of clinical trials aimed at replacing or supplementing
standard grafting with lab grown skin; transformed cells and xenotransplantation have become
major hurdles to clinical translation. These feeder cells are irradiated to prevent them from
outcompeting keratinocytes in culture. For similar reasons, epidermis and dermis are separated
so that keratinocyte culture can occur without overgrowth of dermal fibroblasts. We showed
that commercially available keratinocyte growth media was not suitable for rapid culture of
keratinocytes. However, it was possible to modify the way keratinocytes are grown in Green’s
medium, using Y27632, to develop a more rapid skin culture protocol. Jubin et al. showed that
autologous feeder cells could be used in place of NIH3T3. We further explored the use of
autologous feeder cells to gain an understanding of the nature of their efficacy and to what
extent they can be used in full thickness human skin production. Furthermore, I investigated,
for the first time, the possibility of using whole skin digest in the presence of Y27632 for
keratinocyte outgrowth.
This chapter aims to delineate the necessity of feeder cells, whether they can be replaced by
primary human cells, and in what capacity autologous feeder cells can be used to grow full
thickness human skin in the laboratory.
Therefore, the specific aims of this chapter were to:
1. Determine whether Y27632 replaces the requirement for feeder cells.
2. Grow keratinocytes using primary human dermal cells as feeder cells.
3. Determine whether keratinocytes require feeder cell contact for proliferation.
4. Produce full thickness skin using primary human cells as feeder cells.
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5.1

Feeder cells are necessary for optimal culture of keratinocytes

As shown in Chapter 4, Y27632 significantly enhances keratinocyte survival and proliferation.
Importantly, live cell imaging showed that keratinocytes are less restricted to colony formation
in the presence of Y27632. It is possible that NIH3T3 feeder cells provide contact dependent
signals to keratinocytes, which are essential for survival and proliferation. Due to the success
of Y27632 in keratinocyte culture and the observation that keratinocytes are less reliant on
colony formation in the presence of Y27632, I hypothesized that Y27632 may bypass the
requirement for NIH3T3 in keratinocyte culture. Therefore, I aimed to determine whether
NIH3T3 are necessary for keratinocyte growth in the presence of Y27632.
Keratinocytes were cultured in Green’s medium with and without Y27632, and with and
without NIH3T3 for up to seven days. Once approximately 80% confluence was obtained in
any condition, all cultures were harvested and stained with rhodamine B. Samples were imaged
using the Operetta High Content Imaging System and quantified using Columbus software as
described in Methods Development.
Keratinocytes cultured without Y27632 or MEF showed minimal growth compared with the
addition of Y27632 and MEF (Figure 5.1A). Indeed, quantification confirmed these results
showing an average confluency less than 10% for Green’s medium alone. The addition of
Y27632 or MEF, however, improved culture up to approximately 40% confluency. Moreover,
the combination of both Y27632 and MEF had a synergistic effect, where keratinocyte culture
was significantly improved over Green’s medium only and reached over 80% confluency
within seven days (Figure 5.1B). Green’s medium with both Y27632 and MEF did not
significantly increase keratinocyte culture compared with Green’s medium with Y27632 or
MEF alone. However, this result has been consistently observed and it is likely more donors
would see a gain in statistical power and increased statistical significance.
These data suggest that Y27632 does not replace the requirement for MEF. It appears that MEF
and Y27632 work synergistically to support the survival and proliferation of keratinocytes in
the presence of Green’s medium. While the effect of MEF on keratinocytes is clearly not
redundant in the presence of Y27632, the nature of this effect is yet to be determined.
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Figure 5.1 Y27632 and MEF synergistically support keratinocyte culture.
Epidermal cell suspensions were cultured in Green’s medium with or without MEF and with or without
Y27632. After seven days cultures were stained with rhodamine B, imaged using the Operetta High
Content Imaging System and analysed using Columbus software. A) Rhodamine B fluorescence
(yellow) in 12-well plate. 9 images were taken under 2x objective and stitched together to form a whole
well image. B) Quantification of keratinocyte confluency (n=3). Data shown are mean ± SEM.
Statistical analysis was completed using a one-way non-parametric ANOVA with Dunn’s multiple
comparisons test. *p<0.05
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5.2

Dermal cells as feeder cells for keratinocytes: their efficacy and nature of support

It was clear that Y27632 and NIH3T3 provide non-redundant support for keratinocyte
proliferation and survival in cell culture (Figure 5.1). Jubin et al. showed that keratinocytes
were able to be supported by autologous fibroblasts in vitro albeit in a comparable manner to
NIH3T3 feeder cells113. Indeed, this work was also completed by Rheinwald and Green in
1975103. However, they observed a lack of keratinocyte differentiation in the presence of
autologous feeder cells. At the time of their study, they were primarily interested in
keratinocyte differentiation in cell culture, therefore did not pursue autologous feeder cell
optimisation. It is now known that undifferentiated keratinocytes are essential for longevity of
cell culture and harnessing their highly proliferative capacity may allow for more efficient
culture than previously thought possible. In addition, a fully autologous keratinocyte culture
system is highly sought after in development of clinically appealing protocols. Therefore, I
hypothesised that keratinocytes cultured in the presence of human dermal feeder cells and
Y27632 may provide a more rapid culture method than using NIH3T3. As such, I sought to
determine the effect of dermal feeder cells on keratinocyte culture in the presence and absence
of Y27632.
NIH3T3 are irradiated prior to being used as feeder cells to prevent their proliferation and
overgrowth of keratinocytes. Therefore, prior to assessing the efficacy of human dermal cells
as feeders for keratinocyte culture, the ratio of dermal cells to keratinocytes required
optimisation. Jubin, et al. used fibroblasts as keratinocyte feeder cells at a ratio of 1:6
fibroblasts:keratinocytes. We used this as a benchmark and seeded fibroblasts and
keratinocytes at a ratio of 1:2, 1:4, 1:6 and 1:8, cultured in Green’s medium with Y27632 until
sub-confluence then stained with rhodamine B. Images were acquired using the Operetta High
Content Imaging System and distinction between keratinocytes and other cells or open area
assessed with Columbus software. In the presence of Y27632 and dermal fibroblasts seeded at
1:2, 1:4 and 1:6, keratinocytes began to proliferate to the extent that they took up much of
surface area of the well. At these densities, it appeared that fibroblasts were dominating much
of the well. However, at a density of 1:6, keratinocytes were present with room to proliferate,
while at 1:8, few keratinocytes were present (Figure 5.2).
Therefore, fibroblasts seeded with keratinocytes at a ratio of 1:6, respectively, was likely to be
the most efficient ratio for keratinocyte culture using dermal cells as feeder cells.
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Figure 5.2 Dermal cells seeded at 1:6 allow keratinocyte culture without fibroblast overgrowth.
Epidermal cell suspensions were cultured in Green’s medium with Y27632 and dermal cells at 1:2, 1:4,
1:6 and 1:8 dermal cells:keratinocytes, as indicated. After seven days, cultures were stained with
rhodamine B and imaged using the Operetta High Content Imaging System. Images represent
rhodamine B fluorescence (yellow; left) and confluency analysis (right insert) in 12-well plate. Left: 9
images were taken under 2x objective and stitched together to form a whole well image. Right: Insert
of individual 2x image. (n=3).
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5.2.1 Keratinocytes require feeder cell contact for rapid culture
After determining the most efficient seeding density for dermal digest as feeder cells, I could
investigate their potential as a feeder cell population for keratinocytes. Jubin et al. showed it is
possible to culture keratinocytes with autologous feeder cells113. In live cell imaging I showed
that keratinocytes displayed elevated levels of proliferation and were not restricted to colony
formation in the presence of Y27632 (Figure 4.3). In contrast, keratinocyte cultures in the
absence of Y27632 displayed clear colony formation and no proliferation was observed without
cell-cell contact. The question remained whether support provided by feeders was from cellcell contact dependent mechanisms, secreted signals, or a combination thereof. I hypothesized
that 1) dermal digest seeded as a feeder cell layer could support keratinocyte proliferation in
vitro and 2) that feeder cell contact was necessary for rapid keratinocyte proliferation in vitro
without Y27632, but the addition of Y27632 avoided the requirement for feeder cell contact.
Therefore, I aimed to culture keratinocytes with and without feeder cell contact, with and
without Y27632 to investigate whether dermal digest is an effective feeder cell layer, and
whether feeder cell contact is required for effective support.
Dermal or NIH3T3 feeder cells were seeded with keratinocytes at a ratio of 1:6 in Green’s
medium with and without Y27632. Feeder cells were seeded either in conjunction with
keratinocytes or into a transwell permeable support to inhibit contact as shown in Figure 5.3.
After seven days culture, wells were stained with rhodamine B and imaged using the Operetta
High Content Imaging System prior to quantification using Columbus software.
As expected, rhodamine B staining revealed minimal keratinocyte confluency in all cultures
without Y27632 after seven days (Figure 5.4A). However, much higher confluency was
observed in cultures with Y27632. Importantly, when contact was allowed, it appeared that
dermal digested provided a comparable level of support for keratinocytes to that of NIH3T3
feeder cells both with and without Y27632. This was confirmed by quantification where there
was no significant difference between keratinocytes cultured with NIH3T3 and keratinocytes
cultured with dermal cells (Figure 5.4B). These data suggest that dermal digest can be seeded
in conjunction with keratinocytes to provide support for keratinocyte proliferation.
More subtle differences were observed between cultures where feeder cell contact was allowed
and those where it was not. It appeared that feeder cell contact was necessary for optimal
keratinocyte culture (Figure 5.4A). These observations were confirmed upon quantification.
Keratinocytes grew to a significantly higher confluency when contact was allowed with dermal
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feeder cells, compared with no contact (Figure 5.4B). This result was consistent throughout all
cultures but not to a statistically significant degree. It was also apparent that Y27632 did not
completely compensate for feeder cell contact, despite a consistent improvement in
keratinocyte confluency when added with dermal and NIH3T3 feeder cells.
Together, these data suggest that Y27632 improves keratinocyte culture, but not to a point that
feeder cell contact is no longer advantageous. As such, keratinocytes should be cultured with
both feeder cells and Y27632. Moreover, keratinocytes were cultured with dermal digest with
efficacy comparable to that of NIH3T3 feeder cells. Therefore, dermal digest used as a feeder
cell source in the presence of Y27632 is a significant advance towards a fully autologous
keratinocyte culture system.
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Figure 5.3 Schematic of feeder cell and keratinocyte contact inhibition.
A) Cryopreserved human epidermal cell suspension and feeder cell populations (either dermal digest
or NIH3T3) were seeded 1) with keratinocytes in the base of the well and feeder cells in the transwell
permeable support to allow passage of secreted molecules but no direct cell-cell contact; 2) In
conjunction allowing secreted molecule signalling as well as cell-cell contact; or 3) With no feeder cells
as an essential keratinocyte only control. B) Brightfield images showing surviving feeder cells on
transwell support (top) and keratinocytes in a culture well (bottom).
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Figure 5.4 Feeder cell contact enhances keratinocyte culture.
Cryopreserved epidermal cell suspensions were cultured in Green’s medium with dermal or NIH3T3
feeder cells, or no feeders. Feeder cells were seeded onto a transwell permeable support to prevent
keratinocyte contact but allow passage of secreted molecules, or seeded with keratinocytes to allow
contact, as indicated. Y27632 was added as indicated. After seven days, cultures were stained with
rhodamine B, imaged using the Operetta High Content Imaging System and analysed using Columbus
software. A) Rhodamine B fluorescence (yellow) in 12-well plate. 9 images were taken under 2x
objective and stitched together to form a whole well image. B) Quantification of keratinocyte
confluency (n=3). Data shown are mean ± SEM. Statistical analysis was completed using a 1-way nonparametric ANOVA with Tukey’s multiple comparisons test. *p<0.05
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5.3

Y27632 allows keratinocyte culture from whole skin digest

In the presence of Y27632, I showed it was possible to grow keratinocytes using autologous
feeder cells as a replacement for NIH3T3. As dermal fibroblasts are naturally occurring within
whole skin, it was feasible to suggest that keratinocytes could be grown in cell culture from
whole skin digest. This would considerably reduce the time spent processing skin, as well as
the handling of separate cell populations for full thickness skin growth. We hypothesized that
the signals provided from other dermal and epidermal cells, primarily dermal fibroblasts, in
combination with support from Y27632 would be sufficient for keratinocyte outgrowth from
whole skin digest. Therefore, I sought to grow keratinocytes from whole skin digest in Green’s
medium with Y27632.
Skin was processed as in Materials and Methods 2.2.3. Whole skin digest cell suspensions were
stored cryopreserved. They were then thawed and cultured with and without Y27632 and
compared, over seven days culture, to keratinocytes grown in the same conditions using
NIH3T3 as feeder cells. All cultures were imaged using the Operetta High Content Imaging
System and analysed using Columbus software.
In the presence of Y27632 rhodamine B staining revealed that keratinocyte survival and
proliferation was supported from whole skin digest (Figure 5.5A, bottom right image).
However, in the absence of Y27632, fibroblasts outcompeted keratinocytes and only a few
keratinocyte colonies were present (Figure 5.5A, bottom left image). These results were
confirmed with quantification where keratinocytes from whole skin digest were cultured to
approximately 50% confluence over the space of seven days in the presence of Y27632 (Figure
5.5B). This result was not significantly different to keratinocytes grown with NIH3T3 in the
presence of Y27632 from epidermal digest. In contrast, whole skin digest without Y27632 only
yielded approximately 8% keratinocyte confluence, while the remaining well area was covered
in fibroblasts. This supports the hypothesis that Y27632 is required for keratinocyte outgrowth
from whole skin digest. Importantly, techniques for culturing keratinocytes from whole skin
digest using Y27632 have been patented and incorporated Upside Biotechnologies Ltd full
thickness skin production protocols (Supplementary Figure 2).
These data suggest that, in the presence of Y27632, whole skin digest may be used for
keratinocyte expansion to avoid the use of NIH3T3. This provides a novel step towards a fully
autologous skin growth protocol as well as reducing the cost of reagents, labour, and production
time for full thickness skin production.
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Figure 5.5 Whole skin digest with Y27632 supports keratinocyte survival and proliferation.
Cryopreserved whole skin and epidermal cell suspensions were cultured in the presence or absence of
Y27632. Epidermal cell suspensions were also cultured with MEF. After seven days cultures were
stained with rhodamine B, imaged using the Operetta High Content Imaging System and analysed using
Columbus software. A) Rhodamine B fluorescence (yellow) in 12-well plate. 9 images were taken
under 2x objective and stitched together to form a whole well image. B) Quantification of keratinocyte
confluency (n=3). Data shown are mean ± SEM. Statistical analysis was completed using a one-way
non-parametric ANOVA with Dunn’s multiple comparisons test. *p<0.05
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5.4

Full thickness skin production using whole skin digest

Keratinocytes were effectively cultured from whole skin digest in two-dimensional culture with
the combination of Green’s medium and Y27632. In the absence of Y27632, fibroblasts
outcompeted keratinocytes. Due to the nature and pore size of PLGA, I hypothesised that
fibroblasts and keratinocytes could be simultaneously expanded from whole skin digest on an
electrospun PLGA scaffold. We further hypothesised that in the right conditions, such as air
liquid interface, the keratinocytes would differentiate and form a stratified epidermis.
Therefore, I aimed to grow full thickness skin with stratified epidermis from direct seeding of
fresh whole skin digest onto electrospun PLGA. As a high proportion of the epidermis is dead
cells, I also aimed to use washing steps to remove dead cells that may inhibit proliferation and
differentiation.
Fresh skin samples were processed for whole skin digest as in Materials and Methods 2.2.3.
Whole skin cell suspensions were seeded at 4x105 cells/cm2 onto electrospun PLGA submerged
in Green’s medium. Samples were left submerged in media for 48 hours in the presence of
Y27632, during which time they were left unwashed, washed after two hours, or washed after
two and 24 hours. After 48 hours samples were lifted to air liquid interface and cultured for
two weeks without Y27632 before being harvested and processed for immunohistochemistry.
Samples were then stained with DAPI, pan-cytokeratin, MART-1 and vimentin to highlight
nuclei, keratinocytes, melanocytes and fibroblasts, respectively.
Samples that were left unwashed showed very little pan-cytokeratin staining and were
completely disordered (Figure 5.6A, top row) compared with normal cultured full thickness
skin (Figure 5.6B). Despite the clear presence of vimentin stained dermis, no defined epidermis
was present. In contrast, samples that were washed after two hours (Figure 5.6A, middle row)
or two and 24 hours (Figure 5.6A, bottom row) showed clear epidermal and dermal structures,
as determined by pan-cytokeratin and vimentin staining, respectively. However, the epidermis
remained disordered and lacked stratification reflective of normal cultured human skin (Figure
5.6B).
Interestingly, and in contrast to skin grown using keratinocyte and fibroblast pre-seeding
expansion, melanocytes were present in relatively high numbers in full thickness skin cultured
from whole skin digest, as determined by MART-1 staining (Figure 5.7). This observation was
consistent irrespective of washing steps. However, melanocytes were present throughout the
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skin sections, rather than localised to the basal layer of the epidermis in a structured fashion,
as in normal human skin.
Taken together, these data suggest that the cells required for full thickness skin growth keratinocytes, fibroblasts and melanocytes - are present within whole skin digest. Furthermore,
with sufficient removal of debris, they can form distinct dermal and epidermal layers on
electrospun PLGA. However, further optimisation is required for development of fully
stratified epidermis and functional lab grown skin from direct seeding of whole skin digest.
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Figure 5.6 Direct seeding of whole skin digest forms disordered cultured skin on electrospun
PLGA.
Fresh skin was processed for whole skin digest and immediately seeded onto electrospun PLGA.
During 48 hours of submerged growth, samples were either not washed, washed after two hours, or
washed after two and 24 hours, as indicated. Samples were raised to air liquid interface after 48 hours
growth and harvested after two weeks growth to be processed for immunohistochemistry. Samples were
stained for DAPI (blue), Pan-cytokeratin (grey), MART-1 (red) and vimentin (green) (n=3). A)
Immunohistochemistry images of full thickness skin cultured directly on PLGA from whole skin cell
suspensions. B) Immunohistochemistry image of normal cultured human skin. Images were taken under
10x objective (left column) and 20x objective (middle and right columns). Scale bar = 50 µm.
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Figure 5.7 Direct seeding of whole skin digest onto electrospun PLGA allows survival of
melanocytes.
Fresh skin was processed for whole skin digest and immediately seeded onto electrospun PLGA. During
48 hours of submerged growth, samples were either not washed, washed after two hours, or washed
after two and 24 hours, as indicated. Samples were raised to air liquid interface after 48 hours growth
and harvested after two weeks growth to be processed for immunohistochemistry. Samples were stained
for DAPI (blue), Pan-cytokeratin (grey), MART-1 (red) and vimentin (green) Images show cultured full
thickness skin seeded directly from whole skin digest. Inserts on right show presence of melanocytes as
determined by MART-1 staining (white arrows) (n=3). Scale bar = 50 μm.
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5.5

Discussion

Transplantation of skin grafts that contain transformed murine cell lines onto patients is not
desirable. This is due to the potential for rejection and disease transmission. Therefore, removal
of these cells from full thickness skin growth protocols would be a significant advance toward
a more clinically appealing skin growth technique. However, keratinocyte proliferation in
Green’s medium is dependent on NIH3T3 feeder cells. An elegant solution is to replace
NIH3T3 with autologous feeder cells. That way, the patient is receiving only their own
expanded cells, and the chances of rejection and disease transmission from the use of feeder
cells is removed. We showed that NIH3T3 can be replaced by autologous dermal digest as a
feeder cell source. In addition, this support was more effective when cell-cell contact was
allowed. Y27632, however, was not able to replace the requirement for feeder cell contact.
Moreover, I showed that digested whole skin has potential to provide sufficient feeder cells in
the presence of Y27632 for keratinocyte expansion. However, when directly seeded into the
scaffold I use for full thickness skin growth, no structured epidermis was observed. These data
show that NIH3T3 can be replaced by autologous feeder cells, which marks a crucial step in
developing a clinically relevant protocol for fully autologous full thickness skin growth.
We found that Y27632 and NIH3T3 work synergistically to support the survival and
proliferation of keratinocytes. However, Y27632 alone was not sufficient to replace the
requirement of feeder cells. A limitation of quantification via rhodamine B staining is that
fibroblasts also absorb rhodamine B albeit at a lower level than keratinocytes. This would be a
major issue if it not for stringent morphological and cell texture analyses in combination with
rhodamine B fluorescence intensity, used to distinguish keratinocytes from fibroblasts.
Furthermore, each analysis is validated by eye to ensure keratinocyte regions are not
contaminated with fibroblasts. This provides absolute confidence that the measure of
keratinocyte confluency in these experiments is not confounded.
It is likely that the synergistic effect of Y27632 and NIH3T3 may be due to non-redundant
pathways they are acting on. Y27632 is purported to prevent anoikis in intestinal epithelial
cells131. Further reports suggest involvement of Rho and ROCK in keratinocyte cell fate and
the induction of stratification124. Therefore, it is feasible to suggest a similar mechanism for
epidermal epithelial cells. This is especially the case given the reliance on colony formation
and cell-cell contact observed in live cell imaging (Figure 4.3). In contrast, NIH3T3 produce
growth factors, including insulin-like growth factor (IGF) and keratinocyte growth factor
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(KGF), which stimulate keratinocyte proliferation132,133. This hypothesis allows for increased
numbers of viable proliferative keratinocytes provided by Y27632, and increased stimulation
of proliferation provided by NIH3T3 derived growth factors, leading to overall more efficient
keratinocyte culture.
Due to the reliance of keratinocytes on feeder cells, I investigated a fully autologous culture
system involving Y27632 and dermal digest in place of NIH3T3 feeder cells. We found that
keratinocytes could be effectively cultured in the presence of dermal digest. In the presence of
Y27632, keratinocytes were cultured at all ratios, however 1:6 dermal cells:keratiocytes
allowed proliferation without the remaining culture area taken up by fibroblasts. Jubin et al.
report similar efficacy of keratinocyte culture using autologous fibroblast feeder cells seeded
at 1:6 in the absence of Y27632. However, their cultures appeared to be largely taken up by
fibroblasts where keratinocytes were not present113. We additionally report that the presence of
Y27632 in the autologous feeder system enhances keratinocyte confluency over the space of
seven days compared with 15 days in the case of Jubin et al. This result was comparable to our
previous observations that Y27632 and NIH3T3 work synergistically to promote keratinocyte
culture. However, in this case, keratinocytes grew surprisingly well in the presence of Y27632
without any feeder cell support. As I had previously shown that feeder cells are required for
optimal keratinocyte culture, this is likely to be an artefact of low donor number and high donor
variability. This is supported by the observation that keratinocytes were not significantly more
confluent after seven days when cultured with NIH3T3 and Y27632, compared with Y27632
alone – a result I had previously discounted. Furthermore, dermal fibroblasts are known to
secrete IGF, which supports keratinocyte proliferation134. Therefore, it is likely that dermal
digest genuinely supports keratinocyte culture, in place of NIH3T3.
Further evidence of bona fide autologous feeder cell support for keratinocytes was in the nature
of their support. Feeder cell contact was shown to have a profound effect on keratinocyte
culture. In their earliest studies documenting keratinocyte proliferation, Rheinwald and Green
reported that NIH3T3 conditioned medium was not as effective at supporting keratinocytes as
NIH3T3 seeded into culture111. Here, I show similar evidence of cell-cell contact dependent
mechanisms where feeder cells within keratinocyte culture support keratinocyte proliferation
more effectively than when contact is inhibited through physical separation. These data support
the hypothesis that cell-cell contact dependent signals enhance keratinocyte proliferation.
However, this is not the full story. It is possible that ECM components are deposited by feeder
cells and these provide a superior surface for keratinocytes to proliferate on135. This is
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especially likely given the well documented propensity of dermal fibroblasts to produce
components of the ECM136. This effect could easily be determined by culturing keratinocytes
on a tissue culture surface coated with ECM components, such as collagen IV, compared with
uncoated, while dermal cells are present in the transwell permeable support so that cell-cell
contact is inhibited. The reliance of direct cell-cell contact, however, has been documented for
retinal and iris pigment epithelial cells137. Therefore, the question remains whether direct feeder
cell contact is required for optimal keratinocyte growth. While the mechanisms of contact
dependence, as well as the secreted and ECM signals required for optimal keratinocyte growth
remain undefined, these studies, and ours, demonstrate a reliance of keratinocytes on cell-cell
contact, ECM, and secreted factors. And while Y27632 is very effective at enhancing culture,
it does not completely rescue the requirement for contact or ECM, in this case.
Previously, whole skin digest was able to yield proliferative fibroblasts but not keratinocytes.
Considering the profound effect Y27632 has on keratinocyte culture, and our newly developed
autologous feeder system, I hypothesized that keratinocytes could be cultured from whole skin
digest in the presence of Y27632. Indeed, Y27632 allowed sufficient keratinocyte proliferation
to outcompete fibroblasts from whole skin digest. To our knowledge, this is the first
documentation of successful two-dimensional keratinocyte culture from a skin digest
containing fibroblasts and keratinocytes. This work marks development of a novel co-culture
system where separation of dermis and epidermis is no longer necessary for keratinocyte
expansion. Importantly, this reduces the time of skin processing by at least one day, which will
have positive implications for downstream clinical application, including less labour, fewer
reagents, and lower overall cost of development. It also demonstrates the specificity of Y27632
for keratinocytes, compared with fibroblasts. Interestingly, Piltti et al. showed that Y27632
increased proliferation of neonatal foreskin fibroblasts two-fold138. This may be specific to
neonatal cells with higher proliferative capacity, or it may be that Y27632 simply has a much
greater effect on keratinocytes. Y27632 has been shown to prolong the culture of keratinocytes
isolated from neonatal foreskin108. It has also been implicated in determining keratinocyte cell
fate, and regulating their differentiation123. While limited data is available documenting the
effect of ROCK inhibition on adult human keratinocytes, it is likely that these effects are
conserved through adulthood and may be, at least in part, responsible for the dramatic increase
in keratinocyte proliferation observed here.
Our protocol for full thickness skin culture effectively allows keratinocytes and fibroblasts to
self-assemble. Due to the success of keratinocyte outgrowth from whole skin digest in the
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presence of Y27632, I proposed that whole skin digest could be seeded directly into electrospun
PLGA, and cells allowed to self-assemble. Despite clear dermal and epidermal separation, there
was no clear stratification of epidermis and it did not resemble the structure of functional
human skin. We were encouraged by clear dermo-epidermal separation; however, the lack of
epidermal stratification was unexpected. As epidermal stratification requires contact with
air101, it is imperative that the air liquid interface is not impeded by cellular debris. In addition,
dead and dying cells are known to release proteins that lead to detrimental processes including
DNA damage and caspase-independent cytotoxicity139,140. To counter for this, washing steps
were incorporated. While this allowed for epidermal thickening, stratification remained absent.
More time in submerged culture may allow for a larger population of keratinocytes that
resemble the basal epidermal layer. However, it is likely that such a heterogeneous population
will retain structural and functional inconsistencies. For example, keratinocytes of the stratum
basal are linked to the basement membrane by hemi-desmosomes and to each other by
desmosomes, while those of the stratum granulosum are terminally differentiated and contain
a distinct array of intermediate filaments141. While keratinocytes have shown some capacity to
de-differentiate in wound healing situations, heterogeneity in the region of the stratum basale
may be the cause of disordered epidermis after two weeks culture. To determine whether this
is the case, it may be possible to specifically capture highly proliferative stratum basale
keratinocytes, by coating the surface of the PLGA scaffold with an adhesion marker, such as
integrin alpha 6142. Following this, a wash step at approximately 30 minutes post-seeding would
remove unwanted cells and allow proliferation and subsequent stratification of the highly
proliferative stratum basale keratinocytes. While this technique is likely to require a higher
number of cells from isolation, it may be a way to dramatically reduce production time, labour
and overall cost.
Despite a disordered epidermis, melanocytes were present in the dermal portion of whole skin
digest engineered skin. This is an important finding for growth of pigmented human skin.
Melanocytes have been identified in skin cell culture from its conception118. However, it is
likely that, during the keratinocyte pre-expansion phase, melanocytes are outcompeted and
removed from culture. As such they are not retained in the cell populations seeded into full
thickness skin. However, knowledge that melanocytes can survive up to two weeks at air liquid
interface is instrumental in developing a pigmented bioengineered skin product. Other groups
have elegantly shown that melanocytes provide pigment to bioengineered skin in models
distinct from ours80,143,144. However, their protocols rely on cell layering, rather than self111

Chapter 5: Feeder cells

assembly. Whether melanocytes can self-assemble in our full thickness skin growth protocol
remains unclear.
Throughout this chapter I have investigated the nature of feeder cells and their effect on
keratinocyte culture in the presence and absence of ROCK inhibition. We have shown that
feeder cells are indispensable for optimal keratinocyte culture and that they likely support
keratinocytes through secreted molecules, cell-cell contact and deposition of ECM. This
knowledge has been harnessed to develop a technique by which, for the first time, we are able
to expand keratinocytes from whole skin digest. Importantly, this reduced our culture protocol
by at least one day and will significantly reduce cost of full thickness skin production. While
this could not be extended to direct full thickness growth from raw whole skin digest,
melanocytes were identified in culture, which is encouraging for future pigmented
bioengineered skin. In conclusion, the combination of ROCK inhibition with dermal feeder
cells or whole skin digest for keratinocyte culture, is a major advance towards a rapid and
clinically appealing, autologous full thickness skin growth protocol.
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6

Keratinocyte precursors: ex vivo location and in vitro manipulation

Previous chapters have seen advances in the media and feeder cells used for keratinocyte
culture. We have negated the need for mouse embryonic fibroblasts in keratinocyte culture and
have determined the best media combination for growing keratinocytes and full thickness
human skin. However, it remains unclear exactly which cells are responsible for in vitro
proliferation and how Y27632 is affecting their phenotype. Some focus on keratinocytes
themselves may reveal further opportunities for improving skin engineering.
Adult stem cells are defined by their ability to grow indefinitely while maintaining
multipotency. The pool of keratinocyte stem cells (KSC) residing in the stratum basale, which
are purported to express keratin 19, allow for homeostatic maintenance and renewal of skin.
Keratinocyte stem cells divide, differentiate, and move away from the basement membrane
losing their expression of adhesion molecules, such as CD29. This leads to formation of the
upper layers of the epidermis. However, in the case of wound healing, keratinocyte precursors,
such as transit amplifying (TA) cells rapidly proliferate to initiate re-epithelialisation.
The colony forming nature of keratinocytes in vitro lends to the hypothesis that a distinctive
population of keratinocyte stem cells or precursors rapidly adapt to in vitro culture and it is
these cells that are responsible for forming the cells used for skin engineering. Therefore, it is
likely that enrichment of keratinocyte stem cells with a high proliferative capacity would be
advantageous for in vitro keratinocyte expansion prior to autologous full thickness skin growth.
The addition of Y27632 to Green’s medium modified behavioural aspects of cultured
keratinocytes. Track straightness was increased, along with proliferation and, surprisingly, a
loss of reliance on colony formation. Y27632 has been reported to influence keratinocyte stem
cell fate and differentiation. Therefore, I hypothesised that Y27632 promotes the survival of
keratinocyte stem cells, as well as driving a stem cell phenotype in vitro. We sought to
determine the effect of Y27632 on keratinocyte precursors in vitro and aimed to enrich for
these precursor populations for more efficient keratinocyte culture.
The specific aims of this chapter were to:
1. Identify potential keratinocyte precursors.
2. Enrich for keratinocyte precursors using flow cytometry.
3. Determine the in vitro effect of Y27632 on keratinocyte precursors.
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6.1

Keratinocyte precursors are present in the stratum basale and skin appendages

While there is some conflicting data from studies between mice and humans, there is strong
evidence for the expression of keratin 19 within keratinocyte stem cells, at least in humans 65.
Merkel cells are also present in the basal layer of the epidermis, however there is no evidence
to suggest they express keratin 19. Other markers exist for mice, such as leucine-rich repeatcontaining G-protein coupled receptor 5 (LGR5), however, there is limited human data for
LGR5 expression in human keratinocytes41,145.
Keratin 19 was shown to be expressed in the interfollicular epidermis of new born children but
only in the hair follicle bulge of adults65,146. However, it is likely that keratin 19 expression is
region specific. Therefore, I investigated the localisation of keratin 19 expression in the
interfollicular epidermis and skin appendages by immunohistochemistry.
Cryopreserved human skin sections were processed for immunohistochemistry and stained for
DAPI, CD29, and keratin 19. CD29 staining highlighted the basal layers of the epidermis, as
expected. In this region, I observed keratin 19 expressing cells within the interfollicular
epidermis (Figure 6.1A and Supplementary Figure 3B).
In other skin sections from both the same and different donors, I observed no keratin 19 staining
in the interfollicular epidermis (Figure 6.1B, top insert). However, deeper skin appendages
were present, and displayed a CD29 expression pattern that resembled the stratum basale of
the epidermis. These structures contained cells that expressed keratin 19. The first structure
had keratin 19, CD29 co-expressing cells (middle insert, white arrow), which resembled the
expected phenotype of interfollicular epidermal keratinocytes. However, the centre of both
appendages (middle and lower inserts) appeared to be keratin 19 and DAPI positive, but not
expressing CD29. This pattern of staining is atypical of keratinocyte stem cells and is likely to
be non-specific binding of the keratinised hair shaft. In addition, images taken by other
members of our lab demonstrated strong keratin 19 expression within eccrine sweat glands
(Supplementary Figure 3A).
Presence of keratin 19 in the stratum basale as well as deeper skin appendages suggests that
keratinocytes expressing keratin 19 reside in both the interfollicular epidermis and appendages
of adult human skin and are localised to the stratum basale.
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Figure 6.1 Keratinocytes in interfollicular epidermis and appendages express keratin 19.
Frozen adult human skin sections were processed for immunohistochemistry and stained for DAPI
(blue), CD29 (green) and keratin 19 (red). A) Immunohistochemistry image of interfollicluar epidermis.
Insert on right shows clear localisation of keratin 19 staining. B) Immunohistochemistry image of both
interfollicular epidermis and deeper skin appendages. Inserts on right shows interfollicular epidermis
(top) and deeper skin appendages (middle and bottom) with keratin 19 staining (white arrow middle
insert). A) and B) images are from two separate skin donors and were taken under 20x objective. Scale
bar = 50 µm. n=4
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6.2

Enrichment of proliferative keratinocytes using fluorescence activated cell sorting

We showed that keratin 19 expressing keratinocytes are within the stratum basal of the
epidermis. Keratin 19 staining is associated with CD29 expression, an integrin molecule
essential for attachment to the basement membrane. To confirm that stratum basale
keratinocytes have the highest proliferative capacity, in our hands, I aimed to sort CD29+
keratinocytes from epidermal cell suspensions using fluorescence activated cell sorting.
Cryopreserved epidermal digested single cell suspensions were processed for flow cytometry
and stained for DAPI, CD29. First, keratinocytes were selected based on size by size (FSC-A)
and granularity (SSC-A) and live cells selected by DAPI exclusion (Figure 6.2A). Live, single
cells were then analysed for CD29 expression, based on the CD29 fluorescence minus one
control (Figure 6.2B). We reported approximately 35% positive expression of live cells
expressing CD29 (Figure 6.2A).
Live, single cells were then selected and sorted into separate culture wells in Green’s medium
with Y27632 based on CD29 expression (Figure 6.2A). Cells were seeded at 20000 cells/cm2
and cultured for seven days before being stained with rhodamine B and quantified using
ImageJ. After seven days, no keratinocytes had survived and proliferated from the CD29population, while rhodamine B staining revealed keratinocyte outgrowth from the CD29+
population (Figure 6.2C). This was confirmed by ImageJ quantification, where CD29+
keratinocytes reached approximately 10% confluence after seven days, while CD29- cells were
undetectable (Figure 6.2D).
Overall, these data suggest that the CD29+ population is likely to include keratinocyte stem
cells expressing keratin 19, and that the stratum basale keratinocytes have the highest
proliferative capacity.
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Figure 6.2 CD29+ keratinocytes proliferate more than CD29-.
Cryopreserved epidermal cell suspensions were processed for fluorescence activated cell sorting before
being cultured for seven days in Green’s medium with Y27632, stained with rhodamine, imaged, then
quantified using ImageJ software. A). Cells were identified by size and granularity, and live cells
selected by DAPI exclusion. CD29 positive and negative live cells were sorted into tissue culture wells
in Green’s medium with Y27632. B) CD29 fluorescence minus one control. C) Rhodamine B stained
keratinocytes (left column) and brightfield images (right column) of CD29 + (top row) and CD29(bottom row). D) Quantification of rhodamine B staining using ImageJ threshold analysis. Data shown
are means ± SEM (n=2).
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6.3

Y27632 allows proliferation of keratin 19- keratinocytes in vitro: Observation

We showed that Y27632 profoundly increased keratinocyte proliferation in vitro. We also
showed that keratinocytes were less restricted to colony formation as determined by their track
straightness and overall displacement in vitro in response to Y27632 stimulation. Recent
reports have documented prolonged proliferation of neonatal foreskin keratinocytes as well as
significant effects of Y27632 on keratinocyte fate and differentiation108,122,123,147. I
hypothesized that Y27632 retains a stem cell phenotype in keratinocytes allowing higher
proliferative capacity. Therefore, I sought to determine the expression patterns of keratin 19 in
keratinocytes cultured in Green’s medium with and without Y27632.
Cryopreserved epidermal digests were seeded into chamber slides in Green’s medium with and
without Y27632 and cultured for seven days or until reaching approximately 80% confluence.
Cultures were processed for immunocytochemistry and stained for DAPI, keratin 19, and
CD29.
In the presence of Y27632, keratinocytes proliferated rapidly and did not appear to be restricted
to colony formation, as previously observed. In contrast, keratinocytes in the absence of
Y27632 formed tight colonies and proliferated more slowly. Upon imaging, all keratinocytes
expressed CD29, suggesting the presence of stratum basale keratinocytes, whether in the
presence of Y27632 or in Green’s medium alone (Figure 6.3). However, it appeared that a low
proportion of keratinocytes expressed keratin 19 in the presence of Y27632 compared with
Green’s medium alone (Figure 6.3A and 6.3B, respectively).
These data suggest that either keratin 19 is downregulated in the presence of Y27632, or
stratum basale keratinocytes that do not express keratin 19 are allowed to proliferate in the
presence of Y27632. However, this required confirmation by quantification.
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Figure 6.3 Keratin 19 expressing keratinocytes are cultured only in the absence of Y27632.
Cryopreserved epidermal cell suspensions were cultured in Green’s medium with and without Y27632
for seven days then processed for immunocytochemistry and stained for DAPI (blue), CD29 (green)
and keratin 19 (red). A) Immunocytochemistry images of keratinocyte colonies cultured in Green’s
medium with Y27632. Each row represents individual colonies from separate donors. B)
Immunocytochemistry of keratinocyte colonies cultured in Green’s medium without Y27632. Images
were taken under 20x objective (n=3). Scale bar = 100 µm.
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6.4

Y27632 allows proliferation of keratin 19- keratinocytes in vitro: Quantification

Prior to assessing the expression of keratin 19 within keratinocytes cultured with and without
Y27632, we required a marker to identify all keratinocytes in vitro as CD29 is expressed only
on basal keratinocytes and may be overlooking differentiated keratinocyte populations. CD318
is a transmembrane glycoprotein involved in adhesion and is expressed on many epithelial cells
including keratinocytes. We first sought to confirm the expression of CD318 on keratinocytes
in normal human skin.
Frozen human skin sections were processed for immunohistochemistry and stained for DAPI
and CD318. CD318 was observed on all nucleated keratinocytes in normal human skin (Figure
6.4). This suggested that CD318 may be suitable for identification of keratinocytes in vitro.
To determine the effect of Y27632 on keratinocyte phenotype, I next aimed to quantify the
proportion of keratinocytes in vitro expressing keratin 19 in the presence and absence of
Y27632 after seven days culture. Cryopreserved epidermal digests were seeded into Green’s
medium with and without Y27632 and cultured for seven days or until reaching approximately
80% confluence. Cultures were processed for immunocytochemistry and stained for DAPI,
keratin 19, CD318 and Ki67. Wells were then imaged on the Operetta High Content Imaging
System and quantified using Columbus software.
Throughout the culture process, it appeared that keratinocytes were proliferating faster in
cultures with Y27632 compared with cultures lacking Y27632. Immunocytochemistry showed
more keratinocytes in cultures with Y27632 compared with Green’s medium alone, as
determined by CD318 expression (Figure 6.5). However, it appeared that the proportion of
keratin 19 expressing cells was higher in Green’s medium without Y27632.
These observations were confirmed upon quantification. The number of CD318+ cells and
CD318+ Ki67+ cells in Green’s medium with Y27632 was significantly higher than in Green’s
medium alone (Figure 6.6, top row). The number of CD318+ CK19+ cells and CD318+ CK19+
Ki67+ cells, however, was not different between the two culture conditions. Interestingly, the
proportion of CD318+ Ki67+ cells of total keratinocytes was almost 100% in both conditions
(Figure 6.6 bottom row). Similarly, the proportion of CD318+ CK19+ Ki67+ cells was close to
100% in both conditions. However, the proportion of CD318+ CK19+ cells of total
keratinocytes was significantly higher in cultures without Y27632 than with Y27632. Finally,
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the proportion of CD318+ CK19+ Ki67+ cells of total CD318+ Ki67+ cells was much higher in
cultures without Y27632 than with Y27632.
Taken together, these data suggest increased proliferation of keratinocytes when cultured in
Green’s medium with Y27632 than without. However, in cultures with Y27632, this correlated
with a lower proportion of total keratinocytes expressing keratin 19 but no significant
difference in the number of keratinocytes expressing keratin 19, a marker of keratinocyte stem
cells. This may suggest a mechanism by which the survival and proliferation of early transit
amplifying cells is promoted by Y27632 addition to Green’s medium, in contrast to the
hypothesis that Y27632 maintained a stem cell phenotype in keratinocytes as determined by
keratin 19 expression. Moreover, it appeared that Y27632 allowed proliferation of non-stem
cell-like keratinocytes.
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Figure 6.4 CD318 is expressed on all live keratinocytes in normal human skin.
Frozen human skin sections were processed for immunohistochemistry and stained for DAPI (blue) and
CD318 (red). Images show normal human interfollicluar epidermis. Images were taken under 10x
objective. Scale bar = 50 µm. n=4
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Figure 6.5 Keratin 19- keratinocytes dominate cultures in the presence of Y27632.
Cryopreserved epidermal cell suspensions were cultured in Green’s medium with (right) and without
Y27632 (left) for seven days then processed for immunocytochemistry stained with DAPI (blue),
keratin 19 (green), CD318 (red) and Ki67 (gold), imaged with the Operetta High Content Imaging
System and quantified using Columbus. Images were taken under 10x objective Scale bar = 100 µm.
(n=4)
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Figure 6.6 CD318+CK19- keratinocytes proliferate in Green’s medium with Y27632.
Cryopreserved epidermal cell suspensions were cultured in Green’s medium with and without Y27632
for seven days then processed for immunocytochemistry, imaged with the Operetta High Content
Imaging System and quantified using Columbus. Top row: Quantification of the number of
keratinocytes, keratinocytes stem cells, proliferating keratinocytes and proliferating keratinocyte stem
cells. Bottom row: Quantification of the proportion of proliferating keratinocytes, keratinocyte stem
cells, proliferating keratinocyte stem cells and proliferating keratinocyte stem cells as a proportion of
proliferating keratinocytes. All samples were analysed in technical triplicate. Statistical analysis was
completed using an unpaired t-test. *p<0.05 (n=4).
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6.5

Y27632 enhances keratinocyte survival in vitro after 24 hours

We showed that Y27632 allows proliferation of non-stem cell-like keratinocytes in vitro.
However, the effect of Y27632 in vitro may take place prior to log phase of cell growth.
Anoikis is the process of cell-cell detachment induced apoptosis. This occurs when adult stem
cells are removed from their niche in which signals transferred through cell-cell attachment are
required for survival. Y27632 has been shown to prevent anoikis in adult and embryonic stem
cells64,107,148–150. It is possible that prevention of anoikis is a mechanism conserved across
undifferentiated epithelial cells. Therefore, I hypothesised that Y27632 allows greater survival
of keratinocytes when seeded into cell culture. We aimed to determine whether keratinocyte
numbers were increased in the presence of Y27632 after only 24 hours in culture. Furthermore,
if keratinocyte survival was increased, I sought to determine whether this was specific to cells
expressing keratin 19 or keratinocytes in general.
Cryopreserved epidermal digests were seeded into Green’s medium with and without Y27632
and cultured for 24 hours only. Cultures were processed for immunocytochemistry and stained
for DAPI, keratin 19, CD318 and Ki67. Wells were then imaged on the Operetta High Content
Imaging System and quantified using Columbus software.
Many cells died over the space of 24 hours, as is expected for seeding of cryopreserved
epidermal digest. However, upon staining, clusters of CD318+ CK19- and CD318+ CK19+ cells
were present in both Green’s medium alone and Green’s medium with Y27632 (Figure 6.7).
The number of live CD318+ cells in Green’s medium with Y27632, however, appeared to be
increased compared with Green’s medium alone.
This was confirmed by quantification where the overall number of CD318+ cells and the
number of Ki67+CD318+ cells was significantly higher in Green’s medium with Y27632
compared with Green’s medium alone (Figure 6.8). However, the number of CK19+CD318+
cells and CK19+Ki67+CD318+ cells in Green’s medium with Y27632 were not higher than
Green’s medium alone. The proportion of CK19+CD318+ cells, Ki67+CD318+ cells,
CK19+Ki67+CD318+ of total CK19+CD318+ cells, and CK19+Ki67+CD318+ of total
Ki67+CD318+ cells was not different between both culture conditions.
These data indicate that overall survival of CD318+ cells is increased in the presence of
Y27632. There was no difference in the number or proportion of keratinocytes expressing
keratin 19 between culture conditions, suggesting that there is no selective increase in the
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survival of keratin 19 expressing keratinocytes in the presence of Y27632. In combination with
our previous data showing that non-stem cell-like keratinocytes can proliferate with Y27632,
this suggests two mechanisms by which Y27632 dramatically enhances keratinocyte growth in
vitro.
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Figure 6.7 More CD318+ cells survive in cultures with Y27632 after 24 hours.
Cryopreserved epidermal cell suspensions were cultured in Green’s medium with (right) and without
Y27632 (left) for 24 hours then processed for immunocytochemistry stained with DAPI (blue), keratin
19 (green), CD318 (red) and Ki67 (gold), imaged with the Operetta High Content Imaging System and
quantified using Columbus. Images were taken under 10x objective Scale bar = 100 µm. (n=4)
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Figure 6.8 Y27632 increases keratinocyte number and proliferation after 24 hours.
Cryopreserved epidermal cell suspensions were cultured in Green’s medium with and without Y27632
for 24 hours then processed for immunocytochemistry, imaged with the Operetta High Content Imaging
System and quantified using Columbus. Top row: Quantification of the number of keratinocytes,
keratinocytes stem cells, proliferating keratinocytes and proliferating keratinocyte stem cells. Bottom
row: Quantification of the proportion of proliferating keratinocytes, keratinocyte stem cells,
proliferating keratinocyte stem cells and proliferating stem cells as a proportion of proliferating
keratinocytes. All samples were analysed in technical triplicate. Statistical analysis was completed using
an unpaired t-test. *p<0.05 (n=4).
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6.6

Discussion

Keratinocyte stem cells provide the pool of epithelial cells responsible for renewing and
repairing the epidermis. Significant work has documented the nature of keratinocyte stem cells
in mice. However, identification and characterisation of human keratinocyte stem cells has
been difficult. Much of these difficulties arise from significant differences between mouse and
man. Furthermore, ethical restraints surrounding human experimentation has limited the
techniques available for delineation. For example, much of the knowledge surrounding murine
keratinocyte stem cells has been informed by in situ lineage tracking experiments. While these
have been indispensable for mouse experimentation, ethical constraints prevent this work being
completed on humans. Therefore, much of human keratinocyte stem cell characterisation is
limited to skin samples obtained from donors, and in vitro experiments.
We found that keratin 19 expressing keratinocytes, likely to be keratinocyte stem cells, are
found within the stratum basale of the interfollicular epidermis and deeper skin appendages.
While keratin 19 is an intracellular protein, so cannot be used for fluorescence activated cell
sorting, CD29 highlights the stratum basale. We showed that fluorescence activated cell sorting
using CD29 as a marker yields a population of proliferative CD29+ keratinocytes, while those
that did not express CD29 did not proliferate. Further investigation of keratinocytes in vitro
found that keratin 19 was expressed in a high proportion of keratinocytes in Green’s medium,
suggesting expansion primarily of a keratinocyte stem cell population. However, the addition
of Y27632 resulted in proliferation of keratinocytes that do not express keratin 19. This was
associated with significantly higher keratinocyte proliferation over the space of seven days
compared with Green’s medium alone. Furthermore, the addition of Y27632 to Green’s
medium resulted in survival of a higher overall number of keratinocytes after only 24 hours
post-seeding. These results suggest Y27632 is enhancing keratinocytes culture by both
increasing survival and increasing proliferation. These data show that we can successfully
enrich for a population of keratinocytes likely to contain keratinocyte stem cells, and that
Y27632 has profound effects on keratinocyte behaviour in vitro.
In 1996, keratin 19 was identified as a marker of keratinocyte stem cells in the epidermis of
mice and compared with humans65. Given that keratin 19 is expressed at the heart of our in
vitro cultures, it is likely that this is a bona fide keratinocyte stem cell marker. Or, at least, a
marker of the culture founding cells in vitro. This is further supported by the correlation
between rare expression of keratin 19 in the interfollicular epidermis, and rare colony formation
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in the absence of Y27632 by keratinocytes seeded in vitro. Michel et al. found that keratin 19
was expressed in the hair follicle of humans but not the interfollicular epidermis at hairy sites.
This was consistent with our findings where keratin 19 staining was absent in the interfollicular
epidermis when deeper skin appendages were present. While not confirmed, this appendage
was likely to be a hair follicle with a keratinised hair shaft in the centre. Michel et al. also
suggested that keratin 19 expression was found in the interfollicular epidermis only in areas of
glabrous skin. However, I observed keratin 19 staining in the interfollicular epidermis of human
adult, non-glabrous skin. It is likely that keratinocyte stem cells are spread throughout the
epidermis to provide redundancy in repair mechanisms. This is consistent with our data and is
feasible given their essential roles in wound healing and maintenance of the continuously
cycling epidermis. More recent studies have shown the ability of eccrine sweat glands to
outgrow keratinocytes in vitro and have an essential role in wound healing47,48,144. Eccrine
sweat glands are found all over the human body at a density ranging between 37 and 518
glands/cm2 58, therefore it is feasible to suggest that redundancy exists between hair follicles,
eccrine sweat glands and the interfollicular epidermis. It is possible, therefore, that the
inconsistencies in the literature regarding keratin 19 expression observed throughout the
epidermis, may be due to the different regions investigated. Further investigation is required to
develop hair follicle and eccrine specific cell surface markers to delineate the keratinocyte stem
cell populations within these structures.
Characterisation of human keratinocyte stem cells required further delineation. Enrichment of
keratinocyte precursors is also advantageous for bioengineering human skin. Highly
proliferative keratinocyte precursors could be seeded without interference from terminally
differentiated keratinocytes or dead cell debris. This would allow more consistent culture of
keratinocytes and uniform epidermal stratification. We enriched for stratum basale
keratinocytes using the integrin molecule, CD29. CD29 enrichment yielded a population of
proliferative keratinocytes, compared with no proliferating cells from the CD29 - population.
This was expected as CD29 is expressed only by stratum basale keratinocytes. This method of
cell enrichment is efficient for epidermal digest. However, not all keratinocyte stem cells are
contained within the interfollicular epidermis. Therefore, this technique could be improved
using whole skin to obtain hair follicle and sweat gland keratinocyte stem cells. However,
CD29 is also expressed on dermal fibroblasts meaning they would have to be excluded. We
showed that CD318 was expressed exclusively by keratinocytes, therefore this may be used to
distinguish CD29+ keratinocytes from CD29+ dermal cells. Reichmann et al. have developed a
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method for isolation of human eccrine sweat glands and shown that, when seeded in vitro, they
produce proliferative keratinocytes48. Using this technique, it may be possible to identify sweat
gland specific markers. Following this, it is possible to propose an in-depth keratinocyte stem
cell enrichment panel using fluorescence activated cell sorting. Firstly, live cells would be
selected. These can then be separated from immune cells using CD4533. Following this, CD318
could be used to identify keratinocytes151 and CD90 to remove any contaminating
fibroblasts152. The CD318+CD90- cell population may be analysed for CD200, a marker of hair
follicle cells, and CD29, for enrichment of basal layer keratinocytes. This would allow for three
distinct populations of hair follicle, sweat gland, and interfollicular keratinocytes for further
downstream analysis.
Downstream of fluorescence activated cell sorting, it would be advantageous to cluster specific
cell populations. Due to its intracellular nature, keratin 19 cannot be used in fluorescence
activated cell sorting to obtain live keratinocytes, however, it can be used in genetic studies to
aid in clustering of keratinocyte stem cells. For example, single cell sequencing has recently
been used to elegantly demonstrate the presence of at least four distinct but previously
undefined human dermal fibroblast populations31,153. This is a monumental step towards
understanding the mesenchymal interactions within human skin. The same technique may be
applied to epidermal populations. Enrichment of CD29+ interfollicular epidermis, hair follicle
keratinocytes and sweat gland keratinocytes in combination with single cell sequencing, may
allow these separate populations to be clustered based on keratin 19 expression as well as other
stem cell markers, including LGR541,145,154. This would allow identification of cell surface
markers that can be used to isolate keratinocyte stem cells from whole skin and mark
considerable progress towards understanding of the role of these elusive adult stem cell
populations in human skin.
While I was able to enrich for proliferative keratinocytes from epidermal digest, I also
investigated their behaviour in vitro. In Green’s medium I found keratin 19 was expressed
within almost all proliferating keratinocytes. This was expected and consistent with even the
earliest reports where Green’s medium allows serial cultivation of keratinocytes111. The ability
of keratinocytes to be cultured over multiple divisions is reflective of a self-renewal phenotype.
Importantly, I also find that keratinocytes cultured in this medium can differentiate and form
stratified epidermis when exposed to an air liquid interface. With the addition of Y27632,
however, the proportion of keratin 19 expressing cells in culture was dramatically reduced,
however the overall number of keratin 19 expressing cells was increased. This correlated with
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a much higher number of total keratinocytes in culture. Therefore, it is possible that Y27632 is
allowing proliferation of non-stem cell-like keratinocytes in vitro. This is in contrast to other
reports, which attribute high colony forming efficiency to the presence of keratinocyte stem
cells62,142. Consistent with the observed high levels of proliferation, recent reports have shown
that Y27632 indefinitely prolongs the proliferation neonatal foreskin derived keratinocytes108.
While cell immortalisation is a possibility, the fact that we can remove Y27632 and obtain
stratified epidermis with exposure to air liquid interface fundamentally disagrees with
immortalisation, in this case. Therefore, an alternative and appealing hypothesis is that Y27632
simply allows proliferation of keratinocytes lacking a stem cell phenotype. Given the high
proportion of keratinocytes in the stratum basale that do not express keratin 19, it is likely these
cells are early transit amplifying cells that have not yet reached a post-mitotic state. Roshan et
al. completed elegant work which supports this hypothesis127. From in vitro live cell tracking,
they reported two states of proliferation by keratinocytes – a balanced state, reflective of long
lived slowly dividing keratinocyte stem cells, and an expanding phase, reflective of a state of
re-epithelialisation. Both states are dependent on the proliferative mode of the founding cell.
They further showed that Y27632 initiates an expansion mode within keratinocytes, which
could only be reverted upon removal of Y27632. Therefore, Y27632 may drive asymmetrical
division of keratinocyte stem cells leading to production of early transit amplifying cells held
in a state of expansion (Figure 6.9).
While these are elegant hypotheses, they may prove to be overly simplistic. Recently, the first
in depth single cell sequencing analyses on whole human skin have been completed31,153. Their
findings and discussion largely focused on fibroblastic populations. However, Tabib et al. also
showed the presence of three distinct keratinocyte populations expressing cytokeratin 14.
Cytokeratin 14 is expressed exclusively by keratinocytes of the stratum basale. It is likely at
least one of these populations resembles keratinocyte stem cells. However, this leaves two
populations of potentially highly proliferative, undifferentiated keratinocyte subsets. These
may be separated temporally or spatially. For example, they may represent early and late transit
amplifying cells, as I have hypothesized and as a result of symmetrical division of keratinocyte
stem cells. Or, they may represent two phenotypically and functionally distinct populations as
a result of asymmetrical keratinocyte stem cell division. One of which may be mobilised during
re-epithelialization and the other, a population that continually maintains the epidermis during
homeostasis. Either of these hypotheses fits with our data in vitro where Y27632 may be
promoting survival and proliferation of early transit amplifying cells. Alternatively, Y27632
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may be specifically initiating proliferation of transit amplifying cells tasked with reepithelialisation. In support of the latter hypothesis, markers associated with wound healing,
such as keratin 6 and 16, have been reported in keratinocyte culture previously155. While further
studies are required to delineate these cells on a functional level and determine their specific
roles, each of these hypotheses demonstrates the complexity of the keratinocyte stem cell niche.
Y27632 has been used to prevent anoikis in adult intestinal stem cells and allow the growth of
organoids from multiple body systems including the liver, pancreas, stomach, and
intestine64,148–150. We hypothesized that the same effect might be observed in human
keratinocytes. The number of keratinocytes was increased after only 24 hours of culture in the
presence of Y27632 compared with Green’s medium alone. However, the proportion of
keratinocytes expressing keratin 19 was not significantly increased in the presence of Y27632
compared with Green’s medium alone. Therefore, it is unlikely that Y27632 is selectively
preventing anoikis in the keratin 19 expressing subset of keratinocytes. It does not completely
disprove the hypothesis, however, as anoikis may be conserved throughout early transit
amplifying cells (Figure 6.9). It is possible that Y27632 is driving an expansion mode early in
cell culture and that the increased number of cells is merely due to early proliferation.
Therefore, further investigation is required to determine whether the mechanism of increased
survival is due to dissociation dependent apoptosis or other mechanisms. This may be done
relatively easily through apoptosis detection assays. Further elucidation is required to
determine the changes in gene expression within keratinocytes, caused by Y27632. This may
be completed through microarray of cells cultured in Green’s medium with and without
Y27632. However, due to potential for asymmetric cell division and heterogeneity within
cultured cells it may be advantageous to investigate the same cultured populations using single
cell sequencing, as has been completed on dermal fibroblast populations31,153. This gives the
advantage of teasing apart keratinocyte stem cells from early transit amplifying cells, and those
within a balanced or expanding proliferative phase, while gaining an in depth understanding of
the mechanisms by which Y27632 alters keratinocyte behaviour in vitro.
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Figure 6.9 Schematic outlining keratinocyte phenotype with and without Y27632.
Addition of Y27632 to keratinocytes cultured in Green’s medium results in a higher number of
keratinocytes after 24 hours and after seven days culture. This is correlated with a lower proportion of
keratin 19 expressing keratinocytes. These results may be due to a combination of prevention of anoikis
and induction of an expansion mode in keratin 19- keratinocytes, such as transit amplifying cells (TA).
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Enrichment of keratinocyte stem cells will further advance the field of dermatology as well as
inform more efficient methods for full thickness skin growth. While this work has begun our
path of keratinocyte stem cell characterisation, it requires considerable multi-parameter future
investigation. This will involve the combination of in depth fluorescence activated cell sorting
as well as single cell sequencing. While these advances hold promise for the future, I have
already advanced keratinocyte culture. Our work and others has shown how Y27632 affects
keratinocytes in vitro and suggests mechanisms by which the behaviour of keratinocytes is
altered. Importantly, keratinocyte stem cells are retained throughout culture even in the
presence of Y27632. Moreover, the removal of Y27632 and introduction to air liquid interface
allows epidermal stratification. Together, this provides a much shorter production time for
bioengineered full thickness skin with the confidence that keratinocyte stem cells are retained,
and normal keratinocyte function is restored.
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7

Melanocyte isolation, culture, and incorporation

As our full thickness skin growth protocols encompass autologous dermal and epidermal
digests, which include melanocytes, an opportunity existed to develop protocols for pigmented
laboratory grown skin that reflects the colour of the donor site. Therefore, I sought to develop
methods for isolation, culture and incorporation of autologous melanocytes into our full
thickness skin growth protocols.
In Figure 5.7 I showed that melanocytes are retained in full thickness cultured skin following
direct seeding of whole skin digest. In contrast, full thickness skin produced using preexpansion of keratinocytes and fibroblasts does not retain melanocytes. It is likely the
melanocytes are outcompeted during the keratinocyte and fibroblast expansion phase of full
thickness skin production. Therefore, to develop pigmented full thickness skin using these
methods, I first need to develop techniques for melanocyte isolation and culture from primary
human skin cell suspensions to avoid keratinocyte and fibroblast overgrowth.
Following successful isolation and culture, it may be possible to incorporate melanocytes into
full thickness skin growth protocols for development of a bioengineered skin product. Indeed,
Biedermann et al., showed that melanocytes from adolescents could effectively be isolated,
cultured, and incorporated into a pigmented full thickness skin product80,143,156. To the best of
our knowledge, no research group has repeated this work with melanocytes from adult humans.
Further, melanocyte culture and incorporation required adaptation to fit with Upside
Biotechnologies Ltd protocols. Clinical translation of this product could provide adult and
adolescent burns victims with a better functional and cosmetic grafting outcome.
Here, I showed the ability to culture melanocytes from human epidermal digests using
commercially available medium. We were also able to enhance melanocyte proliferation using
media supplementation. Finally, cultured melanocytes were incorporated into full thickness
skin culture protocols to produce pigmented skin. In addition, I proposed a novel melanocyte
enrichment protocol that could be used clinically for enhanced growth of autologous pigmented
full thickness skin to supplement or replace traditional skin grafts.
Therefore, the aims of this chapter were to:
1. Isolate and culture melanocytes from human skin digests.
2. Improve melanocyte culture by targeted media supplementation.
3. Produce pigmented human skin using autologous melanocytes.
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4. Improve melanocyte isolation techniques using cell specific separation.

7.1

Melanocytes can be cultured from primary adult human epidermal cell suspensions

As shown in Figure 5.6 melanocytes are present in full thickness skin grown directly from
whole skin digest, albeit in a disordered fashion. Murine studies have reported the presence of
melanocyte precursors that reside in the hair follicle12. Therefore, I hypothesized that
melanocytes are present in dermal and epidermal cell suspensions following the human skin
digestion. As such, I sought to isolate and culture melanocytes and determine which region
they can be cultured from using commercially available melanocyte growth medium.
Epidermal and dermal cell suspensions were cultured in Medium 254 with HMGS, a
commercially available melanocyte culture medium, until approximately 80% confluence. At
this point they were removed using TrypLE and passaged at a ratio of 1:4. A portion of cells
were seeded into chamber slides for immunocytochemistry. Epidermal cell suspensions
showed consistent melanocyte culture as determined visually by morphology (Figure 7.1, top
row, left image) and reached confluence after 10-16 days with high donor variation (data not
shown). The presence of melanocytes was confirmed by MART-1 expression using
immunocytochemistry (Figure 7.1, top row, right image), while only a few fibroblasts were
present, as determined by CD90 expression. Dermal cell suspensions, on the other hand,
contained mainly fibroblasts as determined visually by morphology (Figure 7.1, bottom row,
left image), which reached confluence after approximately seven days. The presence of
fibroblasts was confirmed by CD90 expression and only a few MART-1+ cells were observed
(Figure 7.1, bottom row, right image). Furthermore, melanocytes from the epidermis could be
passaged to P3 and remain in a proliferative state, while melanocytes remained in very low
numbers after dermal cell suspension passage (Figure 7.2). It is possible that dermal
melanocytes may be retained long term in full thickness skin; however, it is not feasible to use
them in such low numbers as, in clinical practice, many skin grafts are required from a small
skin donation.
Despite the number of melanocytes in epidermal cell suspensions far exceeding those in the
dermal cell suspensions, it was possible that melanocytes from the dermis were more
proliferative than those from epidermis, and the cell number discrepancy was due to
competition for nutrients with fast growing fibroblasts. Therefore, epidermal and dermal cell
suspensions were cultured in Medium 254 with HMGS for 14 days and stained for
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immunocytochemistry highlighting MART-1, Ki67 and CD90 before being imaged using the
Operetta High Content Imaging System and quantified using Columbus software as in Figure
3.8 (Methods Development).
Melanocyte outgrowth from the epidermis appeared much more efficient than the dermis, as
determined by the MART-1 staining (Figure 7.3A). CD90 was also highly expressed in dermal
cultures compared with epidermal. Quantification showed a significantly higher proportion of
melanocytes expressing Ki67 in epidermal cultures compared with dermal cultures (Figure
7.3B).
These findings demonstrate that Medium 254 with HMGS is able to drive melanocyte
proliferation in vitro. Additionally, the epidermis is a greater source of proliferative
melanocytes than the dermis. Together, these data suggest that epidermal cell suspensions
should be seeded into Medium 254 with HMGS to culture melanocytes in future experiments.
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Figure 7.1 Melanocytes cultured from epidermal but not dermal digests.
Epidermal (top row) and dermal (bottom row) cell suspensions were seeded into culture flasks in
Medium 254 with HMGS and cultured for approximately 14 days. After approximately 14 days cells
were imaged using brightfield 10x objective (left column) before being removed and seeded into
chamber slides where they were processed for immunocytochemistry and stained with DAPI (blue),
MART-1 (green) and CD90 (magenta) (right column). Immunocytochemistry images were taken under
20x objective. Brightness and background were adjusted based on secondary only controls (n=4). Scale
bar = 50 µm.
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Figure 7.2 Melanocytes cultured to third passage from epidermal digests but not dermal.
Epidermal (left column) and dermal (right column) cell suspensions were seeded into culture flasks in
Medium 254 with HMGS and cultured until approximately 80% confluency. Images were taken under
brightfield using 10x objective before cells were removed and reseeded at a ratio of 1:4. This process
was repeated at passage 1 (top), passage 2 (middle) and passage 3 (bottom) when the experiment was
terminated (n=4).
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Figure 7.3 More proliferative melanocytes found in the epidermis than in the dermis.
Epidermal and dermal cell suspensions were seeded into culture plates in Medium 254 with HMGS
and cultured for approximately 14 days before being processed for immunocytochemistry. A)
Immunofluorescent staining of DAPI (blue), CD90 (grey), Ki67 (red), and MART-1 (green) from
epidermal (left) and dermal (right) cultures. Images were taken under 20x objective using the Operetta
High Content Imaging System. Brightness and background were adjusted based on secondary only
controls (n=3). B) Frequency of MART-1+ cells also expressing Ki67 from epidermal and dermal
cultures, as indicated. Quantification was completed using Columbus analytical software. Data shown
are means ± SEM. Statistical analysis was completed using an unpaired t-test (n=3). *p<0.05
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7.2

Melanocytes survive in and provide pigment to cultured full thickness skin

Due to the success of melanocyte culture from epidermal cell suspensions, I hypothesized that
the addition of melanocytes to our current protocols for full thickness skin culture would yield
full thickness pigmented skin. Therefore, I aimed to use our current full thickness skin culture
protocols, with the addition of epidermis derived melanocytes to develop full thickness,
pigmented in vitro skin.
Epidermal and dermal cell suspensions were thawed as described in Materials and Methods
2.4.1. The epidermal cell suspensions were split in half. One half was used for keratinocyte
culture in Green’s medium, and the other half seeded into Medium 254 with HMGS for
melanocyte culture. Once melanocytes had reached at least 50,000 cells per sample,
keratinocytes, fibroblasts and melanocytes were seeded onto de-epidermised acellular dermis
(DED) at a ratio of approximately 6:2:1, respectively. From here, full thickness skin growth
protocols were followed as described in Materials and Methods 2.4.4.
After a few days, it was clear that the skin containing melanocytes, had distinct pigmentation
to that of skin without melanocytes (data not shown). After two weeks at an ALI skin with
melanocytes had brown pigmentation, while skin lacking melanocytes remained pale
yellow/white (Figure 7.4). After two weeks culture, the skin was harvested for
immunohistochemistry and Fontana-Masson staining, to determine whether live melanocytes
were present, and whether pigmentation was associated with melanin production and transfer.
Figure 7.5A shows cells in the basal layer of the epidermis with intact nuclei expressing
MART-1 in laboratory grown skin with melanocytes (white arrows). In contrast, no cells
expressing MART-1 were present in laboratory grown skin without melanocytes (Figure 7.5A).
Furthermore, normal control skin shows similar expression patterns of MART-1 in the basal
layer of the epidermis (Figure 7.5B, white arrows), suggesting not only that live melanocytes
are present in pigmented laboratory grown skin, but they are also residing in a biologically
relevant location. Fontana-Masson staining confirmed that melanin was present in some
keratinocytes (white arrows) within pigmented laboratory grown skin, while melanin was
completely absent from laboratory grown skin without melanocytes (Figure 7.6). In addition,
the high presence of melanin in a few cells in the basal layer of the epidermis (brown arrows),
again, suggests the presence of functional melanocytes in a biologically relevant location in
pigmented laboratory grown skin.
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Together, these data indicate that melanocytes cultured from epidermal digests and
incorporated into full thickness skin culture protocols orientate themselves in a biologically
relevant manner, provide keratinocytes with melanin, and provide a cosmetically and
functionally distinct product from engineered skin lacking melanocytes.
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Figure 7.4 Melanocytes cause dark pigmentation in full thickness laboratory cultured skin.
Cryopreserved dermal and epidermal cell suspensions were used to expand keratinocytes, fibroblasts
and melanocytes for full thickness skin growth. Images show laboratory grown full thickness skin on
DED at air liquid interface in the absence (left image) or presence (right image) of melanocytes after
two weeks at air liquid interface. Black dotted line indicates the area that cells were initially seeded
(n=2).
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Figure 7.5 MART-1+ cells are present in the stratum basale of full thickness laboratory cultured
skin with melanocytes.
Cryopreserved dermal and epidermal cell suspensions were used to expand keratinocytes, fibroblasts
and melanocytes for full thickness skin growth before being harvested and processed for
immunohistochemistry. Sections were stained for DAPI, MART-1 and Pan-CK. A)
Immunohistochemistry staining of full thickness laboratory grown skin on DED with (bottom row and
insert) and without (top row and insert) the addition of melanocytes. B) Immunohistochemistry staining
of normal human skin. White arrows show presence of MART-1+ cells (n=2). Images taken under 20x
objective lens. Scale bars as indicated.
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Figure 7.6 Melanocytes transfer melanin to keratinocytes in full thickness in vitro skin.
Cryopreserved dermal and epidermal cell suspensions were used to expand keratinocytes, fibroblasts
and melanocytes for full thickness skin growth before being harvested and processed for FontanaMasson. Fontana-Masson (black) stains for melanin, while nuclear fast red counterstain (pink) stains
cell nuclei. Brightfield images showing laboratory grown full thickness skin on DED in the absence (left
image) and presence (right image) of melanocytes. Right insert: Brown arrows point to suspected
melanocytes and white arrows point to examples of keratinocytes with cytoplasmic melanin (n=2).
Images taken under 40x objective lens. Scale bar = 50 µm.
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7.3

Melanocytes incorporate into autologous human full thickness cultured skin

While cryopreserved epidermal and dermal digests are essential to research techniques in the
laboratory, a clinical protocol would take advantage of fresh skin samples. As I could culture
melanocyte containing skin from cryopreserved epidermal digests, I aimed to test this protocol
in a clinically relevant manner. Therefore, I sought to culture full thickness pigmented skin
using freshly isolated autologous keratinocytes, fibroblasts and melanocytes, as would be used
in for clinical application.
Skin samples were digested fresh, as described in Materials and Methods 2.2.2. Instead of
freezing cells, equal portions of the fresh epidermal cell suspension were seeded into Green’s
medium with Y27632 and Medium 254 supplemented with HMGS. The following day, the
same volume of fresh dermal cell suspension was seeded into a culture flask with DF10. All
three cell suspensions were cultured for 14 days and split when required. After 14 days culture,
excess flasks were processed for immunocytochemistry and stained for DAPI, CK14, CD90,
and MART-1.
Keratinocytes expressing CK14, fibroblasts expressing CD90 and melanocytes expressing
MART-1 were successfully obtained from all four donors in relatively pure cultures (Figure
7.7). This indicated that all three cell types required for pigmented bioengineered skin could
be obtained from an individual fresh skin sample.
Unstained cultures were removed from flasks and seeded onto DED as previously described
(Materials and Methods 2.4.4). Following this, skin was cultured for two weeks before being
snap frozen and processed for immunohistochemistry. Samples were stained for DAPI, PanCK, Vimentin and MART-1.
In DED samples, where melanocytes were added, MART-1 staining was observed near the
base of Pan-CK staining (Figure 7.8A). However, in control samples with no melanocytes, no
MART-1 staining was observed. This suggests the presence of live melanocytes in skin
samples where melanocytes are incorporated. Multiple layers of epidermis were observed and
resembled normal epidermal stratification. These observations suggest the addition of
melanocytes does not alter the process of epidermal stratification and the development of full
thickness skin.
However, a qualitative observation was made that fewer melanocytes were retained using
seeding of fresh skin digest compared with the cryopreserved skin cell suspension method.
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Indeed, no melanocytes were observed in bioengineered skin sections stained by FontanaMasson and no keratinocytes appeared to have melanin nuclear caps (Figure 7.9A). In
comparison, the normal skin control showed positive Fontana-Masson staining in the basal
layer of the epidermis (Figure 7.9B).
Together, these data suggest that, while some melanocytes are present in bioengineered skin
from fresh epidermal and dermal cell suspensions, further optimisation is required to increase
the number of viable melanocytes as well as increase their functionality in a protocol that
harnesses the proliferative capacity of fresh skin cell digests.
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Figure 7.7 Autologous keratinocytes, fibroblasts and melanocytes were cultured from fresh skin.
Fresh skin was obtained and processed for keratinocyte, fibroblast and melanocyte extraction. Resulting
cell suspensions were cultured for up to 14 days before being processed for immunocytochemistry and
stained using DAPI, CK14, CD90 and MART-1. Brightfield images (left column) show cell
morphology after 14 days culture and immunofluorescent images (right column) show cell marker
expression when cultured in Green’s medium (top row), DF10 (middle row) and Medium 254 with
HMGS (bottom row) (n=4). Images taken under 20x objective lens. Scale bar = 50 µm.
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Figure 7.8 Melanocytes survive in full thickness skin cultured on DED from fresh skin digest.
Fresh dermal and epidermal cell suspensions were used to expand keratinocytes, fibroblasts and
melanocytes for full thickness skin culture before being harvested and processed for
immunohistochemistry. Sections were stained for DAPI, MART-1 and Pan-CK. A)
Immunohistochemistry staining of full thickness laboratory cultured skin on DED with the addition of
melanocytes. Each row is an image representative of an individual donor. B) Immunohistochemistry
staining of full thickness laboratory cultured skin on DED without the addition of melanocytes. Inserts
for A) and B) show only DAPI, Pan-CK, and MART-1 staining (n=4). Images taken under 20x objective
lens. Scale bar = 50 µm.
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Figure 7.9 No melanocytes or melanin detected in bioengineered full thickness skin cultured from
fresh skin cell suspensions.
Fresh dermal and epidermal cell suspensions were used to expand keratinocytes, fibroblasts and
melanocytes for full thickness skin culture before being harvested and processed for Fontana-Masson.
Fontana-Masson (black) stains for melanin, while nuclear fast red counterstain (pink) stains cell nuclei.
A) Brightfield images showing laboratory cultured full thickness skin on DED in the absence (left
image) and presence (right image) of melanocytes. B) Normal human skin as a positive control for
Fontana-Masson stain. (n=4). Images taken under 40x objective lens. Scale bar = 50 µm.
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7.4

Melanocyte media supplementation

7.4.1 Melanocyte media supplementation: Melanocytes were not specifically quantified
using PrestoBlue
We have shown that it is possible to isolate melanocytes from epidermal digests and
incorporate them into protocols to develop pigmented bioengineered skin. However, the culture
time of melanocytes remains variable and too slow for rapid clinical application. Furthermore,
their survival and functionality when cultured from fresh skin required optimisation. Therefore,
I sought to identify media supplements to increase the survival and the rate of proliferation of
melanocytes. Stem cell factor (SCF) and endothelin-3 (ET-3) have both been used in varying
contexts of melanocyte culture18,157,158. Furthermore, SCF is known to be produced by
keratinocytes and is purported to regulate melanocyte survival and function in vivo. In addition,
cholera toxin and forskolin have both been shown to increase melanin production and alter
melanocyte proliferation in a dose dependent manner19,120,121,133. For example, high doses of
cholera toxin were suggested to increase melanin production but decrease proliferation, while
lower doses have been shown to increase proliferation. I hypothesized that a combination of
SCF, ET-3, cholera toxin and/or forskolin would increase melanocyte proliferation in two
dimensional cell culture.
First, melanocytes cultured from epidermal cell suspensions were added to each well of a 12well plate in a doubling dilution series, and PrestoBlue used to determine cell viability. Figure
7.10A shows the full range of cell numbers is effectively measured by PrestoBlue fluorescence
readout (r = 0.9926), while Figure 7.10B separates the lower cell number range points and,
again, shows that PrestoBlue readout effectively reflects cell number (r = 0.9876).
Following this, cryopreserved epidermal cell suspensions were cultured for up to two weeks in
Medium 254 supplemented with HMGS with the addition of SCF, ET-3, cholera toxin, Y27632
and forskolin before cell viability was measured using PrestoBlue. Figure 7.11A shows that all
supplements in all combinations consistently increased cell viability when compared with
Medium 254 and HMGS alone and SCF appeared to have the most profound increase in cell
viability compared with unsupplemented media. However, these were not homogenous
cultures and cell viability measurements were likely to be confounded by contaminating
keratinocytes or fibroblasts (Figure 7.11B, black arrow pointing to keratinocyte colony, brown
arrows pointing to melanocytes). These results suggest that media supplementation enhances
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cell viability; however more accurate methods were required to determine the effect of media
supplementation specifically on melanocyte proliferation.
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Figure 7.10 PrestoBlue fluorescence correlates with melanocyte cell number.
Epidermal cell suspensions were cultured in Medium 254 with supplement HMGS for 14 days.
Melanocytes were removed, counted and added to a 12-well plate in a doubling dilution series. Cells
were allowed to attach before media was removed and PrestoBlue added. After incubation, fluorescence
was measured using the EnVision plate reader. A) Full range of cell numbers assessed correlating with
fluorescent readout. B) Separation of lower range of cell numbers assessed correlating with fluorescent
readout. Data shown are means ± SEM (n=3).
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Figure 7.11. Media supplementation non-specifically increases cell viability.
Epidermal cell suspensions were seeded into Medium 254 with HMGS and the indicated supplements
and cultured for up to 14 days. Cultures were then imaged and processed for PrestoBlue cell viability
quantification. A) Cell viability ratio comparison of base media and supplemented media as indicated.
Each biological repeat was normalised to Medium 254 with HMGS but no additional supplementation
(dotted red line) and a ratio comparison calculated using GraphPad Prism. Data shown are means ±
SEM. Each dot in the scatter plot represents an individual donor value, which is the mean of technical
triplicates (n=3-6). B) Image of melanocyte culture showing contaminating keratinocyte colony (black
arrow) and melanocytes (brown arrows) (n=6).
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7.4.2 Melanocyte media supplementation: Quantification using high content imaging
To more accurately determine the effect of media supplementation on melanocyte proliferation
by excluding potential false positive signals from keratinocytes and fibroblasts, I used
immunocytochemistry. Ki67 expression was investigated within melanocytes cultured in
various media conditions. Images were taken using the Operetta High Content Imaging System
and analysed with Columbus Software (Figure 3.8, Methods Development) to quantify the
frequency and number of melanocytes expressing Ki67.
Melanocytes were cultured for up to 14 days in Medium 254 with supplement HMGS with the
addition of SCF, forskolin, Y27632, Cholera Toxin and ET-3, as indicated in each figure. All
cultures were then processed for immunocytochemistry and stained with DAPI, MART-1,
CD90, and Ki67. As shown in Figure 7.12, the total number of melanocytes in each culture
was variable, as determined by MART-1 expression. However, all supplement combinations,
other than those with the addition of forskolin, increased the number of melanocytes present in
culture above base medium on average (Figure 7.12). The addition of SCF only, or ET-3, ET3 with SCF, and ET-3 with cholera toxin caused the most pronounced increase in melanocyte
number.
For developing a pigmented full thickness skin growth protocol, purity of the culture is
advantageous in determining accurate melanocyte numbers for cell seeding. Therefore, culture
purity was assessed by determining the frequency of DAPI+ cells co-expressing MART-1.
Despite the increase in melanocyte number with supplementation compared with base media,
supplementation did not enhance melanocyte purity over base media (Figure 7.13A). This was
shown by significantly decreased proportion of MART-1+ cells in cultures supplemented with
with Y27632, Y27632 with SCF, and Forskolin with Y27632. This finding was supported by
the increased average number of fibroblasts in supplemented cultures (Figure 7.13B). The
number of keratinocytes may have also been increased; however, they were not specifically
measured.
The chosen supplements demonstrably increased the number of melanocytes in culture,
therefore I assessed the proliferation state of these melanocytes by determining the frequency
of MART-1+ cells co-expressing Ki67. Medium 254 with HMGS supplemented with Y27632,
cholera toxin and SCF, as well as Y27632, forskolin, and SCF had the highest proportion of
MART-1+ cells expressing Ki67, and these were significantly increased over Medium 254 with
HMGS alone (Figure 7.14). However, those with almost 100% of melanocytes expressing Ki67
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also had the lowest culture purity and overall had a low number of melanocytes in culture
(Figures 7.13 and 7.12, respectively).
Finally, the importance of the total number of proliferating melanocytes was highlighted.
Figure 7.15 shows increased numbers of melanocytes expressing Ki67 in media formulations
especially with SCF and ET-3. This suggests an overall higher number of proliferating
melanocytes and, therefore, a higher proliferative capacity of melanocytes when cultured with
SCF and/or ET-3. Importantly, this correlated with the increase in the number of melanocytes
in these culture conditions (Figure 7.12)
To determine the best supplement combination for melanocyte growth, the final number of
melanocytes, purity of culture, proliferation state of melanocytes, and the total number of
proliferating melanocytes were considered. For each measure, a percentile score was assigned
to each supplement combination, whereby the most effective supplement combination for that
measure would receive a score of 100 and the other supplement combinations would receive a
score reflective of its performance in comparison to the most effective (Table 7.1). For
example, assuming Supplement A was the most efficient, the equation below could be used to
calculate a percentile score for Supplement B.
𝑆𝑢𝑝𝑝𝑙𝑒𝑚𝑒𝑛𝑡 𝐵 𝑠𝑐𝑜𝑟𝑒 =

𝑆𝑢𝑝𝑝𝑙𝑒𝑚𝑒𝑛𝑡 𝐵 𝑣𝑎𝑙𝑢𝑒
× 100
𝑆𝑢𝑝𝑝𝑙𝑒𝑚𝑒𝑛𝑡 𝐴 𝑣𝑎𝑙𝑢𝑒

The scores each supplement received were then averaged and designated an overall percentile.
Figure 7.16 shows that ET-3 (brown bar) was the highest ranked supplement when melanocyte
number, culture purity, proliferation state, and number of proliferating melanocytes were
considered. Combinations of some of SCF, Y27632, ET-3, and cholera toxin were also superior
to unsupplemented media baseline (red dotted line), while all other combinations were either
equal to or below the unsupplemented media (Figure 7.16 and Table 7.1).
Taken together, these data suggest that ET-3 is the most efficient supplement in combination
with Medium 254 and HMGS to enhance primary human melanocyte culture.
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Figure 7.12 Media supplementation increases melanocyte number.
Epidermal cell suspensions were seeded into Medium 254 with HMGS and the indicated supplements
and cultured for up to 14 days. Cultures were then processed for immunocytochemistry and stained for
DAPI, MART-1, CD90 and Ki67 before being imaged using the Operetta High Content Imaging System
and analysed using Columbus software. Data represents the number of melanocytes in each condition
after 14 days culture as determined by the number of DAPI+MART-1+ cells. Dotted red line indicates
mean of Medium 254 with HMGS. All samples were measured in technical and biological triplicates
(n=3). Statistical analysis was completed using a one-way ANOVA with Dunnett’s test for multiple
comparisons. *p<0.05
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Figure 7.13 Media supplementation does not increase melanocyte culture purity.
Epidermal cell suspensions were seeded into Medium 254 with HMGS and the indicated supplements
and cultured for up to 14 days. Cultures were then processed for immunocytochemistry and stained for
DAPI, MART-1, CD90 and Ki67 before being imaged using the Operetta High Content Imaging System
and analysed using Columbus software. A) Melanocytes as a proportion of total cells in each culture
condition after 14 days as determined by the proportion of DAPI+MART-1+ cells of total DAPI+ cells.
B) Number of fibroblasts in each condition after 14 days culture as determined by the number of
DAPI+CD90+ cells. Dotted red line indicates mean of Medium 254 with HMGS. All samples were
measured in technical and biological triplicates (n=3). Statistical analysis was completed using a oneway ANOVA with Dunnett’s test for multiple comparisons. *p<0.05
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Figure 7.14 Media supplementation increases the proportion of proliferating melanocytes.
Epidermal cell suspensions were seeded into Medium 254 with HMGS and the indicated supplements
and cultured for up to 14 days. Cultures were then processed for immunocytochemistry and stained for
DAPI, MART-1, CD90 and Ki67 before being imaged using the Operetta High Content Imaging System
and analysed using Columbus software. Data represents proliferating melanocytes as a proportion of
total melanocytes in each condition after 14 days culture as determined by the proportion of
DAPI+MART-1+Ki67+ cells of total DAPI+MART-1+ cells. Dotted red line indicates mean of Medium
254 with HMGS. All samples were measured in technical and biological triplicates (n=3). Statistical
analysis was completed using a one-way ANOVA with Dunnett’s test for multiple comparisons.
*p<0.05
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Figure 7.15 Media supplementation increases the number of proliferating melanocytes.
Epidermal cell suspensions were seeded into Medium 254 with HMGS and the indicated supplements
and cultured for up to 14 days. Cultures were then processed for immunocytochemistry and stained for
DAPI, MART-1, CD90 and Ki67 before being imaged using the Operetta High Content Imaging System
and analysed using Columbus software. Graph represents the total number of proliferating melanocytes
in each condition after 14 days culture as determined by the number of DAPI+MART-1+Ki67+ cells.
Dotted red line indicates mean of Medium 254 with HMGS. All samples were measured in technical
and biological triplicates (n=3). Statistical analysis was completed using a one-way ANOVA with
Dunnett’s test for multiple comparisons. *p<0.05
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Table 7.1 Data input for determining optimal media supplementation combination.
Media Components

Melanocyte
Numbera

% Melanocytes
of total cellsa

% Proliferating
Melanocytesa

M254 + SCF FSKN Y27632 CTx ET-3
#
Percentile % Percentile % Percentile
HMGS
+
229
4.8
56.7
97.0
43.6
43.6
+
+
4734
100
34.1
58.4
27.8
27.8
+
+
20
0.4
44.3
75.8
81.1
81.1
+
+
1556
32.8
7.0
12.0
44.1
44.1
+
+
1353
28.5
36.4
62.3
37.3
37.3
+
+
+
19
0.4
41.2
70.6
54.9
54.9
+
+
+
410
8.6
4.3
7.5
57.5
57.5
+
+
+
720
15.2
41.3
70.7
25.0
25.0
+
+
+
1.3
0.02
1.0
1.7
100
100
+
+
+
847
17.8
10.4
17.9
85.3
85.3
+
+
+
+
1296
27.3
15.0
25.8
91.4
91.4
+
+
+
+
7.6
0.16
15.6
26.7
97.2
97.2
+
+
4521
95.5
58.4
100
48.6
48.6
+
+
+
3195
67.4
27.4
46.9
25.7
25.7
+
+
+
4084
86.2
39.7
68.0
35.3
35.3
+
+
+
+
579
12.2
17.9
30.72
24.0
24.0
a
All data shown are the pooled mean of three separate biological donors, completed in technical triplicate.
b

As used for Figure 7.16

Blue = Medium 254 + HMGS; Red = Below Medium 254 + HMGS; Green = Above Medium 254 + HMGS

Number of
Proliferating
Melanocytesa
#
Percentile
118
2098
23.5
1585
748
12
207
230
2
773
1815
8
3591
1417
2438
138

3.2
58.4
0.6
44.1
20.8
0.3
5.7
6.4
0.05
21.5
50.5
0.2
100
39.4
67.8
3.8

Overall
Percentile
Scoreb
Mean Final
37.1
61.1
39.5
33.2
37.2
31.5
19.8
29.3
25.4
35.6
48.7
31.0
86.0
44.9
64.3
17.7

43.2
71.0
45.9
38.6
43.3
36.7
23.0
34.1
29.5
41.4
56.7
36.1
100
52.1
74.8
20.6
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Figure 7.16 Endothelin-3 supplementation of Medium 254 with HMGS most effectively enhances
melanocyte culture.
All melanocyte growth conditions were assigned a percentile value for number of melanocytes, culture
purity, proportion of proliferating melanocytes, and number of proliferating melanocytes. Values for
each media condition were averaged and conditions were designated an overall percentile score. Red
dotted line indicates Medium 254 with HMGS with no additional supplements. Brown bar represents
the overall most effective supplement in supporting melanocyte growth (n=3).
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7.5

Melanocyte detection and isolation from the epidermis using flow cytometry

Two ways to obtain more melanocytes in a shorter space of time are to; 1) increase the rate of
proliferation, and; 2) increase the melanocyte seeding density. While I have shown that I can
increase the number of melanocytes in vitro using ET-3 and SCF, I sought to improve the
efficiency of melanocyte isolation to allow a larger number of cells isolated and, therefore,
seeded into culture. Current protocols use epidermal digest in a way that half is destined for
melanocyte culture and the other half for keratinocyte culture. Therefore, many of the
proliferative cells required in culture are wasted. Separation of melanocytes from keratinocytes
prior to seeding may allow development of a highly efficient protocol, whereby the smallest
possible skin sample could be used to produce full thickness, autologous pigmented skin.
Melanocytes are known to express CD117, the SCF receptor, on their cell surface158–160.
Therefore, I aimed to identify melanocyte populations in epidermal digests using cell surface
expression of CD117. Keratinocytes are known to express CD29 (Figure 6.1 and

161,162

),

therefore, this was included to further separate potential CD117 expressing populations.
Following dead cell (DAPI+) and immune cell (CD45+) exclusion, CD117+ cells were
identified in epidermal digests and was consistently observed across multiple donors (Figure
7.17A). Gates were selected based on fluorescence minus one controls (Figure 7.17B). This
data suggests identification of a melanocyte populations using flow cytometry. We next used
immunohistochemistry to confirm exclusive expression of CD117 in MART-1+ melanocytes.
However, CD117 expression was also present in the epidermis of normal skin and was not
exclusive to MART-1+ cells (Figure 7.18). This suggests that CD117 may also be expressed on
some keratinocytes, therefore is not specific enough to distinguish melanocytes from
keratinocytes using fluorescence activated cell sorting.
Due to the likelihood that keratinocytes also expressed CD117, I sought to determine a marker
to distinguish keratinocytes from other cells, including melanocytes, in epidermal cell
suspensions. In the epidermis, keratinocytes express CD318 (Figure 6.4), while CD318
expression on melanocytes is not documented. To determine whether melanocytes expressed
CD318, I first analysed CD318 and MART-1 expression profiles in normal skin using
immunohistochemistry. CD318 expression was observed in keratinocytes, while MART-1+
cells did not appear to express CD318 (Figure 7.19, white arrows), suggesting that CD318 may
be used to distinguish between CD117+ keratinocytes and CD117+ melanocytes by flow
cytometry.
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Next, cryopreserved epidermal cells were thawed and analysed for CD318 expression within
live CD45- cells. This showed clear separation of CD318+ and CD318- populations throughout
multiple donors (Figure 7.20A). CD318 gates were set based on fluorescence minus one
controls (Figure 7.20B).
Together, these data suggest that CD117 is expressed on some keratinocytes and melanocytes
and cannot be used to distinguish these cell populations. CD318, however, was expressed
exclusively on keratinocytes by immunohistochemistry and showed clear discrimination by
flow cytometry. Therefore, it may be used to sort keratinocytes from other epidermal cells
using fluorescence activated cell sorting.
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Figure 7.17 CD117+ cells detected in human epidermis.
Human epidermal cell suspensions were processed for flow cytometry. A) Gating strategy for
identification of potential melanocyte population. First, cells were selected based on cell size (FSC)
and granularity (SSC). Live cells were selected based on DAPI exclusion. CD45- cells were then
selected and analysed for expression of CD29 and CD117. B) CD117 and CD29 fluorescence minus
one controls. Gates were selected based on unstained controls and fluorescence minus one controls
(n=4).
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Figure 7.18 Keratinocytes and melanocytes express CD117.
Normal human skin was sectioned and processed for immunohistochemistry and stained for DAPI,
CD117 and MART-1. Left image is an overlay of all markers while top right shows only MART-1
expression and bottom right shows only CD117 expression. White arrows indicate cells with positive
MART-1 staining (n=3). Images were taken under 40x objective. Scale bar = 50 µm.
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Figure 7.19 Keratinocytes exclusively express CD318.
Normal human skin was sectioned and processed for immunohistochemistry and stained for DAPI,
MART-1 and CD318. The left image is a full insert of the field of view. Top left insert: full stain overlay
image. Top right insert: DAPI only. Bottom left insert: CD318 staining only. Bottom right insert:
MART-1 staining only. White arrows indicate MART-1+ cells (n=3). Images were taken under 40x
objective. Scale bar = 50 µm in far-left image and 20 µm in all inserts.
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Figure 7.20 Distinct CD318+ and CD318- populations within epidermal cell suspensions.
Human epidermal cell suspensions were processed for flow cytometry. A) First, events were selected
based on size (FSC) and granularity (SSC). Live cells were selected based on DAPI exclusion. CD45cells were then selected and analysed for expression of CD318. B) CD318 fluorescence minus one
control. Gates were selected based on unstained controls and fluorescence minus one controls (n=4).
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7.6

Fluorescence activated cell sorting of melanocytes and keratinocytes

Given

the

clear

distinction

between

melanocytes

and

keratinocytes

using

immunohistochemistry, I hypothesized that fluorescence activated cell sorting based on CD318
discrimination could distinguish between keratinocytes and melanocytes. Therefore, I selected
for live CD45-CD318+/- cells within epidermal digests and seeded both positive and negative
populations at 20000 cells/cm2 into culture plates in Green’ medium with Y27632 or Medium
254 with HMGS and SCF for keratinocyte and melanocyte culture, respectively (Figure 7.21).
SCF was used in place of ET-3 as keratinocytes were to be removed from melanocyte culture,
therefore no cellular source of SCF was available. Cells were cultured for at least seven days
before being stained for immunocytochemistry, imaged using the Operetta High Content
Imaging System, and quantified using Columbus software.
Cell populations were largely undefined and distinct subsets were difficult to distinguish due
to high cell numbers required for sorting. CD318 discrimination was especially poor in
comparison to Figure 7.20. However, unstained controls were used to set gates for CD318+ and
CD318- sorts following size, doublet, live cell, and non-immune cell discrimination as shown
in Figure 7.21. Approximately 90% of non-immune cells were within the CD318- population
while approximately 6% were present in the CD318+ population. Post sort-analysis showed
only 2.8% of parent present in CD318+ gate from the CD318- sorted population (Figure 7.22).
However, from the CD318+ sorted population, only 60.2% of cells remained in the CD318+
gate post-sort, suggesting some contamination from CD318- population.
After seven days culture, it was clear that CD318+ sorted cells cultured in Green’s medium
were rapidly expanding and resembled keratinocytes. This was confirmed by CK14 staining in
immunocytochemistry (Figure 7.23A). However, there appeared to be only a small number of
melanocytes present in both CD318+ and CD318- cultures in both Green’s medium with
Y27632 and Medium 254 + HMGS + SCF. These observations were confirmed by
quantification, showing that more keratinocytes were present in CD318+ cultures than CD318cultures in Green’s medium with Y27632 (Figure 7.23B). Our observations that very few
melanocytes were present in CD318+ or CD318- populations irrespective of culture conditions
were also confirmed.
These results suggest that distinguishing melanocytes from keratinocytes using only CD318+
in flow cytometry is not effective. This was reflected by poor quality post sort purity for the
CD318+ population, which may explain the presence of melanocytes in the CD318+ population.
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In summary, a more efficient isolation technique would be valuable for maximising
keratinocyte and melanocyte yield from epidermal single cell suspension. However, more
delineation of cell populations and optimisation of this technique is required for effective
discrimination between of these cells using fluorescence activated cell sorting.
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Figure 7.21 Keratinocyte and melanocyte discrimination gating strategy and schematic for cell
sorting.
Human epidermal cell suspensions were processed for fluorescence activated cell sorting. First, events
were selected based on size (FSC) and granularity (SSC). Doublets were then excluded before live cells
were selected based on DAPI exclusion. CD45- cells were then selected and sorted using CD318
discrimination. CD318 positive and negative populations were used for post-sort analysis before being
seeded into Medium 254 + HMGS for melanocyte culture, or Green’s medium with Y27632 for
keratinocyte culture. Gates were selected based on unstained controls and fluorescence minus one
controls (n=3).
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Figure 7.22 CD318 negative but not positive cells retain purity post-sort.
Human epidermal cell suspensions were processed for fluorescence activated cell sorting. First, events
were selected based on size (FSC) and granularity (SSC). Doublets were then excluded before live cells
were selected based on DAPI exclusion. CD45- cells were then selected and sorted using CD318
discrimination. CD318 positive and negative populations returned for analysis directly prior to seeding
into culture medium. Gates were selected based on unstained controls and fluorescence minus one
controls (n=3).
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Figure 7.23 CD318 sorting does not separate keratinocytes from melanocytes.
Human epidermal cell suspensions were processed for fluorescence activated cell sorting. Both CD318
positive and negative populations were seeded into Green’s medium with Y27632 and Medium 254
with HMGS and SCF. Cells were cultured for 10 days before being processed for ICC, imaged using
the Operetta High Content Imaging System and quantified using Columbus software. A) ICC images
from CD318 positive (left images) and negative (right images) cells cultured in Green’s medium with
Y27632 (top row) or Medium 254 with HMGS and SCF (bottom row) for 10 days. B) Quantification
of the number of CK14+ cells and MART-1+ cells in each of the indicated culture conditions (n=2).
Scale bar = 100 µm.
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7.7

Discussion

We sought to incorporate autologous melanocytes into our full thickness skin culture model.
This required extraction of melanocytes from human skin cell suspensions, as well as efficient
expansion in culture to obtain the required cell numbers. Once melanocytes were obtained they
were incorporated into the full thickness skin culture protocol and allowed to self-assemble as
with the keratinocytes and fibroblasts. We showed that the melanocytes not only survived, but
they were also functional in this context. In addition, novel melanocyte quantification
techniques were developed, which allowed optimisation of melanocyte culture media. Finally,
isolation of melanocytes from epidermal digest using CD318 discrimination requires
optimisation. Together, these findings show that melanocytes can be cultured in full thickness
skin models; however, use with PLGA and downstream integration into clinical application
requires optimisation.

7.7.1 Melanocyte culture and isolation
The first step in developing protocols for pigmented laboratory grown skin was extraction and
culture of autologous melanocytes. Melanocytes were isolated from human skin cell
suspensions and their survival and proliferation was supported using the commercially
available media; Medium 254 supplemented with Human Melanocyte Growth Supplement
(HMGS). It is well known that melanocytes reside both in the dermal region of hair follicles
and the interfollicular epidermis 11,12. Most of this work, however, has been completed on mice,
which are distinct from humans in terms of their skin homeostasis, regeneration and,
importantly, pigmentation and melanocyte location. We showed that the human epidermis
yielded melanocytes in sufficient numbers and with the proliferative capacity for potential use
in a protocol with downstream clinical applicability. This was demonstrated by the ability of
epidermal melanocytes to be consistently cultured up to third passage, while melanocytes
derived from the dermis were quickly overgrown by fibroblasts. In addition, a significantly
higher proportion of epidermal melanocytes expressed Ki67 than dermal melanocytes. A
simple explanation for this is that the technique of epidermal separation from the dermis uplifts
follicular melanocytes resulting in melanocyte precursors within the epidermal population. In
support of this, thermolysin reportedly uplifts the follicular epidermis, where the hair follicle
bulge exists163. However, it is likely that many melanocyte precursors would remain in the
dermal portion and this does not explain the low level of Ki67 staining in dermal melanocytes.
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It may be possible that the dermal portion of melanocytes are the slowly dividing stem cell
population. In this case, further delineation of whole skin digest melanocytes compared with
epidermal and dermal populations is required. An appealing avenue to do so is through single
cell sequencing and categorisation of cell populations based on known genetic markers of
precursor populations. An alternative explanation may be that human interfollicular epidermis
melanocytes can self-maintain. Indeed, Glover et al. showed that glabrous murine skin
maintains melanocyte populations independent of appendages164. Moreover, they showed that
actively cycling differentiated melanocytes are present in post-natal skin, suggesting that
appendage derived melanocyte precursors may not be essential for melanocyte maintenance
and homeostasis. This evidence, in support of our findings, suggests that large scale melanocyte
expansion remains possible by harnessing the proliferative capacity of human interfollicular
melanocytes.
To achieve melanocyte expansion at a higher rate, I sought to improve the melanocyte culture
media for more targeted melanocyte proliferation. Supplementation using a combination of
SCF, forskolin, Y27632, cholera toxin, and ET-3 increased cell viability above Media 254 with
HMGS, alone. This was first displayed by increased cell viability readings using PrestoBlue,
which measures cell viability irrespective of cell type. However, these cultures were found to
be heterogeneous, therefore confounding the cell viability data. This was not surprising,
especially given the effect that Y27632 has on keratinocytes. SCF is the ligand for c-kit,
otherwise known as CD117. This receptor is highly expressed on melanocytes and is reported
to aid in melanocyte proliferation and migration. Keratinocytes also produce SCF and are
purported to regulate the survival and functionality of melanocytes158–160. Therefore, it is
possible that co-culture with keratinocytes is advantageous to melanocyte culture and it is not
surprising that supplementation with SCF increased melanocyte proliferation. Contamination
of these cultures with keratinocytes, however, may have confounded our findings. For example,
if Y27632 increases the number of keratinocytes present in culture, this may, in turn increase
melanocyte proliferation due to a high concentration of keratinocyte derived SCF in the media.
However, our data and others have shown melanocyte proliferation is increased in the presence
of SCF as well as ET-318,158. The effects of forskolin and cholera toxin were less clear, however,
studies have shown increased melanin production as well as enhanced melanocyte proliferation
in the presence of both cholera toxin and forskolin. Both molecules increase levels of
intracellular cAMP, which is directly involved in cell division. However, as PrestoBlue is not
specific for melanocytes, nor were these cultures homogenous. Therefore, more specific
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techniques were required to determine the effect these supplements specifically have on
melanocytes.
To control for contaminating keratinocytes and fibroblasts, I developed novel techniques for
melanocyte quantification using immunocytochemistry in combination with high throughput
imaging and analytical platforms. These techniques revealed that SCF and ET-3 increased
melanocyte cell number in culture when compared with Medium 254 and HMGS alone. ET-3
also increased culture purity compared with basement media, suggesting that the increased
proliferation is not due to keratinocyte co-culture. Despite the increased number of
melanocytes, their proliferation state, as determined by Ki67 staining, in the presence of SCF
and ET-3 was similar to that of baseline media. Ki67 is expressed during all active states of the
cell cycle, therefore, it is a reliable marker of current proliferative state165. Surprisingly, high
melanocyte numbers did not correlate with a high proportion of melanocytes expressing Ki67
despite consistent cell seeding density. A simple explanation is that cultures may have reached
confluency and cells entered a senescent state. This phenomenon has been observed in
keratinocytes in vitro127. Therefore, harvesting of cultures prior to reaching confluency may
lead to a higher Ki67 expression profile. However, a higher total number of melanocytes
expressing Ki67 in media supplemented with SCF and ET-3 correlated with a high number of
melanocytes at the end of the culture period. Therefore, it is possible that supplementation with
SCF and ET-3 is simply promoting survival of melanocytes, meaning more cells are able to
proliferate in the first place irrespective of the proportion of proliferating melanocytes. Despite
the conflicting observations of high cell number and lower than expected proportion of
melanocytes expressing Ki67, SCF and ET-3 showed promise for melanocyte media
supplementation. This was visualised using a ranking system that considered melanocyte
number, culture purity, proportion of melanocytes expressing Ki67, and number of
melanocytes expressing Ki67. Because melanocyte numbers were higher, on average, in
cultures with SCF and ET-3, these supplements ranked the highest, despite culture purity not
being increased. Both SCF and ET-3 have been used in previous studies to enhance neonatal
foreskin derived melanocyte proliferation and to switch differentiated melanocytes into a
precursor-like state, restoring their proliferation potential18. However, to our knowledge, these
supplements have not been used in the context of adult melanocyte expansion for autologous
pigmented skin engineering. Furthermore, the ability of ET-3 to hold melanocytes in a
precursor-like state may be advantageous in developing pigmented cultured skin containing
melanocytes with longevity and high proliferative potential. This is supported by the high
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number of melanocytes expressing Ki67 at the end of the culture period. To conclude, it would
be advantageous to supplement melanocyte culture medium with ET-3 for the purpose of
developing bioengineered full thickness skin.

7.7.2 Addition of melanocytes to full thickness skin
Following successful isolation and culture of melanocytes, I sought to determine whether they
may provide full thickness skin with pigmentation. Indeed, I found that after two weeks,
melanocyte addition to full thickness skin resulted in formation of dark pigmentation when
compared with bioengineered skin lacking melanocytes. Importantly, melanocytes were
localised to the stratum basale. This suggests that the melanocytes may be able to selfassemble, at least from cryopreserved skin cell suspensions seeded onto DED. This was an
encouraging result given the observation from Figure 5.6 where melanocytes had not selfassembled. This may be due to a lack of dead cell debris from pre-expansion of cells prior to
seeding. Indeed, the propensity of melanocytes to adhere to the basement membrane is
illustrated by their expression of adhesion molecules and the production of SCF by
keratinocytes158,161,166.
Melanocytes in bioengineered skin also demonstrated the ability to transfer melanin to
keratinocytes in the stratum basale and stratum spinosum. This was important as it suggests the
melanocytes are functional and are providing melanin to keratinocytes in a manner that may
provide protection to UV radiation following transplantation. A good positive control for this
experiment, however, is difficult due to fluctuations in melanogenesis in response to external
stimuli. In future experiments it may be possible to section and stain the same donor for melanin
using Fontana-Masson staining. However, the bioengineered skin, which has largely been
cultured in the dark, may have lost melanogenic potential after almost three weeks in cell
culture without UV stimulation. The effect of UV radiation on melanin production is well
documented20, therefore, many days spent in the dark may revert melanocytes in bioengineered
skin back to a basal level of melanogenesis. In addition, the media cells are kept in may affect
levels of melanogenesis. Cholera toxin, for example, is known to enhance melanocyte
proliferation and drive melanogenesis120. Another experiment to determine melanocyte
functionality would be to expose bioengineered skin sections to UV radiation for a period of
time each day during cell culture. This would allow measurement of the number of melanocytes
as well as their melanogenic capacity compared with those left in the dark. These initial
findings were encouraging, despite the use of cryopreserved skin cell suspensions and DED
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only. Therefore, I sought to develop a clinically applicable protocol for pigmented full
thickness bioengineered skin.
We found that I could produce full thickness skin with melanocytes from the same small human
skin sample despite a lower than expected number of persisting melanocytes. We first showed
that melanocytes, keratinocytes and fibroblasts were efficiently expanded from a single piece
of skin in their respective growth media. Importantly, this means all three cell types could be
expanded from one piece of skin in a commercial production setting. Next these cells were
seeded onto DED as the first step in assessing the potential for pigmented bioengineered skin
culture using freshly isolated autologous keratinocytes, fibroblasts and melanocytes from adult
human skin. Melanocytes were present in the stratum basal of the epidermis in DED
Importantly, melanocytes added to DED had no apparent negative effect on epidermal
stratification. However, they were present in lower numbers than expected. This was confirmed
by Fontana-Masson staining where no melanocytes or melanin were detected. This is likely
due to a combination of donor variation and loss of cell viability during removal from flasks
and seeding into three-dimensional culture. Therefore, it would be advantageous to complete a
seeding density titration to determine the optimal ratio of keratinocytes, fibroblasts and
melanocytes to be seeded for bioengineered skin culture. An alternative explanation is that the
donors were of Caucasian background and had very white skin. This would cause limited
melanin to be detected ex vivo, which may be conserved in a bioengineered skin product
originating from autologous keratinocytes, fibroblasts and melanocytes. However,
pigmentation is not determined by the number of melanocytes, but the level of melanogenesis
and source of fibroblasts80. In conclusion, despite encouraging observations of functional
melanocytes in bioengineered skin, optimisation of isolation and incorporation of melanocytes
into full thickness bioengineered skin is required. Inclusion of ET-3 in culture media may be
an avenue to do so.

7.7.3 Melanocyte identification, sorting and culture
Isolation of melanocytes and keratinocytes by dividing skin in half is inefficient at best. To
develop more streamlined isolation techniques with little wastage, I sought to determine
markers specific for melanocytes and separate them using fluorescence activated cell sorting.
First, I identified a population of epidermal cells that were CD117+. Melanocytes are known to
express CD117, the SCF receptor, while keratinocytes are known to express high levels of
CD29. Therefore, I hypothesized that this population was melanocytes. However, upon
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immunohistochemical staining, I found that some keratinocytes also expressed CD117. This
was an unexpected observation given that Grichnik et al. reported that CD117+ cells in the
epidermis did not express markers of keratinocytes159,160. While our investigation did not
include keratinocyte specific markers, the CD117 staining pattern was present in the stratum
basale as well as the stratum spinosum and was not exclusive to MART-1 expression. Therefore
CD117+MART-1- cells were most likely keratinocytes. The observed staining pattern may be
explained by non-specific detection of an epitope with similar sequence homology. While there
is no direct evidence of this, it remains a possibility. Future experiments are required to sort
and culture CD117+ cells or analyse their co-expression of tyrosinase to determine whether it
is a bona fide population of melanocytes.
While keratinocyte expression of CD117 is not consistent with published literature, it is still a
possibility due to our higher sensitivity of detection techniques. For example, Grichnik et al.
initially used immunoperoxidase staining to determine the localisation of CD117 expression160.
They confirmed these observations with immunofluorescence, however, not all CD117
expressing cells co-expressed the melanocyte marker TRP-1. Their immunoperoxidase staining
highlighted expression of CD117 in the stratum basal of the interfollicular epidermis, the bulge
of the hair follicle and eccrine sweat glands. Importantly, these are all regions enriched for
undifferentiated keratinocytes36,37,47,144. These results are in accordance with our data showing
localisation of CD117 staining to the stratum basale and the stratum spinosum. Belleudi et al.,
on the other hand, used immunocytochemistry to demonstrate that CD117 was not expressed
on keratinocytes158. However, these were an established, transformed human keratinocyte cell
line, and expression may be restricted to undifferentiated keratinocytes in vivo. The
downstream targets of SCF are largely involved in cellular proliferation, migration and
survival167. Therefore, it may be possible to determine whether keratinocytes are responsive to
SCF by measuring their proliferation and migration with and without SCF, as previously
described with Y27632.
Localisation of CD117 expression remained inconclusive. However, CD318 had previously
been used to sort contaminating keratinocytes from dermal cell suspensions151,168. We showed
that

CD318

was

present

only

on

keratinocytes

within

the

epidermis

using

immunohistochemistry and showed clear discrimination between positive and negative
populations using flow cytometry. Therefore, I used CD318 to sort keratinocytes from
melanocytes and culture the sorted populations in Green’s medium with Y27632 and Medium
254 with SCF. However, CD318 positive and negative populations were difficult to
180

Chapter 7: Melanocyte isolation, culture and incorporation

discriminate during sorting. This may have been a result of spreading error due to increased
number of cells required for sorting. Despite poor discrimination, unstained controls were used
to set gates. We found that CD318+ sorted cells were highly enriched for keratinocytes while
CD318- had almost no live keratinocytes. However, melanocytes were present in both
populations. This result was reflective of poor post sort purity and the lack of discrimination
between positive and negative cell populations. It is possible that more melanocytes were
present in the CD318- population prior to culture but without the cell contact dependent signals
provided by keratinocytes, they were unable to proliferate despite the presence of SCF in
growth medium. A simple way to control for this is to quantify melanocytes directly after
sorting. This could be achieved by quantitative polymerase chain reaction (PCR) on a known
number of cells from each population measuring TRP-1. This may also suggest mechanisms
whereby keratinocytes provide signals, other than SCF, that are required for melanocyte
survival and proliferation. The interplay between melanocytes and keratinocytes seen here and
in other studies suggests that their interactions are mutually beneficial. Melanocytes provide
melanin to keratinocytes, while keratinocytes hold membrane bound SCF169, which promotes
melanocyte survival and proliferation.
While CD318 is still a useful marker of keratinocytes, it appears that further delineation is
required to distinguish between keratinocytes and melanocytes using flow cytometry. A multiparametric flow cytometry panel for analysis and sorting of keratinocytes, melanocytes and
fibroblasts from whole skin will be advantageous in depicting the dermo-epidermal interactions
and the cell populations involved. While identification of cell surface markers for these
populations has proved challenging, the advent of single cell sequencing is likely to be highly
informative in this space. Two elegant studies have already elucidated multiple distinct and
previously unknown populations of fibroblasts within the human dermis, identifiable by cell
surface markers that were informed by single cell sequencing31,153. Therefore, enrichment of
human dermal, epidermal, and appendage populations for single cell sequencing may allow
discovery of markers for epidermal and melanocyte stem cells that can be used to sort these
populations in future experiments.

7.7.4 Conclusion
Considerable progress has been made in the development of bioengineered full thickness skin
as a treatment for major burns. However, the majority of composite bioengineered skin
substitutes remain without pigment. We aimed to improve the functional and cosmetic
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properties of our bioengineered skin product by isolating, culturing, and incorporating
autologous melanocytes into full thickness skin growth protocols. While I were able to isolate
and culture melanocytes from adult human skin, the culture process remains too slow for
clinical application. Upon incorporation, melanocytes were shown to be functional but not
numerous. Finally, I attempted to counter for slow proliferation and low numbers by improving
melanocyte isolation. However, further optimisation of this technique is required. Overall, the
technology that is likely to progress this work the most is single cell sequencing. Identification
of human melanocyte stem cells will inform better culture techniques and identify markers for
more efficient isolation. This will allow rapid culture of melanocytes in conjunction with
keratinocytes and fibroblasts, leading to better survival in three-dimensional culture, and the
opportunity to improve the functional and cosmetic properties of bioengineered full thickness
skin.

182

Appendix

8

Overall discussion

The overall objective of this study was to build on the foundations laid by the host laboratory
research group by answering unresolved questions that could simplify clinical translation of
bioengineered skin and improving its cosmetic and functional properties. This may allow for
development of a permanent grafting solution for people with major burns causing significant
skin loss. I aimed to improve the way in vitro full thickness skin is produced by answering
unresolved questions surrounding skin digestion and keratinocyte expansion techniques,
replacing mouse feeder cells with autologous dermal feeder cells, investigating keratinocyte
behaviour in vitro, and incorporating melanocytes into a full thickness bioengineered skin
protocol. First, I developed novel techniques for expansion of keratinocytes from whole skin
digest using Y27632. This finding provided a significant advance in full thickness skin
production as it simplifies clinical translation and reduces cost of production. Second, I
proposed novel mechanisms by which Y27632 alters keratinocyte behaviour and phenotype.
We found that supplementation of Green’s medium with Y27632 increased the explorative
capacity of keratinocytes and allowed propagation of CK19- keratinocytes, while Green’s
medium alone exclusively expanded CK19+ keratinocytes. Finally, I aimed to develop methods
for pigmented full thickness skin production. Melanocytes were isolated and cultured from
adult human skin, and melanocyte culture media enhanced by supplementation with stem cell
factor or endothelin-3. Importantly, melanocyte self-assembled to the stratum basale of
bioengineered skin and provided pigment to keratinocytes. However, optimisation is required
prior to clinical translation of pigmented bioengineered skin. Overall, these findings
significantly contribute to the continued innovation of the well-established Upside
Biotechnologies Ltd product. For the patients, this denotes a better functional and cosmetic
outcome, leading to improved physical properties, reduced mental burden, and overall
increased quality of life.

8.1

Summary of results

Prior to in depth investigation of full thickness bioengineered skin, method development and
optimisation were required. We markedly improved techniques for measuring keratinocyte
confluency using the Operetta High Content Imaging System and developed this technology
for melanocyte and keratinocyte cell specific quantification. These first steps allowed further
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investigation and improvements to bioengineered full thickness skin with the overarching aim
of producing a better functional and cosmetic outcome for burns patients in mind.
We first investigated ROCK inhibition as a mechanism to enhance keratinocyte culture.
Y27632 profoundly increased proliferation of primary adult human keratinocyte cultures. This
finding shaped all subsequent experimental procedures. While Y27632, assisted in keratinocyte
culture in Green’s medium, it did not improve keratinocyte growth in serum and feeder free
media to a point that they were as effective as Green’s medium. Interestingly, supplementation
of Green’s medium with Y27632 increased the motility of keratinocytes as determined by
increased track straightness and displacement compared with Green’s medium alone. Y27632
was not able to replace the requirement for mouse embryonic fibroblasts as feeder cells for
optimal keratinocyte culture. However, I showed that autologous dermal digest assisted
keratinocyte outgrowth, which was enhanced by addition of Y27632. Previously, whole skin
digest could not be used for keratinocyte expansion due to fibroblast overgrowth. However,
Y27632 allowed keratinocyte outgrowth from whole skin digest. This is an important finding
as it reduces the labour and materials required for bioengineered skin growth as well as
increases the simplicity of production. Overall this marked development of an autologous,
rapid, bioengineered skin growth protocol.
Next, the phenotype of keratinocytes in vitro came into question. The location of keratinocyte
stem cells is unclear. However, I confirmed the presence of keratin 19+ cells, purported to be
keratinocyte stem cells, within the interfollicular epidermis and skin appendages. Importantly,
keratin 19+ keratinocytes were at the heart of our in vitro cultures. Proliferative keratinocytes
were enriched by CD29 discrimination using flow cytometry and I determined that Y27632
significantly altered the phenotype of keratinocytes in vitro. Of particular interest was the
observation that Y27632 enhanced proliferation of keratinocytes that do not express keratin 19,
while the number of keratinocytes that do express keratin 19 stayed the same. We also showed
that after only 24 hours, more keratinocytes were present in Green’s medium with Y27632
compared with Green’s medium alone. Interestingly, after 24 hours culture, a low proportion
of proliferating keratinocytes were keratin 19+ in both Green’s medium alone and when
supplemented with Y27632. However after seven days, almost all proliferating keratinocytes
were keratin 19+ in Green’s medium alone compared with only approximately 25% in the
presence of Y27632. This suggests that Y27632 is promoting survival and propagation of
keratin 19- keratinocytes. Importantly, removal of Y27632 prior to seeding of keratinocytes for
full thickness skin growth allowed differentiation and formation of a stratified epidermis.
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Finally, bioengineered full thickness pigmented skin was produced by the addition of
melanocytes to our full thickness skin culture protocol. Melanocytes were first extracted from
epidermal digest and cultured in commercially available medium. Their proliferation was
increased by supplementation of commercially available media with SCF or ET-3. This meant
I was able to obtain a larger number of melanocytes in a shorter time frame for extraction,
expansion and development of full thickness pigmented skin. However, when seeded from
fresh skin in a fully autologous manner, fewer melanocytes were retained in bioengineered skin
compared with when cultured from cryopreserved cell suspensions. We next used fluorescence
activated cell sorting in an attempt to streamline melanocyte and keratinocyte isolation from
epidermal single cell suspension, however this technique requires optimisation before it can be
practically applied.
Overall, I have improved the way bioengineered skin is produced by making the cell expansion
phase autologous and allowing keratinocyte outgrowth from whole skin digest through addition
of Y27632. We have also begun to understand keratinocyte stem cell behaviour in vitro and
shown that we can enrich for the most proliferative keratinocytes. Finally, we have shown it is
possible, in our hands, to culture pigmented full thickness skin. However, this requires
optimisation in terms of length of culture, survival of melanocytes and efficiency of isolation
before a clinically applicable protocol for pigmented bioengineered skin can be established.

8.2

Development of an efficient, clinically applicable protocol for producing
bioengineered full thickness skin

We first set out to simplify the clinical translation of bioengineered skin by addressing the
media and feeder cells required to culture keratinocytes. First, I investigated commercially
available chemically defined media with the aim of using media without the toxic components
of Green’s medium. However, I showed that Green’s medium was more effective at supporting
keratinocyte culture than commercially available keratinocyte growth media, especially with
the addition of Y27632. Other recently developed composite skin substitutes use a variation of
Green’s medium but, importantly, without the need for cholera toxin and without Y27632143,170.
However, their source of keratinocytes are adolescents. As previously demonstrated,
proliferative capacity declines with age65,81. Therefore, it is possible that keratinocytes derived
from adolescents, with a high proliferative capacity, will produce adequate progeny in an
acceptable time frame for full thickness skin growth, despite a lack of toxic medium
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components that are required for adult keratinocyte culture. The addition of Y27632, however,
may allow some components to be removed. Future optimisation demands analysis of the
components that make up Green’s medium to determine a minimalistic composition in the
presence of Y27632. Here, the primary aim would be to remove cholera toxin. Another
improvement worthy of consideration is the removal or reduction of serum. Reduction of serum
lowers cost of production, while removal abolishes the risk of serum derived disease
transmission. Reichmann et al. have shown it is possible to use only 2% serum, during the
submerged phase and 1% during most of the air-liquid interface compared with our 10%
throughout the production process. But, as previously mentioned, their work uses highly
proliferative “young” keratinocytes. If adult keratinocytes demand the presence of a high
content of serum, other courses of action may be necessary. This may include autologous
serum. Logistically, extracting sufficient serum from patients already with massive fluid loss
and trauma is difficult and may result in additional harm. NovoSorb by PolyNovo Biomaterials,
uses a commercially available keratinocyte growth media with supplementation including 5%
human serum171. Importantly, their work shows promising clinical results using these
protocols98. However, allogeneic serum only avoids zoonotic disease transmission, while the
risk of human disease transmission is still present. Development of a chemically defined serum
replacement is required to solve these issues. Further, analysis of Green’s medium in
combination with Y27632 may lead to development of a safer, more effective, and rapid
keratinocyte growth media for use in the clinic.
In addition to animal products and cholera toxin within Green’s media, keratinocyte outgrowth
has required use of irradiated mouse embryonic fibroblasts (NIH3T3). This is not ideal for
translation into clinical application as transplantation of a transformed mouse cell line into
human patients risks disease transmission and ethical issues. We hypothesized that Y27632
could allow for removal of feeder cells from keratinocyte culture. However, keratinocyte
proliferation with Y27632 but without feeder cells was still impaired compared with when
cultured in the presence of both feeder cells and Y27632. The requirement of side-by-side
culture with feeder cells may be due to dependency on cell-cell contact or deposition of ECM
by the feeder cells, as discussed in Chapter 5. If feeder cells are required, a fully autologous
co-culture system with dermal fibroblasts may provide a way around mouse feeder cell
necessity. Consistent with other reports, I showed that use of autologous feeder cells allowed
keratinocyte outgrowth113, especially in the presence of Y27632. This is a major step forward
in development of a clinical product as no xenogeneic cells are present and we have retained a
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rapid keratinocyte growth rate. We further showed that whole skin digest can be used in the
presence of Y27632 to culture keratinocytes. Previously in this co-culture context, fibroblasts
outcompeted keratinocytes in a number of days. However, with the addition of Y27632,
keratinocytes were able to proliferate at a much faster rate, while still using the cell-cell contact
and/or ECM deposition of fibroblasts within the culture to their advantage. This finding
provides an additional advance in bioengineering of full thickness skin as it reduces production
costs and work required. This novel protocol allows for rapid skin digestion, and direct seeding
of the whole skin single cell suspension into keratinocyte and fibroblast culture medium.
Importantly, this technique has been patented and is now a part of Upside Biotechnologies Ltd
bioengineered skin growth protocols.
Together, this marks an overall faster and safer protocol for skin growth. Use of Y27632
reduces production time by several days, while whole skin digest reduces the labour and
processing that go into production. While some animal products remain, such as serum, I have
removed the need for mouse embryonic fibroblasts as feeder cells. Deconstruction and
incremental re-capitulation of the components of Green’s medium in the presence of Y27632
may further reduce the requirement for serum and cholera toxin. Upon completion a faster,
safer method of full thickness skin culture, which is more applicable to clinical use, will be
available. This work provides further steps towards the production of fully autologous,
pigmented bioengineered skin.

8.3

The effect of Y27632 on keratinocytes in vitro

Y27632 had previously been shown to immortalise neonatal foreskin keratinocytes. This
caused increased proliferation as well as the ability to serially cultivate keratinocytes with no
decrease in proliferative capacity over time108. Here, we have shown that Y27632 also increases
the rate of proliferation of adult keratinocytes. However, it is unlikely this is due to permanent
immortalisation. We show the ability of keratinocytes to terminally differentiate and form
stratified epidermis following the removal of Y27632 in the presence of an air-liquid interface.
This is supported by the induction of senescence following removal of Y27632 from two
dimensional culture122,127. McMullan et al. 2003 showed that ROCK inhibition prevents
keratinocyte differentiation. We hypothesized that Y27632 was retaining a stem-cell phenotype
within keratinocytes. In contrast, the proportion of keratin 19+ cells in cultures supplemented
with Y27632 was significantly decreased compared with only Green’s medium, while the
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number of keratinocyte keratin 19+ cells remained unchanged. Therefore, while Y27632 may
be preventing terminal differentiation, it is not driving keratin 19+ cell specific proliferation
these cells. Earlier, I showed that keratinocyte colony formation and cell-cell attachment was
decreased in the presence of Y27632 as determined by increased track straightness and overall
displacement during live cell imaging. In addition, multiple reports showed that Y27632
prevents anoikis in adult stem cell populations allowing long term culture of organoids from
various human tissues64,149,150,172. Therefore, I hypothesized that Y27632 was preventing
anoikis in keratin 19+ cells. However, I found that the number of keratin 19+ cells in culture
after 24 hours was not increased in cultures supplemented with Y27632. Furthermore, the
keratin 19+ cells in culture were expressing a proliferative phenotype, as determined by Ki67
expression, therefore prevention of keratin 19+ cell specific anoikis is an unlikely explanation.
Y27632 is an inhibitor of Rho-associated coiled coil forming protein serine/threonine kinases
(ROCK)173. ROCK are involved in multiple aspects of cell motility including contraction,
migration and outgrowth. More specifically, ROCK control actin cytoskeleton assembly,
which contributes toward many processes within cells, including differentiation123,124. In
addition, ROCK has been shown to regulate the integrity of tight and adherens junctions. This
may explain the observation that Y27632 reduced colony formation. Indeed, Y27632 has been
shown to increase permeability in intestinal epithelial cells174. However, this does not explain
the effect Y27632 has on keratinocyte proliferation. Connelly et al., showed that keratinocyte
differentiation can be induced through actin cytoskeletal mediated mechanisms147. In addition,
there is a large body of evidence linking keratinocyte fate to actin signalling175–179. Roshan et
al. have suggested a simple mechanism, which supports these observations, whereby
keratinocytes have interconvertible modes of proliferation: a balanced mode, expanding mode,
and terminally differentiated mode127. This was elegantly displayed through live cell imaging
and scratch wound assays, which concluded that Y27632 prevents keratinocyte differentiation
and retains an expanding mode of proliferation.
However, their model does not fully explain, nor does it discount the observation of a high
proportion of slowly dividing stem cells and an absence of other keratinocytes present in
Green’s medium without Y27632. A simple explanation is that Y27632 allows the survival and
proliferation of early transit amplifying cells, which I postulate to be CD318+CK19-, while
Green’s medium alone only supports the survival of keratin 19+ cells. This hypothesis does not
exclude the possibility that Y27632 prevents keratinocyte differentiation. These may be early
transit amplifying cells that do not terminally differentiate until Y27632 is removed. Therefore,
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I propose the hypothesis that Y27632 holds keratinocytes in an early transit amplifying cell
state, allowing a high proliferative capacity and rapid cell culture. This strongly supports the
expanding mode hypothesis, whereby expanding cells are distinct from keratinocyte stem cells,
which are in a balanced state of proliferation. It also suggests a mechanism whereby
asymmetrical and symmetrical division are allowed, resulting in rapid differentiation or
proliferation in a context dependent manner. This further agrees and adds to the long-standing
paradigm of long lived slowly dividing adult keratinocyte stem cells, which provide a pool of
highly proliferative transit amplifying cells. These transit amplifying cells rapidly proliferate
or terminally differentiate and form the protective stratified epidermis. Therefore, in vivo, the
function and interplay of these cell populations is essential to and may be dependent on the
current state of epidermal maintenance or repair.
In the context of regenerative medicine, it is likely that deposition of highly pure KSC and
early transit amplifying cell populations will lead to a more consistent product. This is not a
novel idea, as Nanba et al. have proposed previously178. Seeding of these cells without a large
number of dead or terminally differentiated cells allows for rapid formation of a basal layer of
keratinocytes on the PLGA scaffold. However, for fully functional epidermis, keratinocyte
differentiation is required. Chapman et al. showed that the removal of Y27632 allowed cellular
senescence to ensue122. In accordance with this finding, Roshan et al. showed that Y27632
removal from culture allowed cells to enter a balanced state of proliferation upon reaching
confluency127. Importantly, I show that removal of Y27632 after two-dimensional keratinocyte
expansion prior to seeding into three dimensional cultures with air-liquid interface leads to
differentiation and formation of a stratified epidermis. This finding agrees with those of
Chapman and Roshan and discounts the possibility of permanent immortalisation, in this case.
Y27632 has been reported to conditionally immortalise keratinocytes108. However, this may be
an artefact of long term culture in the presence of Y27632 and the source of cells being highly
proliferative neonatal foreskin cells. Therefore, in full thickness skin production applications
it will be important to consider the source of cells and length of culture with Y27632.
Together, these data provide insight into the nature of the cells used for full thickness skin
growth. Y27632 additionally reduces production time for bioengineered full thickness skin
with the confidence that keratin 19+ cells are retained, and normal keratinocyte function is
restored.
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8.4

Development of pigmented bioengineered full thickness skin

After improving keratinocyte culture rate, replacing mouse feeder cells with autologous culture
methods, and furthering our understanding of how Y27632 affects keratinocytes, I sought to
introduce pigmentation to bioengineered full thickness skin. This would provide a better
cosmetic outcome for the graft as well as provide protection from ultraviolet radiation.
Melanocytes were isolated and cultured from human epidermal cell suspensions. Furthermore,
melanocyte culture rate was increased by supplementation with SCF and ET-3. Biedermann et
al. used similar methods for melanocyte outgrowth without the requirement for SCF or ET-380.
However, their source of melanocytes was adolescent foreskins, which are known to be more
proliferative. Use of SCF and ET-3 in expansion of adult human melanocytes may be
incorporated into clinical production protocols. SCF is present on the surface of keratinocytes,
therefore it may not actually improve melanocyte survival or proliferation in three-dimensional
culture14,166. However, increased concentrations may lead to enhanced melanogenesis and
darker pigmented skin. ET-3, on the other hand, has been shown to drive melanocytes toward
a precursor state18. This may be valuable for incorporation into three-dimensional culture due
to the ability of melanocyte precursors to maintain adult melanocyte populations22. However,
transplantation of highly proliferative melanocytes requires assessment of their potential to
transformation. Supplementation of commercially available melanocyte media has allowed
more rapid and effective culture of melanocytes. While proliferation remains too slow for
clinical application at this stage, further identification of melanocyte specific mitogens in
addition to more efficient isolation, and enrichment for human melanocyte stem cells may
provide a means to expedite melanocyte culture.
Incorporating melanocytes cultured from cryopreserved epidermal digest into full thickness
skin yielded pigmented full thickness skin. The obvious pigmentation did not align with what
I expected from the small number of melanocytes that survived in the basal layer of the
epidermis. It is possible some of the observed pigmentation is due to melanin in the stratum
corneum, as observed by Fontana-Masson staining. The source of this melanin is not confirmed
however it may be dead melanocytes that have progressed to the stratum corneum. As we do
not remove excess stratum corneum from our skin samples, it is possible these remain in the
stratum corneum and are not sloughed off over time. A more likely explanation, however, is
the provision of pigmentation by live melanocytes. Pigmentation is not dependent on the
number of melanocytes but the amount of eumelanin production12. Furthermore, cholera toxin
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is present in Green’s medium and is known to enhance melanogenesis180. Encouragingly, I
confirmed the presence of melanin in keratinocytes by Fontana-Masson staining. This indicates
that the surviving melanocytes are functional and transferring melanin to keratinocytes.
Next, I used the same concept but attempted a method with greater clinical applicability. One
piece of skin was processed for dermo-epidermal separation. Then the epidermis was divided
in half, each of which was designated to melanocyte or keratinocyte culture. Once adequate
cell numbers were reached, these cells were seeded onto DED for pigmented full thickness skin
growth. While melanocytes were present, they were in lower numbers than expected. We
postulated that fresh skin cell suspensions would have a greater yield than cryopreserved skin
cell suspensions, but this was clearly not the case in this instance. This may have been due to
donor variation, rather than using fresh compared with cryopreserved cell samples. SCF or ET3 may be added to improve the yield of surviving melanocytes in future experiments. However,
keratinocytes also produce SCF, therefore supplementation with SCF may not be effective in
promoting melanocyte growth due to prior saturation. Keratinocyte growth factor (KGF) has
been shown to increase the production of SCF by melanocytes as well as enhance keratinocyte
culture158. Therefore, supplementation with KGF may enhance skin culture through
keratinocyte and melanocyte survival and proliferation. We also showed that ET-3 enhances
two-dimensional melanocyte culture. It has also been shown to drive reprogramming of
melanocytes toward a melanoblast phenotype18. This may be advantageous in the initial stages
of establishing culture, but caution is required in long term culture due to potential
hyperproliferation and transformation of melanocytes. Despite the presence of melanocytes in
a more clinically applicable protocol, further optimisation is required to obtain more
melanocytes in bioengineered full thickness skin.
A straightforward way to obtain more surviving melanocytes in three-dimensional culture is to
increase the number of melanocytes seeded. However, this requires a higher number of
melanocytes to be extracted from the donated skin. We hypothesized that the combination of
improved media with more efficient isolation would counter for slow proliferation. CD318
showed promise as a marker to separate melanocytes from keratinocytes. However,
melanocytes were present in both CD318 positive and negative sorted populations and showed
little proliferative potential in either culture, as discussed in Chapter 7.
From these results, it was clear that further delineation is required to separate melanocytes from
keratinocytes. This provides an opportunity to explore melanocyte stem cell populations and
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potentially identify new cell surface markers for their identification and enrichment from
human skin. Melanocyte stem cells are widely regarded to exist in the hair follicle of mice22,23.
However, data regarding human melanocyte stem cell populations is scarce. Some reports have
suggested long term self-renewal of interfollicular epidermal melanocytes; however, Li et al.
provided evidence of dermal cells responsible for maintaining epidermal melanocyte
populations24. We showed that melanocytes within the epidermis had a higher proliferative
capacity than dermal melanocytes. However, this was measured by Ki67 staining in cultures
largely overridden with fibroblasts. Therefore, in an analogous way to keratinocytes, it is
possible that proliferation state may be downregulated within cultures close to confluence. An
alternative explanation is that melanocyte stem cells from the dermis may not be captured by
our detection methods. Nishimura et al. showed that melanoblasts in human hair follicles, as
determined by MITF expression, were far smaller than differentiated melanocytes and were
not pigmented22. Therefore, it is feasible to suggest that melanocyte precursors in epidermal
and dermal single cell suspensions are also phenotypically distinct. However, clues to
identification may be provided by their response to certain stimuli. For example, our data
demonstrated that ET-3 enhances melanocyte proliferation, while others show that it drives a
melanoblast phenotype in combination with SCF18. Therefore, identifying melanocyte
populations that express the ET-3 receptor, EDNRB, may provide a way to enrich for the
melanocyte precursors that have the highest proliferative capacity. Indeed, Rabbani et al. and
Makoto et al. elegantly demonstrated the importance of EdnrB and Wnt/β-catenin signalling in
regeneration of murine melanocytes181,182. Importantly, these findings may be used in
combination with single cell sequencing to identify novel cell surface markers for downstream
identification, sorting and enrichment of melanocyte stem cells from human skin31,153.
These isolation and enrichment techniques become especially important when considering our
findings that whole skin single cell suspension can be used for keratinocyte outgrowth. Using
this technique, I reduced the skin sample processing time. Following melanocyte stem cell
marker identification, magnetic cell separation may be used to extract melanocytes prior to
seeding of whole skin digest. Using this technique would ensure that no melanocyte stem cells
are overlooked during the process of dermo-epidermal separation. This would allow rapid
culture of keratinocytes, fibroblasts and melanocytes with the shortest possible production time
for full thickness bioengineered skin. Without a preceding isolation technique, fibroblasts and
keratinocytes would outcompete melanocytes leading to production of hypopigmented
bioengineered skin.
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Location of skin donation is an important consideration. Beidermann et al. showed that the
location of dermal fibroblasts is more important for the downstream bioengineered skin colour
than melanocytes80. This has implications for clinical application as well as demonstrating the
power of dermo-epidermal communication. Our clinical protocol involves only the
incorporation of autologous cells. Therefore, the final product is likely to resemble the colour
of the original donor site. Speed of culture remains an issue and until this is resolved it will be
a significant hurdle to getting pigmented bioengineered skin for adults into the clinic. A
combination of better isolation techniques, obtaining the most proliferative melanocytes, and
harnessing their proliferative potential through media supplementation will be required to
overcome this limitation. Until then, a protocol as shown in Figure 8.1 remains a work in
progress.
Development of melanoma also remains a primary concern. This is especially worth
consideration due to the requirement to drive melanocyte proliferation and the link between
melanocyte stem cells and progression to melanoma183. Therefore, careful regulation,
phenotyping and karyotyping of melanocytes prior to transplantation will be required.
Conversely, this may provide an opportunity to develop a three-dimensional in vitro model for
melanoma transformation to further understand the mechanisms of human melanocyte
progression to malignant melanoma.
Despite the requirement of significant optimisation, the growth of pigmented bioengineered
skin is an exciting opportunity to improve the functional and cosmetic outcome of skin grafting
for burns patients. Here, I document the first steps through isolation, culture and incorporation
of melanocytes into a robust full thickness skin bioengineering protocol.
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Figure 8.1 Schematic of contributions to bioengineered full thickness skin engineering protocol.
A) Original skin engineering protocol with indicated timeframe. B) Skin engineering protocol with
improvements and new indicated timeframe. Bold text indicates additions to protocol.
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8.5

Concluding remarks

People with severe full thickness burns require large amounts of skin for grafting and often
endure multiple rounds of grafting, as well as severe complications, such as infection. Too
often, these complications result in prolonged recovery time, significant physical and mental
burden, or even death. The world of regenerative medicine has mobilised, leading to production
of many successful dressings, skin substitutes and bioengineered skin products. Those that hold
the most promise for successful, permanent graft substitutes are composite, autologous skin
substitutes engineered on a biodegradable, biocompatible scaffold.
We aimed to address unresolved questions in bioengineered skin production including
manipulation of keratinocyte culture, increasing the safety of the product, and progressing its
functional and cosmetic properties. The graft production time was reduced while retaining the
keratinocytes ability to form stratified epidermis. This means reduced time from injury to graft,
decreasing the chance of further complications for the patient, such as infection, leading to
reduced hospital stays and reduced time in pain. We have also removed the requirement for
mouse feeder cells, therefore no xenogeneic cells will be transplanted, reducing the risk of
disease transmission and graft rejection. Finally, I have shown the ability to produce full
thickness pigmented skin from adult humans. This requires optimisation to reduce culture time
and increase melanocyte survival. However, this is the first step towards development of a
pigmented product for improving the protective abilities and aesthetic properties of the graft.
Together, these advances denote further improvements to a product that has the ability to
significantly reduce the physical and mental burdens that burn wounds impose on people.
However, further advances would be advantageous to simplification of clinical translation.
Firstly, development of fully autologous protocols. While serum can be used in clinical
products, its removal is advantageous to reduce the risk of disease transmission. Autologous
serum is not feasible; however, development of a chemically defined serum replacement is a
promising prospect. Second, deconstruction of Green’s medium to drive proliferation of
keratinocytes in the presence of Y27632 without the requirement for dangerous components,
such as cholera toxin, will be advantageous in moving this product forward to clinical
application.
Next, improving the growth and isolation of melanocytes is a critical step in moving towards
clinical application. This may be completed through identification of melanocyte stem cells.
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Furthering our understanding of the location and phenotype of these cells would allow more
targeted approaches to isolation and harnessing their proliferative potential.
Vascularisation of the dermis has potential to increase take of the graft and improve wound
healing. Indeed, dermo-epidermal skin grafts have been developed using collagen hydrogels
and have demonstrated formation of lymphatic and blood vessels with functional properties
when lymphatic and endothelial cells are incorporated184. Development and modification of
these methods for full thickness bioengineered skin on a synthetic scaffold is a challenging yet
promising pursuit.
Finally, the engineering of skin grafts that include appendages is the ultimate goal in
developing fully functional skin grafts. Sweat glands and hair follicles work in concert to
provide superior thermoregulation and maintenance of a homeostatic body temperature. While
their development and, maintenance, especially of hair follicles, has been well documented,
incorporation into bioengineered skin is a challenging concept. Hair follicle morphogenesis
relies on complex reciprocal signalling between epithelial and mesenchymal cells, which
ultimately relies on β-catenin signalling34. Despite this irreducible complexity, Lee et al. have
recently developed mouse skin organoids from pluripotent stem cells, which display normal
hair follicle and sebaceous gland morphogenesis185. This is a monumental first step towards
incorporation of hair follicle development into bioengineered full thickness skin.
Ultimately, a pigmented bioengineered skin product, developed on a biocompatible,
biodegradable, synthetic scaffold with fully functional epidermis, dermis, lymphatics,
vasculature, and appendages is an ambitious goal. This is especially the case when considering
the short timeframe and autologous nature of the graft required. However, unprecedented
progress toward fully functional bioengineered skin, as cited in this text, is being developed
worldwide. Collaboration between institutes may allow development of a fully functional
human skin product, yet. However, simpler products will prove to advance clinical treatment
of burns before then. Our humble contribution has been to improve the way full thickness
bioengineered skin is produced. We have enhanced the speed and safety of culture, furthered
our understanding of keratinocyte behaviour, and demonstrated the possibility of a pigmented
bioengineered skin product, cultured in an autologous manner from adult human skin donation.
In this light, I believe the biggest advantage of the work presented here is the reduction in
production time. This means a shorter time until wound closure, shorter stay in hospital, faster
recovery, and simplified clinical translation of the bioengineered skin product. These are
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fundamental advances toward production of a permanent, composite, autologous grafting
solution that will provide better functional and cosmetic properties, decreasing the physical and
mental burden for burns patients in the near future.
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Appendix
Supplementary Figure 1. Keratinocytes are less restricted to colony formation with Y27632.
Provided on compact disc for hard copy or supplementary file for electronic copy.
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Supplementary Figure 2. Bioengineered full thickness skin cultured from whole skin digest.
Whole skin single cell suspension was split in half and cultured in DF10 for fibroblast expansion and
Green’s medium with Y27632 for keratinocyte expansion. Keratinocytes and fibroblasts were then
seeded into PLGA and cultured for full thickness skin growth before being snap frozen and processed
for immunohistochemistry. Image shows DAPI staining in grey and pan-cytokeratin staining in green
(n=3). Images were taken under 20x objective. Scale bar = 50 µm.
Image property of Upside Biotechnologies Ltd.
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Supplementary Figure 3. Keratin 19 is expressed in the interfollicular epidermis and sweat
glands.
Frozen human skin sections were processed for immunohistochemistry and stained for DAPI (grey),
CD29 (green) and keratin 19 (red). A) Immunohistochemistry image of eccrine sweat gland. Inserts on
right individual CD29, keratin 19, and DAPI stains, respectively. B) Immunohistochemistry image of
eccrine sweat gland. Inserts on right individual CD29, keratin 19 (white arrows), and DAPI stains,
respectively. A) and B) images are from two separate skin donors and were taken under 20x objective.
Scale bar = 50 µm. n=3
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