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Abstract

Tissue engineered skin containing autologous fibroblasts and keratinocytes on
collagen-glycosaminoglycan (C-GAG) matrices are the preferred skin substitutes
for wound repair when loss of skin is extensive as in burns. A significant negative
outcome of wound healing is hypertrophic scarring (HTS), a dermal-
fibroproliferative disorder, that leads to considerable morbidity. Dermal
fibroblasts, the cells that mediate wound healing and HTS are heterogeneous;
they consist of superficial (SF), deep (DF) and hair follicle fibroblasts. Previous
studies have shown that DF maybe responsible for HTS. The goal of this project
was therefore to further characterize SF and DF, explore new targets for
treatment of HTS and develop tissue engineered skin with anti-scarring
properties, for use in patients with extensive skin loss.

Biochemical and biomechanical assessment of C-GAG matrices independently
seeded with SF or DF revealed differential matrix remodelling. Matrices with DF
were more contracted and stiffer and} had significantly higher osteopontin,
angiotensin-II, peroxisome-proliferator-activated receptor (PPAR)-a, and
significantly less tumor necrosis factor-a, PPAR-B/%/, PPAR-y, and the
proteoglycan, fibromodulin compared to matrices with SF. These targets could
potentially be used for treatment of HTS. Further, when SF or DF were
independently co-cultured with keratinocytes on matrices, the resulting
engineered skin with SF formed a continuous epidermis with increased epidermal

barrier function and higher levels of keratin-5 and E-cadherin, compared to that



with DF, which had an intermittent epidermis. Also, engineered skin with SF
formed better basement membrane with more laminin-5, nidogen, collagen
typeVIl, and the proteoglycan, perlecan, compared to that with DF. Furthermore,
assessment of epidermal effect on matrix remodelling by SF and DF revealed a
significant keratinocytes-mediated inhibition of matrix contraction, TGF-p1 and
collagen production, and myofibroblast-differentiation for DF and not for SF.
Also, co-culture of keratinocytes resulted in reduced gene expression of pro-
fibrotic, CTGF and fibronectin and increased expression of anti-fibrotic, MMP-1,
decorin and fibromodulin for DF and not SF. Taken together, the specific use of
SF in tissue engineered skin may be more beneficial than heterogeneous dermal
fibroblasts to promote adhesion of newly-formed skin and anti-fibrotic wound
healing, and promising for use in treatment of extensive skin loss and other

basement membrane disorders.
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Chapter 1

Introduction



1 Introduction

1.1 Skin

Skin, which is the largest organ of the body, plays a primary role in
protecting the body from mechanical damage such as wounding. It comprises of
epidermal, dermal and hypodermal layers (Fig.1.1). The barrier function of the
skin is provided by its avascular epidermal layer, which is composed mainly of
keratinocytes. The keratinocytes form a stratified epithelium, with proliferating
basal cells at the innermost layer and the keratinized, relatively impermeable
outer stratum corneum layer on the surface (1). Other non-epithelial epidermal
cells include melanocytes that provide skin pigmentation; Langerhans cells that
are antigen-presenting dendritic cells of immune system; and Merkel cells that
are thought to function as mechanoreceptors. The dermal layer, which is the
layer below the epidermis, is highly vascular, provides structural integrity and
forms the bulk of the skin (1). It is composed of type I collagen with some
elastin and glycosaminoglycans (GAGs), which cushion the body against
mechanical injury by conferring elasticity and plasticity to the skin. Fibroblasts,
the main dermal cell type, produce remodelling enzymes such as proteases and
collagenases that play important roles in the wound healing process (2). There
are two distinct layers of fibroblasts, the papillary fibroblasts that lie next to the
basal epidermal layer and the reticular fibroblasts that lie in the deeper layers of

the dermis. The other cells in the dermis include endothelial cells, smooth muscle



3
cells and mast cells. The dermal cells are embedded on the extracellular matrix

(ECM), which serves as a scaffold to bind, integrate and support cells. ECM is a
complex mixture of structural and functional proteins arranged in a unique three-
dimensional ultrastructure that fills the extracellular space between cells (3, 4).
ECM regulates cellular growth via two major classes of macromolecules: the
GAGs, which are predominantly linked to proteins to form proteoglycans, and the
fibrous proteins (5, 6). The proteoglycans can be either secreted into the
extracellular environment as in the case of chondroitin sulphate and hyaluronic
acid, or anchored on the plasma membrane as syndecan-1 (4). The fibrous
proteins can be structural (collagen type I and elastin), adhesive (fibronectin) or
de-adhesive (tenascin-C and thrombospondin) in nature (7). The ECM of
basement membrane present immediately beneath epithelial cells comprises of
distinctly different collections of collagenous and non-collagenous proteins
including laminin, collagen type IV and entactin (8, 9). The third layer of skin,
the hypodermis, contains adipose tissue that is well vascularized and contributes
to both thermoregulatory and mechanical properties (1). The integrity of the
three layers of skin is critical for maintenance and the proper functioning of the

skin as well as survival.

1.1.1 Skin Injury from Burns

Human skin performs a wide range of functions including perception,

regulation of water and temperature loss, and importantly provides a protective



4
barrier that is most critical for our survival. When the skin is compromised during

injury as in the case of acute burn wounds or chronic wounds such as pressure
and leg ulcers, the skin needs immediate coverage so as to facilitate
regeneration and repair. Burn wounds are caused by damage to the skin due to
heat, chemicals, electricity or radiation. Burns that result in damage to the
epidermal, dermal (papillary and reticular) and hypodermal layers of the skin are
referred to as first, second and third degree burns, respectively. Second and
third degree burns cause fluid loss, drastic disturbances of ionic equilibrium, loss
of temperature control, pain, immunosupression, bacterial invasion and in some
cases substantial or permanent disability. The annual incidence of serious bums
in the United States is estimated at 70,000 with the direct cost of burn dressings
alone estimated to be over $5 billion per year (10).

The most common treatment for patients with burns and other skin
wounds is the use of skin grafts. In the case of severe burn injuries, permanent
wound closure currently requires grafting of autologous epithelium, wherein an
area of suitable skin is separated from the tissue bed and transplanted to the
recipient area on the same individual from which it should receive new blood
supply. The autografts may be full-thickness, wherein a complete section of the
epidermis and dermis is transplanted, or split-thickness where only part of the
dermis is used (11). Use of split-thickness skin autografts is the gold standard for
restoration of epidermal function of the skin in burn patients (12). However, the

difficulty in the treatment of patients with extensive and deep burns is the



limited availability of sufficient donor sites for autografting. In addition,
autografting generates donor sites which are not only painful during healing, but
may also scar and become a cause of long-term morbidity (13). The other
grafting procedures besides autografting include syngeneic, allogeneic and
xenogeneic skin grafts. Syngeneic grafting is performed between genetically
identical individuals such as monozygotic twins, and is taken equally well as
autografts. Allogeneic grafting involves skin transplantation from non-genetically
identical individuals of the same species or cadaver skin, whereas xenogeneic
grafting involves transfer of skin between species. These grafts serve only as
temporary treatments for full thickness burns since they require resurfacing with
an autogenous epidermal layer because of immunologic rejection. Also, as
opposed to autografts, both allografts and xenografts are often rejected since
the antigens present in the donor tissue elicit host immune response (14).
Overall, there are several limitations associated with the use of different types of
grafts for treatment of patients with extensive skin loss; hence, there is an

immense need to develop alternative therapeutic options.

1.1.2 Tissue Engineering of Skin

Tissue engineering was originally described by Langer and Vacanti as an
interdisciplinary field that applies the principles of engineering and life sciences
toward the development of biological substitutes that restore, maintain, or

improve tissue function (15). Recently, it has been further defined as a field that



understands and applies the principles of tissue growth to produce functional
replacement tissue for clinical use (16). Tissue engineering of skin was initially
developed in the 1980s, with the primary motivation of providing coverage for
extensive burn injuries in patients with insufficient sources of autologous skin for
grafting. Tissue engineered skin products or skin substitutes can be cells
delivered on their own, cells delivered within biomaterials, biomaterials used for
replacement of dermis (with or without cells) or biomaterials used for

replacement of both epidermis and dermis.

1.1.3 Wound Healing and Fibrosis

Wound healing following burns or other injuries occurs by either
regeneration or fibrosis (17). Regeneration recapitulates the developmental
processes that originally created the uninjured tissue, and reinstates the native
tissue architecture, while fibrosis causes growth of connective tissue instead of
the characteristic parenchymal tissue, resulting in the formation of dysfunctional
and distorted tissue, commonly known as scar (17). In humans, wound healing
by regeneration is typical during prenatal development, but this ability is retained
only to a limited extent during adulthood and therefore adult wounds often heal
by fibrosis. Fibrotic conditions affect most organs and may cause either cosmetic
and functional problems as seen in skin fibroproliferative disorders [hypertrophic
scars and keloids] or organ failure as in idiopathic pulmonary fibrosis, liver

cirrhosis, cardiovascular fibrosis, systemic sclerosis, and renal fibrosis. Chronic



fibrotic diseases are a leading cause of morbidity and mortality worldwide with
current health statistical estimates of 45% of all deaths in the developed world
(18). Currently there are no clinically effective treatments for fibrotic diseases,
thus there is an immediate need to develop innovative anti-fibrotic therapies.

In normal skin, a fine balance between synthesis and degradation of
collagen, the main component of the ECM, helps maintain physiological
homeostasis. However during wound healing, the equilibrium is shifted towards
accelerated collagen synthesis to aid tissue repair. In the case of fibrosis,
collagen homeostasis is not restored at the culmination of the wound healing
process, which results in excessive accumulation of collagen, patches of
fibroblasts, hypercellularity, and a disorganized ECM. Fibrosis could lead to loss
of proper function of the associated organ, and can be either local (hypertrophic
scars and keloids) or systemic (systemic sclerosis) (18). Hypertrophic scars,
which are characterized by erythematous, raised, pruritic lesions of the healing
skin, cause cosmetic and functional problems like colour mismatch, stiffness, and
rough texture, in addition to itching and pain (19). Liver fibrosis interferes with
drug metabolism causing accumulation of toxic metabolites, and lung fibrosis
causes poor blood-gas exchange resulting in hypoxia (20). In all, fibrosis has a
significant impact on the outcome of wound healing and could impose increased
health-care costs.

When the integrity of skin is compromised a cascade of events including

formation of granulation tissue, re-epithelialization, and contraction of the



underlying connective tissue is triggered, all of which ultimately lead to wound
repair. The orchestrated tissue repair event is accompanied by recruitment of
inflammatory cells to the wound site to fight possible infection. Fibrosis occurs as
an aftermath of this inflammatory and connective tissue repair response to
facilitate physiological repair of the body. It can be triggered by a variety of
stimuli including persistent infections, autoimmune reactions, chemical insults,
and tissue injury due to burns or other causes (18). The key cellular mediator of
fibrosis, myofibroblast, exhibits characteristics of both fibroblasts and smooth
muscle cells. Myofibroblasts can be derived from resident mesenchymal cells,
epithelial and endothelial cells, or fibrocytes (18). They can be activated by a
variety of mechanisms including Transforming Growth Factor (TGF)-B1, the most
extensively studied pro-fibrotic cytokine or its downstream mediator, Connective
Tissue Growth Factor (CTGF) and other autocrine factors, paracrine signals
derived from lymphocytes and macrophages, and molecular patterns produced
by pathogens (PAMPs) (18). They are highly contractile in nature, and generate
connective tissue contracture and irreversible ECM remodelling producing stiff
scars. Wound healing strategies aimed at modifying the local micro-environment
from pro-fibrotic to anti-fibrotic may enable us to reduce myofibroblast-mediated

fibrotic remodelling and achieve regenerative wound healing.



1.2 Skin Substitutes

Skin substitutes are artificial skin replacement products that provide the
protective barrier of the skin when placed over acute burn injuries or other
chronic skin wounds such as cutaneous ulcers and congenital anomalies such as
giant nevus (11, 21-24). Their primary objective is to work as skin equivalents,
facilitate repair and regeneration, and restore the functional properties of skin.
Several skin substitutes have been useful for replacement or reconstruction of
one or both layers of the skin, facilitating wound healing in several different
clinical settings. These skin substitutes can act as temporary wound covers or
permanent skin replacements, depending on their design and composition. They
reduce or remove inhibitory factors, and help in providing rapid and safe
coverage. The main advantage of using skin substitutes is that they reduce or
eliminate the need for donor site area, which is required for autologous split-
thickness grafts. This makes skin replacement procedures available to patients
contraindicated for autologous grafts such as those with over 60% of total body
surface area (TBSA) burned, smoke inhalation injured, and the very young and
elderly. Skin substitutes also decrease the patients’ risk of infection and sepsis
especially at the thin dermis of the donor site (11, 21, 24). They pose negligible
risk of cross-infection, which is not the case with allografts and xenografts.
Furthermore, skin substitutes reduce mortality and morbidity from scarring (both

at donor and treatment sites), changes in pigmentation and patients’ burden of
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pain. More importantly, they may reduce the total number of surgical procedures

required and patient hospitalization time (22, 23).

1.2.1 Features of Skin Substitutes

Some of the essential features of a skin substitute are that it should be
sterile, provide barrier function, allow water vapor transmission similar to normal
skin, evoke minimal inflammatory response in the patient, and also have no local
or systemic toxicity (24). Some of the other features of a good skin substitute
are that it should adhere to the wound surface in a rapid and sustained manner,
have appropriate physical and mechanical properties, and undergo controlled
degradation (24). It should be relatively inexpensive, easy to handle and apply
onto wound sites, and also be flexible and pliable so that it could conform to
irregular wound surfaces. Additionally, it should be impermeable to exogenous
bacteria, resistant to linear and shear stresses, and have minimal storage
requirements and an indefinite shelf life. Importantly, it should incorporate into

the patient with minimal scarring and also facilitate angiogenesis (1).

1.2.2 Types of Skin Substitutes

Skin substitutes differ in complexity and can be broadly classified into two
types: synthetic, which is made up of acellular materials, and natural, which is

made up of cellular materials. The synthetic skin substitutes are most basic and
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designed to function primarily as barriers to fluid loss and microbial

contamination. The natural skin substitutes are more advanced in nature and are
cultured allogeneic or autologous cell suspensions or sheets used alone or along
with a dermal matrix. Alternatively, skin substitutes can also be classified into
three types: those that consist of cultured epidermal cells with no dermal
components, those with only dermal components, and those with a bilayer
containing both dermal and epidermal components. Although each of these have
their own advantages and have applications in burn treatment, none of them are

ideal in all situations.

1.2.3 Commercially Available Skin Substitutes

Some of the commercially available skin substitutes that are often used in
the treatment of burn injuries and chronic wounds are discussed below in detail
(also see Table. 1.1). Among the synthetic acellular skin substitutes, Biobrane™,
Integra™, Alloderm™ and TransCyte™ are most commonly used. Examples of
frequently used natural skin substitutes with allogeneic cells include
Dermagraft™, Apligraf™ and OrCel™, while those with autologous cells include
Epicel™.

Biobrane™ is composed of an outer ultrathin silicone film (epidermal
analog) and an inner three-dimensional irregular nylon filament (dermal analog)
upon which type I collagen peptides are bonded (23). The semi-permeable

silicone surface controls water vapour loss from the wound. Biobrane™ is used
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as a temporary wound dressing and is removed upon wound healing or when

autograft skin is available. It has been shown to be as effective as frozen human
allografts and contributes to better healing, when used on excised full-thickness
burns (23). In addition, Biobrane™ has been shown to reduce hospitalization
time in the case of paediatric patients with second degree burn injuries.

Integra’™ Dermal Regeneration Template is composed of a dermal layer
made of porous bovine collagen and chondroitin-6-sulfate GAG, and an
epidermal layer made of synthetic silicone polymer (25). The silicone layer
provides a functional barrier that is removed upon vascularization of the dermis,
and replaced by a thin layer of autograft, while the dermal layer serves as a
matrix for infiltration of fibroblasts and other cells from the wound bed. As the
collagen-GAG matrix is populated by these cells, it is gradually degraded and
replaced by newly synthesized collagen. Integra™ is widely used for the
coverage of excised burn wounds, particularly in patients with large burns and
limited autograft donor sites (25).

Alloderm™, similar to Integra provides a matrix for dermal tissue
remodelling (26). It is composed of human allograft skin (cadaver skin) that has
been screened for transmissible pathogens and processed to remove epidermal
components and all dermal celis. The dermal cells are removed by detergent
treatment followed by freeze drying, which preserves the matrix in a structural
form similar to that of normal human dermis. A positive aspect of Alloderm™ is

that it can be grafted like a dermal autograft and subsequently covered with a
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thin autograft. Also, since the allogeneic cells have been removed, it is not

rejected by the immune system, which aids the regeneration of the underlying
dermis. Alloderm™ has been successfully used in the resurfacing of full-thickness
burn wounds in combination with an ultra-thin autograft which replaces the
epidermis (1). Preclinical studies have shown that Alloderm™ can be used for the
repair of soft tissue defects such as in the case of abdominal wall reconstruction
(27). In addition to Alloderm™, other allogeneic skin substitutes are available as
temporary wound covers, but they differ in matrix material composition and
presence or absence of cells.

TransCyte™ is similar in composition to Biobrane™, and is used as a
temporary cover for excised burns that await placement of autografts (28). It
consists of a nylon mesh seeded with fibroblasts cultured from neonatal human
foreskin, which secrete extracellular matrix components and growth factors that
aid the healing process. To reduce host immune response, before grafting, the
fibroblasts are destroyed by a freezing process that preserves the tissue matrix
and growth factors, and hence TransCyte™ has a possible benefit for wound
healing over other strictly synthetic skin substitutes (28).

Dermagraft™ is prepared using human neonatal fibroblasts similar to
TransCyte™, however the fibroblasts are cryopreserved to maintain cell viability
and the matrix is made of bioabsorbable polygalactin mesh (23). Dermagraft™ is

used in the treatment of full-thickness foot ulcers, and functions by providing a
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dermal matrix that facilitates re-epithelialization by the patient’s own

keratinocytes (23).

Apligraf™ is more advanced than TransCyte™ since it contains both
fibroblasts and keratinocytes that are derived from neonatal foreskins (23). A gel
made of bovine collagen is used as the matrix for cell growth and differentiation.
Apligraf™ has been useful in the treatment of venous leg ulcers and diabetic foot
ulcers, by increasing the percentage of wounds healed and decreasing time
required for wound closure (29). Also, studies have reported the use of
Apligraf™ for treatment of pediatric patients with various forms of epidermolysis
bullosa, wherein no acute rejection reactions were observed but rather faster
and less painful healing was noted compared to standard dressings (30, 31).

OrCel™ is similar to Apligraf™ since it contains both fibroblasts and
keratinocytes derived from neonatal foreskin, but uses a type I collagen sponge
as the matrix (32). It is used for grafting onto partial-thickness wounds, where it
provides a favourable matrix for host cell migration. In a study that directly
compared OrCel™ with Biobrane for the treatment of split-thickness donor site
wounds, the OrCel™-treated sites had faster rates of healing and reduced
scarring (32). The improved healing was attributed to the presence of the
collagen sponge, in combination with cytokines and growth factors produced by
the viable allogeneic cells.

Epicel™, also known as cultured epidermal autografts, was the first

commercially available autologous skin substitute. The ability to expand
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epidermal cells /in vitro and produce autologous cultured epithelium was an

important breakthrough in burn therapy (33), which led to the development of
Epicel™. Epicel™ consists of sheets of autologous keratinocytes attached to a
petrolatum gauze support, which is removed approximately 1 week after grafting
(34). It is used on patients with full-thickness burns covering greater than 30%
TBSA and on patients with giant congenital nevus. Epicel™ is extremely valuable
in patients with very large (>60% TBSA) burns where the donor site availability
and quality is poor. In a study involving 30 extensively bumed patients, Epicel™
was observed to provide permanent coverage of a mean TBSA of 26%, which
represented a relatively high average take rate of a»pproximately 69% of the area
treated (34). In another clinical study involving 28 patients with a mean TBSA of
52.2% and a mean total full thickness injury of 42.4% treated over a period of 5
years, Epicel™ had a mean take rate of 26.9% of the grafted area (35). In these
patients, overall mortality, hospitalization time and number of autograft harvests
were not significantly different compared to a matched control population when
Epicel™ was not available, suggesting that Epicel™ is likely more useful as a
temporary wound dressing. Some of the other disadvantages associated with
Epicel™ are its mechanical fragility, especially during the period of maturation of

the dermal-epidermal junction, hyperkeratosis, contracture and scarring.
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1.2.4 Limitations of Commercially Available Skin Substitutes

The commercially available skin substitutes have several limitations such
as reduced vascularization, scarring, failure to integrate, poor mechanical
integrity and immune rejection (24). Skin substitutes when placed on wounds
need to acquire blood supply rapidly for their long-term survival and integration
into host tissue. Their inability to revascularize rapidly results in cell death and
ultimate sloughing away from the host. Although some of the commercially
available skin substitutes allow angiogenesis, the extent of vascularization is
generally insufficient and needs to be further improved. Another important
limitation is the development of scars at the graft margins after grafting, which
results in a variety of functional, mechanical and aesthetic problems. Scar tissue
is inferior in functional quality compared to native skin since it is less resistant to
ultraviolet radiation, and does not grow back sweat glands and hair follicles
unlike full thickness autografts. Furthermore, the costs associated with the use of
the current skin substitutes is very high; for example, it is estimated that the cost
for each 1% body surface area covered with Epicel™ is more than $13,000 (36).
These types of skin substitutes because they contain cells of allogenic origin, also
pose the risk of allosensitization of the host which to date is under-recognized

and its importance remains unclear.
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1.3 Cultured Skin Substitutes

The commercially availabie skin substitutes do not provide for both the
epidermal and dermal layers of the skin when placed on burn wounds. An
exception to this is Epicel, a cultured epidermal autograft, which reconstructs the
epidermis but does not provide for the dermis. Since the current skin substitutes
do not aid the development of underlying connective tissues, the newly-formed
skin lacks elasticity and mechanical stability (37). Studies have shown that
replacement of connective tissue aids healing of excised full thickness burns
(38). The fibrovascular connective tissue not only restores mechanical strength
of the epidermis but also provides blood supply that nourishes it. Hence,
repopulating the wound area with fibroblasts, endothelial and smooth muscle
cells that form the connective tissue would facilitate formation of native-like skin.
Cultured skin substitutes (CSS) are a promising alternative to conventional skin
substitutes since they contain autologous fibroblasts and keratinocytes cultured
on a scaffold. It is prepared using patient-derived fibroblasts and keratinocytes
that are isolated from a split-thickness skin biopsy. CSS have been shown to
effectively close full-thickness burn wounds since they provide both epidermal
and dermal components that are required to achieve functional wound closure
(23). Further, clinical results have shown permanent replacement of both dermal
and epidermal layers in a single grafting procedure (22, 39-41). Also, CSS has

been effective in treating burmns of greater than 50% TBSA and giant congenital



18
nevi in clinical studies (22, 41, 42). The various components of CSS are

discussed in detail below.

1.3.1 Scaffold

Scaffold is a three-dimensional exogenous ECM that functions analogous
to native ECM of dermis, serving not only as a physical support structure but also
as an insoluble regulator of biological activity thereby affecting processes such as
cell migration, contraction, and cell division. ECM of native skin physically
supports cells, gives tensile strength and provides a substrate for cell adhesion
and migration (43). It contains a variety of growth factors including basic
fibroblast growth factor (bFGF), vascular endothelial cell growth factor (VEGF),
and epidermal growth factor (EGF). It affects local concentrations and biological
activity of the different growth factors and cytokines by presenting them
efficiently to cell surface receptors, protecting them from degradation, and
modulating their synthesis (44, 45). Since ECM serves as a reservoir of growth
factors and chemical cues, it contributes to regulation of diverse processes such
as cell differentiation, proliferation and migration, angiogenesis and
vasculogenesis, inflammation, immune responsiveness and wound healing (5, 6).
ECM of skin is dynamic and plays an indispensable role in skin morphogenesis,
maintenance, and reconstruction following injury, which makes it an ideal
scaffold for skin repair and reconstruction (3, 46). Tissue engineering for skin

regeneration and repair typically employs exogenous three-dimensional ECMs as
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the scaffold to obtain new native skin from natural cells (47). The exogenous

ECM mimics the native ECM and brings the desired cell types into contact in an
appropriate three dimensional environment, and in addition provides mechanical
support until the newly formed skin is structurally stable and specific signals
begin to guide gene expression and function (48, 49). The three types of
biomaterials used for preparation of scaffolds include organic polymers, inorganic
materials and synthetic polymers. Organic polymers such as collagen-GAG are

the most commonly used scaffolds in CSS, and are discussed in detail below.

1.3.1.1 Collagen

Collagen plays a dominant role in maintaining the biological and structural
integrity of ECM and is highly dynamic, undergoing constant remodeling for
proper physiological functions (43). Collagen has a distinct super-coiled triple-
helical structure with three individual left handed helices wound together to form
a right handed rope-like structure (50). As a result of this structure, collagen
exhibits the characteristic (Gly-Xaa-Yaa ), repeating sequence, wherein Yaa
position is frequently occupied by 4-hydroxyproline, which stabilizes the triple-
helix and contributes to the overall stability of mammalian collagen at body
temperature (51). Type I collagen is the most abundant collagen that forms
major tissue structures through fiber bundle networks, which are stabilized by
cross-links (52). 70 to 80% of the dry weight of the dermis is mainly type I

collagen which exists in the form of loosely interwoven, large, randomly oriented
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bundles, each containing closely packed collagen (53, 54). Collagen types III and

V have also been detected in the dermis and are primarily responsible for tensile
strength. The dermal layer collagen network also contributes to the stability of
the epidermis (43). In addition to providing structural stability, collagen plays an
important role in the numerous interactions between cells and other molecules
(52). For the preparation of scaffolds used in CSS, bovine type I collagen is
commonly used since it can be readily prepared in pure form in large quantities,
and also it possesses desirable hemostatic properties, low antigenicity and

appropriate mechanical characteristics (55).

1.3.1.2 Glycosaminoglycans (GAGs)

GAGs are present in ECM and on cell surfaces in the form of
proteoglycans. They bind a variety of proteins in the ECM and basement
membrane such as fibronectin, laminin and collagen, and promote low affinity
interactions with integrins (56). They also bind water and participate indirectly in
collagen fibril organization. They modulate various enzymes, proteases and their
inhibitors as well as cytokines. In addition, they function as co-receptors for
many growth factors including FGFs and VEGF (57). Hence, GAGs play a pivotal
role in the processes of cell adhesion, migration, proliferation and differentiation.
Due to their significant role in skin morphogenesis and wound healing, they are
often used in CSS, and the most commonly used GAG is chondroitin-6-sulphate

derived from shark cartilage.
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1.3.2 Design Specifications for Collagen-GAG Scaffolds

To design bioactive collagen-GAG scaffolds the following physical and
structural properties need to be considered. The periodic banding of collagen
fiber structure has to be selectively abolished to prevent platelet aggregation and
immune response. The mean pore size of the scaffold should be within lower and
upper limits. The pores need to be large enough to allow cells to migrate into it
but small enough to establish a high specific surface for minimal ligand density
that is required for efficient binding of a critical number of cells to the scaffold
(55). Collagen—-GAG scaffolds with mean pore size lower than 20 pm or higher
than 120 ym have been observed to be inactive (58). The mean pore size has
been shown to significantly influence cell morphology and phenotypic expression
(59). Pore structure has also been observed to significantly affect cell binding
and migration /n vitro, and influence the rate and depth of cellular in-growth in
vitro and in vivo (60). Cell adhesion and activity have been reported to vary
considerably with scaffold composition and pore size (61). Further, the rate of
degradation of the scaffold should be such that it remains insoluble for the
required period of time so as to facilitate repair and regeneration (58). Lastly,
the scaffolds must be non-immunogenic and free from infectious material such

as prions.
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1.3.3 Advantages of Using Collagen-GAG Scaffolds

The attractiveness of using collagen-GAG scaffolds for skin tissue
engineering stems from the fact that collagen-GAG when used together induce
more native ECM-like composition in the engineered skin than when collagen is
used alone, possibly through its interactions with various growth factors (62).
Collagen-GAG was also observed to increase skin growth and regeneration
compared to use of collagen alone. The addition of GAG to collagen scaffold does
not alter morphology, mean tensile strength, or degradation of the scaffold /n
vitro (63, 64), but in vivo it was observed to delay scaffold degradation, which
indicates interaction between GAG and cells (65). Collagen-GAG scaffolds induce
cells to retain around 60% of newly synthesized proteoglycans within the
scaffold compared to only 40% of proteoglycans retained in monolayer cultures
(66). The proteoglycan aggregates in the scaffold have more GAG chains
compared to monolayer cultures, and hence can entrap greater volumes of water
that lead to increased compressive and viscoelastic properties of the scaffold.
Collagen-GAG scaffolds can be easily used in skin tissue engineering as they can
be sterilized using heat or chemical procedures and manufactured with a variety

of pore sizes and degradation rates (67).
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1.3.4 Cells

The fundamental basis for the development of CSS for skin repair and
regeneration is our ability to rapidly grow and expand cells selectively in culture.
In culture, cell populations increase exponentially according to the function (Py)
(2™) = (Pg), where Py is the initial population, n is the number of population
doublings, and Pk is the final cell population. So with an approximate doubling
time of 1 day or less, it is possible to generate very large populations of

keratinocytes and fibroblasts within 2-3 weeks of cell culture.

1.3.4.1 Fibroblasts

Dermal fibroblasts are a heterogeneous population of cells of
mesenchymal origin that synthesize and deposit ECM proteins and cytokines in a
characteristic manner (68). They play an important paracrine role and produce
various growth factors including members of the VEGF family, VEGF-A, -B, -C
and -D, which regulate vascular and lymphatic endothelial cell proliferation (69).
VEGF-A activates resident endothelial cells and endothelial progenitor cells that
are capable of vasculogenesis; VEGF-B is less mitogenic for endothelial cells,
while VEGF-C and -D mediate angiogenesis and lymphangiogenesis, respectively
(69). Fibroblasts also contribute to the formation of basement membrane by
producing collagen 1V, collagen VII, laminin 5, nidogen, and cytokines that
stimulate keratinocytes to produce basement membrane components (70).

Fibroblasts proliferate and migrate in response to chemotactic, mitogenic and
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modulatory cytokines (71). The characteristics of fibroblasts in culture and its
growth curve are affected by passage number, age of donor and dermal layer
subtype (reticular or papillary dermis) from which they were obtained. As
opposed to younger donor skin derived fibroblasts, older donor skin fibroblasts
tend to migrate more slowly, reach cell culture senescence earlier and have a
prolonged cell population doubling time (72, 73). Also, fibroblasts from older
donors are generally less responsive to growth factors such as platelet-derived
growth factor (PDGF), EGF, dexamethasone, insulin and transferrin in vitro (72).
Other factors that influence fibroblast behaviour in culture include antioxidants,
such as vitamin C and coenzyme Q10. Irrespective of age of cells, fibroblasts
treated with vitamin C (100 pmol L) were observed to produce two-fold more
collagen compared to those cultured without (72). Similarly, fibroblasts cultured
with coenzyme Q10 were observed to have enhanced cell mobility and

proliferation that subsequently led to increased wound healing (74).

1.3.4.1.1 Heterogeneity of dermal fibroblasts

Dermal fibroblasts are heterogeneous in nature and based on their
location in the dermis are classified as superficial and deep dermal fibroblasts
and hair follicle fibroblasts (Fig. 1.2). Superficial and deep dermal fibroblasts
reside in the papillary and reticular dermis, respectively, whereas hair follicle
fibroblasts are present in the dermal papilla region of the hair follicle and along

its shaft. Fibroblasts belonging to each of these categories show different
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characteristics in culture. Depending on age and anatomical location the papillary

dermis is generally approximately 300-400 um deep and extends till the rete
subpapillare, the vascular plexus that marks the lower limit of the papillary
dermis. The reticular dermis extends from the rete subpapillare to the rete
cutaneum, a deeper vascular plexus that demarcates the dermis and the
hypodermis. Superficial fibroblasts can be isolated and cultured from skin
dermatomed at a depth of 0.3 mm whereas deep fibroblasts are isolated from
dermal tissue below 0.7 mm depth. There are a variety of physical and
biochemical differences between superficial and deep dermal fibroblasts.
Compared to superficial dermal fibroblasts, deep fibroblasts are larger, they
proliferate slower in culture, produce more TGF-1 and collagen type I but less
collagenase. Deep fibroblasts also express less decorin and differentiate more
into myofibroblasts. Superficial dermal fibroblasts were observed to be anti-
fibrotic and behave similar to normal dermal fibroblasts, whereas deep
fibroblasts were pro-fibrotic and behaved similar to hypertrophic scar fibroblasts
(75). Differences between superficial and deep fibroblasts are discussed in
further detail in subsequent chapters. Clinically, superficial wounds generally heal
with minimum scarring, while deep wounds lead to formation of hypertrophic
scars and contractures (76, 77). So, developing a better understanding of cellular
and biochemical differences between superficial and deep dermal fibroblasts will

enable us to gain further insight about wound repair and regeneration and
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facilitate development of better therapeutics for hypertrophic scars and other

fibrotic diseases.

1.3.4.2 Keratinocytes

Keratinocytes, which form the bulk of epidermis, initially exist as
proliferation-competent basal layer cells that express characteristic basal-cell-
associated marker proteins. These cells subsequently give rise to daughter cells
that terminally differentiate and produce stacks of multiple keratinocyte layers
above basal layer and form spinous, granular and comified layers (78). During
differentiation, keratinocytes in the epidermis and as well as those in culture
were observed to enlarge, flatten and ultimately get released from the epithelial
surface (78, 79). The principal marker for keratinocyte differentiation is the
expression of keratins; proliferative basal keratinocytes express K5 and K14
keratins, whereas keratinocytes in early stages of differentiation express K1 and
K10 (78). Keratinocytes produce a variety of growth factors such as transforming
growth factor (TGF)-a, EGF and PDGF that not only stimulate fibroblasts but also
keratinocytes themselves (80). TGF-a has an autocrine effect on keratinocytes
during wound healing, and was identified in wound fluid from rats and humans.
EGF has also been detected in wound fluid of paediatric burn patients and in
migrating keratinocytes in a mouse burn wound model. Keratinocyte-specific
inactivation of egfgene resulted in delayed epithelial closure in mice suggesting

that EGF contributes to epithelialization by accelerating keratinocyte migration
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(80). PDGF is released immediately after wounding by degranulating platelets,

and is reported to signal in a paracrine manner from the epidermis to
mesenchymal cells and in an autocrine manner in the granulation tissue. During
culture of keratinocytes in the preparation CSS, a significant increase in their
proliferation rate compared to native skin is observed (10). After confluence is
achieved, the proliferation rate decreases sharply but remains greater than that
of native skin. Due to finite life span of keratinocytes, their proliferation rates
slowly decline to zero if the CSS remain in culture for extended periods of time.
However, when grafted to wound sites keratinocytes become hyperproliferative
during the wound healing process, and subsequently their proliferation rate
decreases to that of native skin as the wound heals. The relative rates of
proliferation of keratinocytes during preparation and grafting of CSS is shown in

Fig. 1.3.

1.4 Preparation of CSS

The preparation of CSS involves fabrication of collagen-GAG scaffolds and
co-culture of fibroblasts and keratinocytes on the scaffolds. A schematic
representation of the preparation of CSS is shown in Fig. 1.4. Each of the steps

involved are discussed in detail below.
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1.4.1 Preparation of Collagen-GAG Suspension

Collagen-GAG suspension is made in 0.d5 M acetic acid solution (pH 3.2)
by combining type I collagen (0.5 wt %) isolated from bovine tendon and
chondroitin-6-sulfate (0.05 wt %) isolated from shark cartilage (81). The
suspension is mixed at 15,000 rpm using an overhead blender and the
temperature of the suspension is maintained at 4°C throughout mixing to
prevent heat denaturation of the collagen fibers. The suspension is then
degassed under vacuum for 60 min at room temperature to remove air bubbles
introduced by mixing and is stored at 4°C. Prior to use, the suspension is

degassed again and allowed to equilibrate to room temperature.

1.4.2 Fabrication of Collagen-GAG Scaffolds

The degassed collagen-GAG suspension is poured into a casting apparatus
made of steel plates (80 mm x 80 mm) separated by a 0.8 mm silicon gasket and
placed into a circulating ethanol bath set at 20°C. The ethanol bath is cooled at a
constant rate to the final freezing temperature, at which, it is held constant for 2
h to complete the freezing process. Different final temperatures of freezing (-
10°C, -20°C, -30°C and -40°C) can be used to fabricate scaffolds that have a
constant relative density of pores and different mean pore sizes. When the
aqueous suspension is frozen, it results in a continuous, interpenetrating network
of ice crystals surrounded by the collagen-GAG co-precipitate. This precipitate is

an ionic complex formed by interaction between the anionic sulfate groups of the
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GAG and the amino groups of collagen, which are positively charged at acidic pH.

The ice crystals are then sublimated under vacuum at 0°C for 17 hours to
produce highly porous collagen-GAG scaffolds, in which pores are defined by the
size and shape of individual ice crystals produced during freezing (82). The
formation of pores of different sizes is of biological importance since the pores
need to be large enough to allow cell migration, and also different cell types
have different pore size requirements. Pore volume fraction and mean pore size
of the scaffolds can be controlled by modifying the volume fraction of the
precipitate and the final freezing temperature, respectively. The formation of ice
crystals in the collagen-GAG suspension is influenced by the ice nucleation rate
and the rate of heat and protein diffusion, both of which are controlled by the
final temperature of freezing and the heat transfer processes associated with
freezing. The rate of ice nucleation and diffusion are mediated by the difference
between the temperature of freezing and the actual temperature of the material
during the freezing process, which is known as undercooling (67, 82). Solidifying
the collagen-GAG suspension at a lower final freezing temperature results in
larger undercooling, which increases the rate of ice crystal nucleation and the
decreases rate of heat and protein diffusion relative to the point of nucleation,
leading to formation of smaller ice crystals and resuilting in a collagen-GAG
scaffold with a smaller mean pore size. The translucent white collagen-GAG
scaffolds obtained after the freeze drying process are further modified by cross-

linking.
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1.4.3 Cross-Linking of Collagen-GAG Scaffolds

The mechanical properties of collagen-GAG scaffolds are of critical
importance in order to preserve their structural integrity and functionality for
both /n vivo implantation and long-term performance. Mechanical properties and
the rate of degradation of collagen-GAG scaffolds can be improved by increasing
the degree of cross-linking between amino acid side chains on collagen fibres
(83). The cross-linking process increases the stiffness of collagen fibres by
preventing the collagen molecules from sliding past each other under stress.
Although many techniques for cross-linking of scaffolds are available, the two
most commonly used are physical cross-linking by dehydrothermal (DHT)
treatment and chemical cross-linking by N-hydroxysuccinimide -1-ethyl-3-(3-
dimethyl amino propylcarbodiimide) (NHS-EDC) process. Both these techniques
do not involve cytotoxic agents and hence do not negatively affect the quality of

the scaffolds.

1.4.3.1 DHT Treatment

DHT treatment involves physical treatment of collagen-GAG scaffolds
wherein they are subjected to 105-140°C under vacuum for 24-72 hours. This
facilitates removal of water from the collagen molecules resulting in the
formation of intermolecular cross-links through condensation reactions either by
esterification or amide formation (84). Since DHT treatment involves the use of

high temperatures for long exposure periods it has several advantages. The GAG
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chains get grafted to collagen at high temperatures, which prevents them from

getting eluted from the scaffold after /n vivo implantation. It also helps achieve
the sterilization of scaffolds (81).

In addition to forming crosslinks, the high temperatures used during DHT
treatment denature collagen, wherein the collagen triple helix gets rearranged
into a random-chain configuration (85). Although generally denaturation is
considered undesirable since it disrupts the native conformation and banding
pattern of collagen, denaturation has been shown to reduce the inflammatory
response and increase cellular infiltration /7 vivo (86). Also, studies have shown
that increasing the DHT treatment temperature and duration improves the
mechanical properties of collagen fibers (87). Hence, increased denaturation
coupled with improved mechanical properties would enhance the quality of

collagen-GAG scaffolds for use in skin tissue engineering.

1.4.3.2 NHS-EDC Process

The NHS-EDC process uses N-hydroxysuccinimide and 1-ethyi-3-(3-
dimethy! amino propylcarbodiimide) to cross-link the collagen-GAG scaffolds.
Carbodiimides are zero-length cross-linkers that activate the carboxylic acid
groups of glutamic or aspartic acid residues to react with amine groups of
another chain to form amide bonds. Cross-linking with carbodiimides is attractive
for biological applications since the carbodiimide does not remain in the chemical

bond but is released as a substituted urea molecule. For cross-linking, the
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scaffolds are immersed in a solution containing appropriate molar ratios of NHS

and EDC for 30 minutes. EDC catalyzes the formation of collagen-collagen and
collagen-GAG cross-links while NHS increases the efficiency of this process. The
cross-link density can be modulated by aitering the molar ratio of
EDC:NHS:COOH, where COOH are the reactive sites on collagen. Higher amount
of cross-linking can be achieved by increasing the ratios of EDC and NHS to
COOH (83). Concentrations of EDC in the range of 1-5 mM have been observed
to improve the biochemical stability of the collagen-GAG scaffold /n vitro, and

promote stable wound closure in nude mice (88, 89).

1.4.4 Culture Conditions

Fibroblasts and keratinocytes used for the preparation of CSS are
generally derived from split thickness biopsies (250-300 pm thick) obtained from
the patient. The amount of skin sample used for cell culture is based on the
surgeon’s estimate of the area to be covered by CSS and the number of donor
sites available for autografting. The skin samples are treated with dispase to
dissociate the dermis and the epidermis. Fibroblasts and keratinocytes are
isolated from dermal and epidermal layers respectively. In brief, fibroblasts are
isolated by digesting the dermal layer with type 1 collagenase, and cultured in
Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS),
while keratinocytes are isolated by trypsin-EDTA digestion of epidermal layer and

cultured in calcium-free keratinocyte growth medium containing bovine pituitary
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extract; both are incubated in a 5% C0,/95% air atmosphere with saturated

humidity at 37°C. After sufficient cell numbers are attained, which is generally
after the third passage of cell culture, fibroblasts and keratinocytes are
harvested. Fibroblasts are inoculated onto rehydrated collagen-GAG scaffolds at
an approximate density of 0.5 x 10° cells/cm? and incubated for at least 18
hours to allow for cell attachment, after which keratinocytes are inoculated on
top of these scaffolds at an approximate density of 1 x 10° cells/cm?. The
scaffolds containing the cells are then cultured for two weeks in a manner such
that the keratinocytes are lifted to the air-liquid interface to stimulate formation
of epidermal barrier. This method of culturing provides a polarized environment
for growth, wherein medium is in contact with the scaffold, and air in contact
with the keratinocytes on top (10). The keratinocytes respond to this gradient by
orienting proliferating cells towards the medium and comified cells towards air to
establish the morphology of a stratified, squamous epithelium (90). In the
meanwhile, fibroblasts fill the collagen-GAG scaffold and start to generate new
ECM and as well begin to degrade the supporting scaffold. Basement membrane
has also been observed to form at the dermal-epidermal junction in in vitro

studies (91). After two weeks of culture, the CSS is ready for use.

1.4.5 Advantages of Co-culture of Fibroblasts and Keratinocytes

In CSS, autologous fibroblasts and keratinocytes are cocultured on the

collagen-GAG scaffold to enhance wound healing. Dermal fibroblasts are known
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to secrete a variety of growth factors and cytokines that have both autocrine and

paracrine effects. The autocrine effects are due to transforming growth factor
(TGF)-B -induced synthesis and secretion of connective tissue growth factor,
which promotes collagen synthesis as well as fibroblast proliferation (92). On the
other hand, the paracrine effects include keratinocyte growth and differentiation,
specifically through secretion of keratinocyte growth factor (KGF), granulocyte-
macrophage colony-stimulating factor, interleukin (IL)-6 and FGF-10. In response
to this, keratinocytes synthesize IL-1 and parathyroid hormone-related peptide,
which in tum, stimulate fibroblasts to produce KGF giving rise to a doubie
paracrine loop (93). The keratinocytes show a relatively weak IL-1 expression
when cultured alone; however when cocultured with fibroblasts, they show
significantly increased expression of IL-1 and ¢c-Jun (94). In vitro studies have
shown that fibroblasts secrete soluble factors that diffuse to epidermis and
influence keratinocytes (94, 95). Interestingly, dermal fibroblast heterogeneity
has an effect on fibroblast-keratinocyte interactions; tissue culture plate insert
co-cultures of superficial fibroblasts and keratinocytes were found to release
higher levels of GM-CSF, KGF and IL-6 and form a continuous basement
membrane compared to deep fibroblasts co-cultured with keratinocytes (96).
Keratinocytes in monolayer cultures produce only a thin epidermal layer, and in
the absence of fibroblasts undergo apoptosis after two weeks in culture. The
effect of fibroblasts on growth of epidermis was investigated by seeding

keratinocytes on fibroblast-embedded collagen gels, which were then submerged
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in medium for several days to reach confluency, followed by culture at the air-

liquid interface for two weeks. It was observed that dermal fibroblasts promoted
keratinocyte proliferation and development of identifiable keratinocyte layers
such as basal, prickle, granular and cornified layers (95). In all, these
observations indicate that it is advantageous to co-culture fibroblasts and
keratinocytes in CSS, since the paracrine interactions between keratinocytes and
fibroblasts stimulate mechanisms of wound healing after application of CSS (10),

and thereby enhance skin repair and regeneration.

1.5 Advantages of CSS

The main advantage of using CSS for treatment of extensive burns is the
decreased requirement of donor skin autografts, which is important because
there are very limited skin graft donor sites in patients with extensive burns.
There is reduced short-term complications of donor site wounds and long-term
problems of development of scars and chronic wounds in patients. Use of CSS
has been reported to considerably decrease the length of hospitalization from the
standard 1-1.5 hospital days per %TBSA full-thickness burn (97). CSS has also
been used as an adjunctive treatment for chronic wounds with allogeneic
fibroblasts and keratinocytes from screened human cadaveric donors (40).
Another advantage is the presence of a large number of cells in CSS, which
facilitates rapid reformation of functional and protective barrier in the wound

area by aiding regeneration of native-like skin.
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1.6 Limitations of CSS

The development of CSS is time consuming since extensive cell culture
procedures are involved for the different cell types used. Cells for the epidermal
and dermal components of CSS usually require two to three weeks of cell culture
before they are ready for grafting. This results in an increased turn over period
for production of CSS, which is a constraint for its regular use, and could be
overcome, with technical advances in cell and tissue culture protocols. Although
cultured skin substitutes work better than the conventional skin substitutes, they
have some limitations. The currently available CSS contain only two cell types,
fibroblasts and keratinocytes, and hence lack the ability to form differentiated
structures such as sweat and sebaceous glands, and hair follicles. In addition,
melanocytes and Langerhans cells, adipose tissue and nerve supply are absent.
Hence, these substitutes are unable to provide adequate temperature control,
pigmentation, immune regulation, insulation and temperature and pressure
sensation (23). In order to overcome these anétomical limitations, which
influence functional and cosmetic outcomes, and to increase homology to native
skin, some studies have included additional cell types such as endothelial cells
into CSS (98, 99). However, these studies have not been successful due to
technical difficulties such as slower growth of endothelial cells compared to
fibroblasts, and higher rate of endothelial cell apoptosis. Further, melanocytes

have been included in CSS to overcome problems of irregular or absence of
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pigmentation due to insufficiency or lack of melanocytes. Preclinical studies

where human melanocytes were selectively cultivated and added to CSS showed
uniform pigmentation although pigment intensity could not be regulated (100).
Recent studies have incorporated melanocytes, Langerhans cells and hair follicles
into CSS (101, 102). Hachiya et al. (2005) used mixed cell slurries containing
keratinocytes and fibroblasts with melanocytes on the backs of severe
immunodeficient mice, which gave rise to skin containing spontaneously sorted
melanocytes. Zheng et al. (2005) injected a mixture of neonatal dermal cells with
epidermal aggregates into the dermis of nude mice and observed normal hair
morphogenesis and hair follicle cycling within 8-12 days. These studies show that
it is possible to incorporate different cell types into CSS in order to increase its
homology to native skin and improve functional outcomes.

Another important shortcoming of the currently used CSS is that since it is
made of heterogeneous dermal fibroblasts it is prone to pro-fibrotic remodelling
and formation of HTS. Superficial dermal fibroblasts are anti-fibrotic and fewer in
number compared to deep dermal fibroblasts that are pro-fibrotic and larger in
number in the dermis. Heterogeneity among dermal fibroblasts will have serious

implications on wound repair and healing following injury.

1.7 Thesis Research Project

A lot of progress has been made in developing skin substitutes for
treatment of burn injuries and chronic wounds. Skin substitutes have contributed

to healing of bum and chronic wounds and revolutionized treatment options for
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patients with extensive skin loss (103). Among the skin substitutes, CSS are very

promising for use in treatment of burmns and other injuries where loss of skin is
extensive. CSS has been used by our research group to treat patients with >
85% TBSA. It increased the quality of wound healing and reduced the length of
hospitalization from an average of 324.0 + 89.9 days to 181.0 days (104).

The overall hypothesis of this research project is that the selective use of
superficial dermal fibroblasts in CSS instead of the conventional heterogeneous
dermal fibroblasts would result in tissue engineered skin that has anti-fibrotic
characteristics and promotes dermal regeneration over dermal repair. The goals
of my thesis research project were to: (i) develop CSS that has anti-fibrotic
characteristics in order to employ it as a tissue engineering strategy to treat burn
patients and others with extensive skin loss, (ii) further characterize superficial
and deep dermal fibroblasts using C-GAG matrices, and (iii) explore new targets
for treatment of hypertrophic scars using C-GAG matrices as a 3-D culture
substrate. The specific aims were to: (i) optimize preparation of C-GAG matrices
for development of CSS, (ii) further characterize superficial and deep dermali
fibroblasts using C-GAG matrices, (iii) identify new targets for treatment of HTS
using C-GAG matrices, (iv) optimize fibroblast-keratinocyte co-culture medium for
CSS, and (v) assess development of basement membrane and optimal barrier
formation using CSS. In order to achieve these objectives a variety of
biochemical and biomechanical approaches were employed in this project, which

are described in the following chapters. CSS is also referred to as tissue



engineered skin and is interchangeably used in literature; however, the term
tissue engineered skin is becoming more common in recent times and better
represents the use of CSS. In the subsequent chapters of this thesis CSS is

referred to as tissue engineered skin.
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1.8 Table and Figures

Table 1.1: Commercially Available Skin Substitutes

::Ii:';titute Composition Comments
Outer epidermal analog - ultrathin Temporary wound dressing
Biobrane™ silicone film; inner dermal analog - that is removed when wound
3D nylon filament with type 1 is healed or when autograft
collagen peptides skin is available
Dermal analog - bovine collagen and | Silicone layer is removed
Integra™ chondroitin-6-sulfate GAG; epidermal | Upon vascularization of
analog - silicone polymer dermis, and replaced by a
thin layer of autograft
Human allograft skin that has been .
. Grafted like dermal autograft
Alloderm™ sqreened for transmissible pathogens, and covered with a thin
with all epidermal components and autoaraft
dermal cells removed °g
Nylon mesh seeded with neonatal Temporary wound dressing
ransCyte uman foreskin fibroblasts that are upon which autografts are
TransCyte™ h foreskin fibrobl th hich fts
destroyed before grafting placed
Bioabsorbable polygalactin mesh Ma.fmrixrf alc.:ilit":;:_:\tesbre-th
Dermagraft™ | matrix seeded with human neonatal ep;. etl? Iza 'OQ y the
fibroblasts and cryopreserved patient’s own keratinocytes
Aoligraf™ Bovine collagen gel seeded with Wound dressing with two
pligra neonatal foreskin fibroblasts and different cell types
keratinocytes
Type I collagen matrix seeded with . .
OrCel™ neonatal foreskin fibroblasts and :!fc;und gres"s ing with two
keratinocytes iferent cell types
Epicel™ Sheets of autologous keratinocytes Wound dressing with

attached to petrolatum gauze support

autologous cells
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Figure 1.1: Layers of Human Skin.

Structure of human skin showing the upper epidermal layer, the thicker dermal
layer and the lower hypodermal layer. Adapted from (105).
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Figure 1.2: Structure of Human Skin.

Structure of human skin showing epidermis, basement membrane (BM)
superficial dermis, rete pappillare, deep dermis and rete cutaneum. SF:
superficial fibroblasts, DF: deep fibroblasts, HF: hair follicle. Adapted from (106).
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Figure 1.3: Relative Rates of Keratinocyte Proliferation.

The relative rates of proliferation of keratinocytes during preparation and

grafting of CSS. (A) Basal keratinocytes in native skin divide about once in 14
days. (B) Keratinocytes cultured in growth media double about once per day
during log-phase growth. (C) Confluence of keratinocyte cultures causes ‘density-
inhibition’, and decrease of growth rates. (D) Stratified keratinocyte cultures
continue slow proliferation until grafted. (E) Grafting of CSS initiates hypertrophy
of transplanted keratinocytes. (F) Wound healing restores normal keratinocyte
proliferation rate. Adapted from (10).
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Figure 1.4: Preparation of CSS.

Schematic representation of the various stages involved in the preparation of
CSS. Adapted from (10).
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Chapter 2

Differential Collagen-Glycosaminoglycan Matrix
Remodeling by Superficial and Deep Dermal
Fibroblasts: Potential Therapeutic Targets for

Hypertrophic Scar’

“Parts of this chapter have been published as: Varkey M, Ding J, Tredget EE.
(2011) Differential collagen-glycosaminoglycan matrix remodeling by superficial
and deep dermal fibroblasts: Potential therapeutic targets for hypertrophic scar.
Biomaterials. 32:7581-91.
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2 Differential Collagen-Glycosaminoglycan Matrix
Remodeling by Superficial and Deep Dermal
Fibroblasts: Potential Therapeutic Targets for

Hypertrophic Scar

2.1 Introduction

Skin protects the body from exogenous substances and trauma, and acts
as a barrier to temperature and water loss. During skin loss due to burns or
other causes split-thickness skin autografts are often used to treat patients.
However, in the case of extensive skin loss due to deep dermal or full-thickness
wounds as in third-degree burns suitable donor sites for autografts are not
available and therefore skin substitutes are the preferred treatment option for
wound closure. Of the skin substitutes, cultured skin substitutes (CSS) containing
autologous fibroblasts and keratinocytes seeded on an artificial extracellular
matrix (ECM) made of collagen-glycosaminoglycan (C-GAG) are very promising
for use in skin repair since favourable clinical results for wound coverage and
pliability have been reported [1].

A significant negative outcome of post-burn skin wound healing is
hypertrophic scarring (HTS), a fibroproliferative disorder characterized by
erythematous lesions that compromise the appearance of the healing skin and

cause scar contractures that limit movement and function [2]. Excessive
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deposition of ECM that has an altered organization and composition compared to

normal dermis contributes to the characteristic features observed in HTS. Two-
thirds of patients suffering from skin bum injuries develop HTS that often results
in prolonged and uncomfortable rehabilitation periods especially for those who
have survived second and third degree burns [3]. The degree and extent of HTS
has been clinically observed to be related to the depth of injury. Superficial
wounds are generally observed to heal with minimum HTS without surgical
intervention while deep wounds are more prone to HTS and scar contracture and
need surgical intervention [4, 5]. Recently, Dunkin et a/. using a novel jigsaw
scratch/incision approach determined that there is a threshold depth of dermal
injury at which HTS occurs [6]. The molecular basis of HTS and the differences
in biomechanical milieu at different depths of the dermis that contribute to HTS
are not clearly understood.

The primary cells that mediate skin wound healing and HTS, the dermal
fibroblasts, are heterogeneous and consist of three sub-populations that exhibit
distinct characteristics when cultured separately [7]. Two of these fibroblast sub-
populations reside in the papillary and reticular dermis, while the third group is
associated with hair follicles. The papillary and reticular fibroblasts are also
known as superficial and deep dermal fibroblasts, respectively; the latter
nomenclature will be used hereafter in this paper. Superficial and deep dermal
fibroblasts when cultured, exhibit differences in physical and biochemical

characteristics including size, packing density, rate of proliferation, growth



kinetics, production of collagenase and type I and III procollagen [8-11].
Recently our research group demonstrated that deep fibroblasts compared to
superficial fibroblasts produce more Transforming Growth Factor (TGF)-81, the
most extensively studied pro-fibrotic cytokine [12], type I collagen and more of
the large proteoglycan, versican (VER), but less of the small proteoglycan,
decorin (DCN) [13]. Interestingly, it was observed that superficial dermal
fibroblasts may be similar to normal dermal fibroblasts while deep dermal
fibroblasts may be similar to fibroblasts found in HTS [13].

To minimize post-burn HTS it is important to decipher the different factors
that contribute to wound healing following superficial and deep dermal injury.
Differences in biomechanical properties of the dermis at different depths of the
skin are not known. A clear understanding of the role of superficial and deep
dermal fibroblasts in anti-fibrotic and pro-fibrotic healing will enable us to
develop strategies and therapies for prevention and effective treatment of HTS.
This motivated us to explore whether superficial and deep dermal fibroblasts
differentially remodel C-GAG matrices. It is even more important to assess
differences between superficial and deep fibroblasts especially since current
cultured skin substitutes are prepared using a mixed population of dermal
fibroblasts on C-GAG matrices. In this study, matrices independently containing
superficial and deep fibroblasts were analyzed to understand the molecular basis
of biochemical and functional differences of the fibroblasts and their possible

differential contribution to HTS. Differences in biomechanical properties of the
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ECM remodelled by superficial and deep dermal fibroblasts were investigated. To

the best of our knowledge, biomechanical differences in matrices remodelled by
superficial and deep dermal fibroblasts have not been reported before. Collagen
production, expression of specific genes and protein levels were also analyzed.
Superficial and deep fibroblasts grown on C-GAG matrices were also examined
for differences in gene expression of connective tissue growth factor (CTGF),
TGF-B1, heat shock protein(HSP)-47, matrix metalloproteinase (MMP)-1,
osteopontin (OPN), angiotensin (ANG)-II, tumour necrosis factor (TNF)-a,
peroxisome proliferator-activated receptor (PPAR)-o,, PPAR-B/5, PPAR-y, VER,

DCN and fibromodulin (FMOD).

2.2 Materials and Methods

2.2.1 Preparation of C-GAG Matrices

Acellular C-GAG matrices were prepared by freeze-drying a co-precipitate
of type I collagen and chondroitin-6-sulfate. Briefly, collagen powder (0.5 wt %;
Devro Pty. Ltd., Bathurst, NSW, Australia) was solubilized in 0.5 M acetic acid
and co-precipitated with chondroitin-6-sulfate (0.05 wt %; Sigma, St. Louis, MO,
USA). The co-precipitate was mixed (15,000 rpm, 4°C, 4 h) with an overhead
blender (IKA, Wilmington, NC, USA) and subsequently degassed under vacuum
(2 h, room temperature). The degassed C-GAG suspension was then cast

between steel plates and frozen to -40°C at a constant rate in a refrigerated
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circulating ethanol bath (Haake Phoenix II, Thermo Scientific, USA) and held at

that temperature for 1 h. The frozen casting apparatus was opened and the C-
GAG matrices were freeze-dried (FreeZone®Plus, Labconco, Kansas City, MI,
USA) for 17 h to produce highly porous matrices.

The matrices obtained were cut into 30 mm discs and cross-linked by
dehydrothermal treatment at 140°C under vacuum for 24 h in a drying oven
(APT.Line VD, Binder GmbH, Germany). Following cross-linking, the matrix discs
were rinsed with phosphate buffered saline (PBS; twice, 15 min each) and
subsequently with cell culture medium (DMEM, 10% FBS, 1% Antibiotic-

antimycotic; twice, 15 min each).

2.2.2 Determination of Pore Structure and Sizes of C-GAG

Matrices

The cross-linked C-GAG matrices were sputter-coated with gold for 2 min
at 15 mA and viewed at 20 kV using a LEO 1430 scanning electron microscope
(SEM) at 250x and 500x magnifications. Pore structure of the matrices was
examined and the pore sizes were determined by NIH Image J. The pore size of

at least 50 pores was determined for each matrix.
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2.2.3 Isolation of Fibroblasts and Cell Culture

The protocols for human tissue sampling used in this study were approved
by the University of Alberta Hospital’s Health Research Ethics Board. The
superficial and deep dermal fibroblasts used here were isolated from lower
abdominal tissue obtained from three patients who underwent elective
abdominoplasty surgery following informed consent. The tissue samples were
horizontally sectioned into five dermal layers (referred to as layers 1 to 5) using
a dermatome (Padgett Instruments, Plainsboro, NJ, USA) set approximately at
0.5 mm. The superficial dermal layer (layer 1; L1) was treated overnight with 25
U/mL dispase (Gibco, Grand Island, NY, USA) at 4°C to remove the epidermis.
Subsequently, the superficial dermal layer and the deep dermal layer (layer 5;
L5) were separately treated with 455.3 U/mL collagenase (Gibco Grand Island,
NY, USA) for 18 hours at 37°C, 60 rpm to isolate the superficial (SF) and deep
(DF) dermal fibroblasts, respectively. The cell suspensions were passed through
100 um cell strainers and centrifuged at 800 rpm for 10 minutes. The cell peliet
was then re-suspended in cell culture medium (DMEM, 10% FBS, 1% Antibiotic-
antimycotic) and seeded in tissue culture flasks. The required number of
superficial and deep dermal fibroblasts was obtained by serial expansion of
fibroblasts. Passage 4 superficial and deep dermal fibroblasts were seeded onto
cross-linked C-GAG discs at a density of 0.5 x 10° cells/cm? and cultured (at
37°C, 5% CO,) for upto 21 days. The matrices with fibroblasts were used at

different time points in the assays described below.



2.2.4 Assessment of Cell Viability on C-GAG Matrices

From the fibroblast-populated C-GAG matrices, 5 mm punch biopsies were
collected on days 4, 7, 14 and 21 of culture and placed into separate wells in a
24-well microtitre plate. A standard 3-[4,5-dimethyithiozol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) assay was performed to assess viability of cells in the
matrices. Briefly, the punch biopsies were incubated with 250 ul of tissue culture
medium containing MTT substrate (5 mg/mL) for 4 hours at 37°C. The obtained
MTT-formazan product was dissolved in 200 ul of dimethyl sulfoxide and
quantified at 570 nm using a microplate reader (THERMOmax, Molecular
Devices, Sunnyvale, CA, USA). The values are shown as mean optical density £

standard error.

2.2.5 Analysis of Contraction of C-GAG Matrices with Fibroblasts

To determine the extent of fibroblast-mediated matrix contraction, C-GAG
matrices populated with superficial or deep dermal fibroblasts were
photographed on days 4, 7, 14 and 21, and the images were analyzed using NIH
image J. The values are reported as mean percentage contraction + standard

error.
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2.2.6 Biomechanical Testing of C-GAG Matrices with Fibroblasts

The biomechanical properties of C-GAG matrices containing fibroblasts
were determined by subjecting them to tensile testing. Briefly, C-GAG matrices
were cut into dog-bone shaped pieces (gauge length of 50 mm and width of 15
mm) and were cross-linked, and subsequently superficial and deep dermal
fibroblasts were separately cultured on these matrices. On day 11 of culture, the
matrices were mounted onto the grips of an Insight tensile tester (MTS systems
corporation, Eden Prairie, MN, USA) connected to a 500 N load cell and were
tested at a strain rate of 2 mm/min. Tensile strength assessment of the matrices
was done on day 11 of culture based on results from our previous studies
(unpublished data). The tensile tests were set up such that all the samples were
strained to failure and at the time of rupture of the samples the tests were
stopped. C-GAG matrices without cells were used as controls. The ultimate
tensile strength (UTS; kPa) and stiffness (mN/mm) values were calculated and

are reported as mean =+ standard error.

2.2.7 Assessment of Collagen Content in Fibroblast-Populated C-
GAG Matrices and Conditioned Medium
The total collagen content of C-GAG matrices containing superficial or

deep dermal fibroblasts and the corresponding conditioned medium (DMEM, 2%

FBS, 50 ug/mL ascorbic acid, 50 ug/mL B-amino propionitrile, 0.1 mM proline)
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was determined by hydroxyproline assay. The amount of hydroxyproline, a major

component of collagen protein, was quantified on days 4, 7, 14 and 21 of
culture. C-GAG matrices without cells were used as controls. Briefly, acetonitrile
was added to the matrices and the conditioned medium to precipitate collagen.
The samples were centrifuged for 15 min at 4°C and the precipitates were
hydrolyzed using 6N HCI at 110°C overnight. A known amount of N-methyl-
proline was added to the hydrolysate after drying, to obtain the N-butyl ester
derivative of hydroxyproline. The samples were then subjected to liquid
chromatography/ mass spectrometry using a HP 1100 Liquid Chromatograph
linked to a HP 1100 Mass Selective detector and the ions 186 (N-butyl ester of N-
methyl-proline) and 188 ( N-butyl ester of 4-hydroxyproline) were monitored.
Each sample was analyzed with respect to a standard curve of 4-hydroxyproline
(generated under identical conditions) and the results are presented as mean +

standard error.

2.2.8 Histological Analysis

From C-GAG matrices containing superficial or deep dermal fibroblasts, 5
mm punch biopsies were collected at days 4, 7, 14 and 21 of culture for
histological analysis. C-GAG matrices without cells were used as controls. The
samples were fixed with 4% paraformaldehyde for 12 h and 70% ethanol for 12
h, embedded in paraffin, sectioned at 5 um and mounted on microscope slides.

The slides were then stained with hematoxylin and eosin (H & E), and were
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viewed by light microscopy at 100x and 200x magnification and photographed.

DAPI staining was also performed in order to assess viable cells on the matrices.

2.2.9 Immunohistochemical Analysis

5 mm punch biopsies were collected from C-GAG matrices containing
superficial or deep dermal fibroblasts at days 4, 7, 14 and 21 of culture for
immunohistochemical staining of a-Smooth Muscle Actin (a-SMA), a marker for
myofibroblasts. C-GAG matrices without cells were used as controls. Briefly, the
samples were fixed with 4% paraformaldehyde (12 h) and 70% ethanol (12 h),
paraffin embedded and sectioned at 5 um and mounted on microscope slides.
The sections were then deparaffinized with xylene and rehydrated in descending
series of ethanol, and subsequently blocked with 10% BSA in PBS for 60 min to
avoid non-specific protein binding. The sections were incubated overnight at 4°C
with 1:25 dilution of primary mouse anti-a-SMA antibody (Dako, Denmark), and
were washed three times with PBS for 5 min each. Non-immune human IgG at
1:25 dilution was used as the negative control. Endogenous peroxide activity was
quenched with 0.3% H,0, (15 min) and subsequently the sections were
incubated for 60 min at room temperature with 1:150 dilution of secondary goat
anti-mouse IgG antibody conjugated with horseradish peroxidase (Sigma Aldrich,
Oakville, ON, Canada). The bound secondary antibody was detected by
incubation with 3,3'-diaminobenzidine substrate, and the sections were then

counterstained with haematoxylin. The stained sections were dehydrated,
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mounted, and viewed by light microscopy at 100x and 200x magnification and

photographed.

2.2.10 Gene Expression Studies

C-GAG matrices with superficial or deep dermal fibroblasts were treated
with Trizol reagent (Invitrogen, Carisbad, CA, USA) on days 4, 7, 14 and 21 of
culture and the obtained supernatant was stored at -80°C. On a later date, total
RNA was extracted from all the supernatants using RNeasy Mini Kit (Qiagen,
Mississauga, ON, Canada) following manufacturer’s instructions, and was
quantified using a spectrophotometer at 260 nm. RNA extract of each sample
(0.5 pg) was used for first-strand cDNA synthesis using M-MLV Reverse
Transcriptase (Invitrogen, Carlsbad, CA, USA) by incubation at three different
conditions, 25°C for 10 min followed by 37°C for 50 min and 70°C for 15 min.
The resulting cDNA was used as a template for quantitative Real Time
Polymerase Chain Reaction (qQRT-PCR) amplification of genes of interest. The
gene specific primers used in gqRT-PCR were designed using Primer Express 3.0
and are listed in Table 2.1. gRT-PCR was done using Power Sybr Green™ PCR
master mix (ABI, Foster, CA, USA) in a total reaction volume of 25 pl containing
5 pl of a 1:10 dilution of cDNA product from the first-strand reaction and 1 uM
gene-specific forward and reverse primers on a StepOne Plus qRT-PCR system
(ABI, Foster, CA, USA). The amplification conditions included initial denaturation

at 95°C for 3 min followed by 40 cycles of denaturation at 95°C for 15 sec and



73
annealing and primer extension at 60°C for 30 sec. The amplification of genes

was measured in terms of cycle threshold (CT) values, and the obtained CT
values were normalized with the CT value of a house-keeping gene. Gene

expression levels are shown as mean fold change + standard error.

2.2.11 Protein Expression Analysis

The corresponding conditioned medium from superficial or deep dermal
fibroblast culture on C-GAG matrices were collected on days 4, 7, 14 and 21 and
stored at -80°C to analyze TGF-B1 and OPN protein expression using Enzyme-
linked immunosorbent assay (ELISA). For analysis of TGF-B1, briefly, 48 h before
collecting conditioned medium at the respective time points the culture medium
was changed from 10% FBS-DMEM to 0.2% FBS-DMEM and cells were allowed
to grow. To quantify latent TGF-p1 200 pl of conditioned medium was directly
used, while for active TGF-B1 conditioned medium was first acidified (1 N HCl, 10
min) and neutralized (1.2 N NaOH, 0.5 M HEPES, 1 min) and then used. In both
cases, samples along with TGF-B1 standards were diluted in assay buffer (0.1%
BSA, 0.1% Tween 20, 150 mM NaCl, 100 mM Tris) and added to 96-well micro-
titre plates coated overnight with 2 ug/mL of TGF-B1 mouse monoclonal
antibody (R&D Systems, Minneapolis, MN, USA) and incubated for 2 h at 37°C.
Subsequently chicken anti-TGF-81 antibody (R&D Systems, Minneapolis, MN,
USA) was added and the plates were incubated for 1 h at 37°C. Alkaline

phosphatase conjugated rabbit anti-chicken IgG (Jackson ImmunoResearch,
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West Grove, PA, USA) was then added at a dilution of 1:5000 and incubated for

1 h at 37°C followed by addition of p-nitrophenyl phosphate substrate solution (1
mg/ml in diethanolamine buffer). The resulting colored product was quantified at
405 nm using a microplate reader (THERMOmax, Molecular Devices, Sunnyvale,
CA, USA).

For analysis of OPN, 200 ul of conditioned medium was directly used in a
Quantikine OPN ELISA kit (R&D Systems, Minneapolis, MN, USA) assay following
the manufacturer’s instructions. The resulting colored product was quantified as

described above.

2.2.12 Statistical Analysis

Experiments were conducted in triplicates and data are expressed as
mean = standard error. Statistical analysis was done using paired t-tests for
means with significance set at P <0.05, P<0.01 and P<0.001 using Microsoft

Excel 8.0.
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2.3 Results

2.3.1 C-GAG Matrix Pore Structure

Acellular C-GAG matrices were prepared by freeze-drying a co-precipitate
of type I collagen and chondroitin-6-sulfate, and were subsequently cross-linked
by dehydrothermal treatment. The resulting C-GAG matrices were examined by
SEM, and were found to have heterogeneous pore structures and sizes (Fig. 2.1).

The pore sizes were determined to be 43+17 um in all of the matrices.

2.3.2 Viability of Fibroblasts on C-GAG Matrices

Fibroblasts were separately isolated from superficial or deep dermal layers
of lower abdominal tissue from three abdominoplasty patients and serially
expanded. Passage 4 superficial and deep dermal fibroblasts were then
independently cultured on cross-linked C-GAG matrices and subsequently
assayed at different time points for viability using MTT assay. C-GAG matrices
without cells were used as controls. Both superficial and deep fibroblasts were
found to be viable on the matrices, with no significant differences observed in

viability among fibroblasts (Fig. 2.2).
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2.3.3 C-GAG Matrix Contraction by Fibroblasts

C-GAG matrices cultured independently with superficial or deep fibroblasts
were analyzed at different time points to determine the degree of fibroblast-
mediated contraction. The percentage of contraction of matrices was calculated
by determining the change in area of the matrices at each time point with
respect to the original area; the original area of the matrix before seeding the
fibroblasts was considered as 100%. C-GAG matrices without cells were used as
controls. At all time points, matrices with fibroblasts contracted while those
without fibroblasts did not contract (Fig. 2.3). Further, deep fibroblasts
contracted the matrices more than the superficial fibroblasts with the extent of
contraction progressively increasing from day 4 to 21. The difference in matrix
contraction by superficial and deep fibroblasts was significant on days 7, 14 and

21 of culture.

2.3.4 Biomechanical Properties of C-GAG Matrices with the

Fibroblasts

C-GAG matrices cultured independently with superficial or deep fibroblasts
were assessed at day 11 of culture for their stiffness and UTS using a tensile
tester to the point just before they failed mechanically. It was observed that C-
GAG matrices with deep fibroblasts were significantly stiffer than the matrices

containing superficial fibroblasts (Fig. 2.4A), whereas those with superficial
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fibroblasts had significantly higher UTS than the matrices containing deep

fibroblasts (Fig. 2.4B). Control matrices lacking fibroblasts had significantly lower
stiffness and UTS compared to matrices with fibroblasts. Representative stress-
strain curves indicate the mode of deformation of matrices containing superficial

and deep fibroblasts (Fig. 2.4C).

2.3.5 Collagen Production by the Fibroblasts

The amount of collagen produced by fibroblasts was determined at
different time points by quantifying hydroxyproline present in matrices and in
conditioned medium by mass spectrometry. The conditioned medium taken from
matrices with deep fibroblasts had higher amounts of hydroxyproline than that
obtained from matrices with superficial fibroblasts (Fig. 2.5A), which was
significant at days 14 and 21 of culture. Similarly, matrices with deep fibroblasts
had higher hydroxyproline level than matrices with superficial fibroblasts (Fig.
2.5B), which was significant on days 4 and 14 of culture. Compared to the
control matrices lacking fibroblasts, matrices with fibroblasts and the respective
conditioned media had significantly higher hydroxyproline levels at all time

points.
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2.3.6 ECM Production by Fibroblasts

Histological analysis of matrices showed that the matrices with deep
fibroblasts stained significantly darker with hematoxylin than those with
superficial fibroblasts (Fig. 2.6) indicating the presence of higher amounts of
ECM. The intensity of hematoxylin staining was also found to increase with time.
Control matrices showed significantly lower hematoxylin staining than matrices

with fibroblasts.

2.3.7 Differentiation of Fibroblasts in the C-GAG Matrices to

Myofibroblasts

Myofibroblasts mediate wound contraction that occurs during tissue repair
and healing, and are characterized by the presence of a-SMA. In order to
examine the extent of fibroblast differentiation to myofibroblasts the matrices
were subjected to a-SMA staining at the different time points of culture. a-SMA
staining was found to be maximum at day 14 for both matrices with superficial
fibroblasts and matrices with deep fibroblasts. However, matrices containing
deep fibroblasts had significantly more a-SMA staining than matrices with
superficial fibroblasts (Fig. 2.7). At the other time points, matrices with deep
fibroblasts were generally observed to have more «-SMA staining than matrices

with superficial fibroblasts (data not shown). These results suggest that more of
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the deep fibroblasts differentiated into myofibroblasts compared to superficial

fibroblasts.

2.3.8 Identification of Therapeutic Targets for HTS

To understand the molecular basis of the role of superficial and deep
dermal fibroblasts in HTS, expression of 13 different genes was analyzed by qRT-
PCR. Genes coding for OPN, HSP-47, TNF-a, ANG-II, MMP-1, TGF-B1, CTGF, the
proteoglycans DCN, VER, and FMOD, and the PPAR isoforms PPAR-o,, PPAR-B/3,
PPAR-y were examined. The obtained gene expression data was normalized with
respect to the house-keeping gene Hypoxanthineguanine phosphoribosyl
transferase (HPRT). Deep fibroblasts had significantly higher expression of CTGF,
TGF-B1 and HSP-47 compared to superficial fibroblasts, while superficial
fibroblasts had significantly higher MMP-1 expression compared to deep
fibroblasts (Fig. 2.8A). These results are similar to those found in our previous
study [13]. Deep fibroblasts were found to have significantly higher expression of
OPN and ANG-II, and lower expression of TNF-a compared to superficial
fibroblasts (Fig. 2.8B). In addition, deep fibroblasts had higher expression of
PPAR-a but lower expression of PPAR-3/8 and PPAR-y compared to superficial
fibroblasts (Fig. 2.8C). In the case of proteoglycans, deep fibroblasts had higher
levels of the large proteoglycan versican, but lower levels of the small
proteoglycans decorin and fibromodulin compared to the superficial fibroblasts

(Fig. 2.8D).
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2.3.9 TGF-81 and OPN Production by Fibroblasts

TGF-B1, one of the most important pro-fibrotic factors involved in wound
healing, has been reported to be over-expressed in deep dermal fibroblasts [13]
and in HTS [14]. In order to determine the amount of TGF-B1 protein produced
by the superficial and deep dermal fibroblasts in the matrices, their respective
conditioned media were analyzed by ELISA. Deep fibroblasts produced
significantly more latent TGF-B1 as well as total TGF-B1 compared to superficial
fibroblasts (Fig. 2.9A). OPN has been reported to play an important role in the
fibrosis of lung, kidney and heart [15-17]. To assess whether OPN is differentially
expressed in superficial and deep fibroblasts, the level of OPN protein in their
respective conditioned media was analyzed. Deep fibroblasts were found to

produce more OPN compared to superficial fibroblasts (Fig. 2.9B).

2.4 Discussion

In the case of extensive skin loss as in third-degree burns, CSS are the
preferred treatment modality to facilitate rapid wound coverage, tissue repair
and healing. Currently preparation of CSS involves the culture of a
heterogeneous population of fibroblasts obtained from the dermis on C-GAG
matrices [18, 19]. To develop CSS with enhanced functionality that could provide
improved outcomes for burn patients it is critical to understand whether

superficial and deep dermal fibroblast populations differentially remodel the C-



81
GAG matrices. A major negative outcome of post-bumn skin wound healing is

HTS, which affects about two-thirds of burn patients and impacts their complete
recovery. Deciphering the anti-fibrotic and pro-fibrotic role of superficial and
deep dermal fibroblasts in HTS will enable the development of therapeutic
strategies that would reduce the occurrence of post-burn HTS. This study aimed
to determine whether superficial and deep dermal fibroblasts differentially
remodel C-GAG matrices, and examine if these fibroblast sub-populations
differentially contribute to HTS.

In order to limit variability of superficial and deep dermal fibroblasts used
in this study, all of the fibroblasts were obtained from lower abdominal tissue of
female abdominoplasty patients close in age (29, 32 and 47 years). The cells
were seeded on cross-linked C-GAG matrices at a density similar to that reported
in literature [20], and the matrices were then assessed for differences in
biomechanical properties, collagen synthesis, and gene and protein expression.
SEM analysis revealed that the cross-linked C-GAG matrices had heterogeneous
pore structures, which made them suitable to support the growth of cells of
different sizes (Fig. 2.1). The viability of both superficial and deep fibroblasts on
the matrices progressively increased till day 14 of culture and thereafter there
was a slight decrease on day 21 possibly due to fibroblast apoptosis (Fig. 2.2).
This pattern was also observed on the DAPI stained matrices, with no significant
differences between superficial and deep fibroblasts at all time points (data not

shown). Day 14 DAPI analysis of matrices with superficial and deep fibroblasts
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revealed that cell numbers of superficial and deep fibroblasts on the matrices

were similar (Fig. 2.6B). A similar trend has been observed /n vivo during
cutaneous healing, wherein the fibroblasts initially proliferate at a rapid rate and
colonize the granulation tissue, later some differentiate into myofibroblasts, and
then during the late stages of wound healing some of these fibroblasts and
myofibroblasts undergo apoptosis [21, 22]. Apoptosis of fibroblasts has also
been reported when cultured in collagen gels [23], although the stimuli that
trigger the process are not clearly understood. The initiation of apoptosis is
thought to be cell density dependent [24]. By the end of 14 days of culture the
matrices have very high fibroblast densities, and therefore it is possible that the
high cell density triggers apoptosis. Reduction in mechanical tension has also
been proposed to initiate apoptosis of fibroblasts [25]. The observed reduction in
mechanical tension after day 14 of culture, which coincides with the end of the
matrix contraction phase (Fig. 2.3), also possibly stimulates fibroblast apoptosis.
C-GAG matrices with deep fibroblasts were found to be significantly more
contracted than matrices with superficial fibroblasts at days 7, 14 and 21 of
culture (Fig. 2.3), which likely is due to differences in matrix remodelling by the
superficial and deep fibroblasts. Remodelling of the C-GAG matrices could be
compared to that described for the floating collagen lattice model [26], wherein
matrix remodelling occurs as a result of motile activity of fibroblasts migrating
through the matrix. The high density of fibroblasts on the C-GAG matrices likely

results in extensive migration of fibroblasts through the collagen fibrils causing
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matrix contraction. Further, the difference in contraction of the matrices by

superficial and deep fibroblasts is due to differences in biomechanical properties
of the respective remodelled matrices. Tensile strength assessment of the
matrices at day 11 of culture revealed that matrices with deep dermal fibroblasts
were significantly stiffer (Fig. 2.4A) and had significantly lower UTS compared to
matrices with superficial fibroblasts (Fig. 2.4B). Based on our results of
contraction, stiffness and UTS of the matrices we conclude that the superficial
and deep dermal fibroblasts differentially remodel the C-GAG matrices by
selectively altering the biomechanical properties of the respective matrices.
Interestingly, in HTS it has been observed that the scar tissue has different
biomechanical properties compared to normal skin; HTS tissue is stiffer and has
lower UTS compared to normal tissue [27, 28]. We therefore propose that deep
dermal fibroblasts play a critical role in the formation of HTS.

Homeostasis of collagen in the skin is normally maintained by the fine
balance between the synthesis and degradation pathways. However, in the case
of thermal and other skin injuries this balance is disturbed causing abnormalities
in collagen metabolism. This leads to accumulation of collagen in the ECM, which
is characteristic of HTS and other fibroproliferative diseases [29-31]. Such
alterations in ECM composition are responsible for the compromised appearance
and functionality of the scar tissue observed in HTS. To determine the amount of
collagen produced by superficial and deep dermal fibroblasts, the respective

matrices and conditioned media were analyzed for the presence of
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hydroxyproline. The conditioned media of the deep fibroblasts had significantly

higher hydroxyproline levels than that of the superficial fibroblasts on days 14
and 21 of culture (Fig. 2.5A). Also, matrices populated by deep fibroblasts had
significantly higher levels of hydroxyproline than those by superficial fibroblasts
on days 4 and 14 of culture (Fig. 2.5B). These results clearly indicate that deep
dermal fibroblasts contribute to the formation of HTS by producing excessive
amounts of collagen.

The higher amount of collagen produced by deep fibroblasts contributes
to the observed increased stiffness of the matrices. Differences in proteoglycan
expression by superficial and deep fibroblasts could be the reason for observed
differences in UTS. The increased stiffness in turn stimulates differentiation of
fibroblasts to myofibroblasts since substrate stiffness has been previously
reported to stimulate differentiation of fibroblasts to myofibroblasts [21]. Also,
cell substrate stiffness and mechanical tension from cell adhesion to the
substrate have been found to be critical for differentiation of cells in culture [32-
34]. Recently Li et a/. demonstrated that matrix substrate stiffness regulates in
vitro differentiation of rat hepatic stellate cells and portal fibroblasts to
myofibroblasts [35]. Mechanical tension has also been identified to contribute to
the release of active TGF-1 from the ECM, which gives rise to an environment
conducive for differentiation and maintenance of myofibroblasts [36]. Further,
Georges et a/. found that increased stiffness of liver precedes myofibroblast

activation and ECM deposition in a rat model of liver fibrosis [37]. Myofibroblasts
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are characterized by an increased contractile ability and have higher expression

of a-SMA and collagen [38].To determine the extent of fibroblast differentiation
in the matrices, immunohistochemical analysis of the matrices was done to
examine the expression of a-SMA. Matrices with deep dermal fibroblasts showed
higher number of myofibroblasts compared to those with superficial fibroblasts
on day 14 of culture (Fig. 2.7), which coincided with the end of the matrix
contraction phase (see Fig. 2.3). Increased activation of myofibroblasts in
matrices containing deep dermal fibroblasts explains the observed increased
contraction of these matrices. The presence of higher number of myofibroblasts
in the matrices with deep dermal fibroblasts may also be due to decreased
apoptosis of the myofibroblasts since increased ECM stiffness has been
correlated to down-regulation of myofibroblast apoptosis in HTS and other
fibrotic disorders [39].

In order to understand the molecular basis of functional differences
between superficial and deep dermal fibroblasts, and determine their anti-fibrotic
and pro-fibrotic roles, expression of 13 genes and two proteins was analyzed.
Relative gene expression of CTGF, TGF-B1, HSP-47, MMP-1, OPN, ANG-II, TNF-
a, PPAR-a, PPAR-$3/8, PPAR-y, VER, DCN and FMOD was examined on days 4, 7,
14 and 21 of culture. CTGF, TGF-B1 and HSP-47 were up-regulated while MMP-1
was down-regulated in the deep fibroblasts (Fig. 2.8A), similar to that previously
reported [13]. Analysis of TGF-B1 protein levels on days 4, 7, 14 and 21 of

culture revealed a progressive increase in TGF-B1 over time in both superficial
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and deep fibroblasts, with deep fibroblasts having significantly more TGF-p1 at

days 7, 14 and 21 compared to superficial fibroblasts (Fig. 2.9A). TGF-pB1 plays a
critical role in wound healing and is known to be over-expressed in HTS
fibroblasts compared to normal dermal fibroblasts [14, 40]. Of the known factors
implicated in wound healing and fibrosis, TGF-B1 is considered important since it
directly mediates collagen synthesis at the wound site. Development of HTS and
other fibrotic diseases is linked to over-expression of TGF-1 and its downstream
mediator CTGF [31, 40, 41]. HSP-47 is a heat shock protein that functions as a
chaperone for type I collagen, and therefore is a marker for the observed
increase in type I collagen production during HTS [42]. Further, HTS fibroblasts
are known to express significantly less MMP-1 than normal fibroblasts obtained
from the same patients [43]. Taken together, increased TGF-B1, CTGF, HSP-47
and decreased MMP-1 expression contributes to excess accumulation of collagen
on matrices with deep fibroblasts, which is similar to that observed in the case of
HTS.

OPN and ANG-II expression was up-regulated, while TNF-a was down-
regulated in the deep fibroblasts (Fig. 2.8B). Analysis of OPN protein levels on
days 4, 7, 14 and 21 of culture showed that it peaks at day 7 and gradually
decreases thereafter, with significantly higher levels observed for deep
fibroblasts as opposed to superficial fibroblasts (Fig. 2.9B). OPN has been
suggested to be essential for TGF-B81 and type I collagen expression in lung

fibrosis [15], and for a-SMA and CTGF expression in cardiac fibrosis [17].



87
Further, depletion of OPN levels at wound sites was recently found to accelerate

skin wound healing, reduce granulation tissue formation and subsequent fibrosis
[44]. Increased OPN production by deep fibroblasts therefore suggests a pro-
fibrotic role for deep fibroblasts in HTS. ANG-II has been previously reported to
be involved in triggering fibrosis in other organs such as lungs, heart and kidney
by increasing TGF-B1 expression and collagen production [45-47]. The reduced
expression of TNF-a in deep fibroblasts observed in this study is consistent with
the decreased level of TNF-a reported for HTS tissue [48]. TNF-a is a potent
inflammatory cytokine with antagonistic activity towards TGF-B1; it inhibits ECM
synthesis and activates matrix metalloproteinases [49, 50]. Additionally, it was
recently identified to inhibit a-SMA expression and subsequent myofibroblast
differentiation in human dermal fibroblasts [51].

Interestingly, expression of PPAR-a. was elevated, whereas that of PPAR-
B/3 and PPAR-y was reduced in deep fibroblasts compared to the superficial
fibroblasts (Fig. 2.8C). PPARs are ligand-activated transcription factors that have
recently been identified to be important in organ fibrosis [31]. Among the PPARs,
PPAR-y plays an active role in the regulation of cell cycle, inflammation and
immune responses, and is a promising candidate for development of anti-fibrotic
therapeutics. It is also known to have an antagonistic function with respect to
TGF-B1 [52]. PPAR-y-based strategies have been employed to inhibit fibrosis in
organs such as liver, pancreas, lungs and kidney [53-56]. Natural PPAR-y ligands

like 15-deoxy-A12,14-prostaglandin J2 or synthetic ligands like thiazolidinedione
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compounds were found to inhibit TGF-B1 and significantly reduce myofibroblast

differentiation and collagen production in hepatic and pancreatic steliate cells,
and pulmonary and kidney fibroblasts. PPAR-a and PPAR-B/8 have been studied
to a relatively lesser extent in the context of fibrosis compared PPAR-y. Use of
PPAR-a and PPAR-B/3 ligands have been reported to prevent ANG-II-induced
myocardial fibrosis in rats [57, 58]. The observed differential expression of PPAR-
o, PPAR-B/8 and PPAR-y by deep fibroblasts suggests a role for these fibroblasts
in HTS and the potential of using PPAR ligands to treat HTS.

Expression of small-leucine rich proteoglycans (SLRPs), DCN and FMOD,
was low and that of the large proteoglycan, VER, was high in the deep
fibroblasts compared to superficial fibroblasts (Fig. 2.8D). The observed
differential expression of DCN and VER is consistent with that previously reported
for different dermal fibroblast sub-populations and fibroblasts from post-burn
HTS [13, 59, 60]. DCN and FMOD are involved in regulation of TGF-B1 activity
and collagen fibrillogenesis [61], and VER is a hyaluronan-binding proteoglycan
involved in cell adhesion, migration and proliferation [62]. Adenoviral over-
expression of FMOD reduced scar formation in a rabbit skin wound healing model
and suppressed expression of pro-fibrotic TGF-B1 and TGF-B2, and increased
expression of anti-fibrotic TGF-B3 in cultured fibroblasts [63]. Interestingly,
FMOD expression was found to decrease during transition from fetal to adult

wound repair in rat skin wounds [64]. Up-regulation of the SLRPs could therefore



89
be a useful strategy to inhibit the pro-fibrotic activity of TGF-p1 and reduce scar

formation during wound repair.

2.5 Conclusions

In this study superficial and deep dermal fibroblasts were found to
differentially remodel C-GAG matrices; deep fibroblasts contracted and stiffened
the matrices significantly more and decreased their ultimate tensile strength
compared to superficial fibroblasts. Deep fibroblasts were also found to express
significantly more OPN, ANG-II and PPAR-a, and significantly less TNF-a, PPAR-
B/8, PPAR-y and FMOD compared to superficial fibroblasts. The newly identified
molecular targets described above interact with the critical regulator, TGF-p1,
and therefore are ideal candidates to develop strategies to control HTS and
promote regenerative healing of the skin. Further, results from this study
indicate that the use of a specific sub-population of dermal fibroblasts such as
superficial fibroblasts in CSS rather than a heterogeneous population of
fibroblasts may be more beneficial for wound healing and minimizing post-burn

HTS.



2.6 Table and Figures

Table 2.1: Primers Used in qRT-PCR for Amplification of Genes of

Interest
Gene Forward Primer Reverse Primer
Versican GCAGCTGAACGGGAATGC _f_g'; GAGACAGGATGCTTG
Decorin TGTCATAGAACTGGGCACCA | GGAAAGCCCCATTTTCAA
AT TTC
Fibromodulin TTTTATCATCGTTCTGCCTT | TGTTTGCGGGACCTTAGG
CATG AA
TGF-B1 GGGAAATTGAGGGCTTTCG | AGTGTGTTATCCCTGCTG
TCACA
MMP-1 CCTCGCTGGGAGCAAACA | A, COCAAATCTEECGTGT
HSP47 TGAAGATCTGGATGGGGAA | CTTGTCAATGGCCTCAGT
G CA
CTGF TCCACCCGGGTTACCAATG | SAceceacTereeTTeTc
TNF-a. TGCTCCTCACCCACACCAT | GGAGGTTGACCTTGGTCT
GGTA
. . CCCGTGACCAAGTCCTGAA | AGCAAATGATGAAGGCCA
Angiotensin II GAA
0 . TGAGCATTCCGATGTGATTG | TGTGGAATTCACGGCTGA
steopontin A T
AACATCCAAGAGATTTCGCA | CCGTAAAGCCAAAGCTTC
PPAR-a
ATC CA
PPAR-B/0 AGCATCCTCACCGGCAAA ggéTGTCGTGGATCACAA
GCTTTTGGCATACTCTGT
PPAR-y TCAGGGCTGCCAGTTTCG GATCTC
Hypoxanthine
guanine phospho-
ribosyl transferase | GACCAGTCAACAGGGGACA ./I\_%A CTTCGTGGGGTCCTT
(House-keeping
gene)
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Figure 2.1: Scanning Electron Micrograph of C-GAG Matrix.

Scanning electron micrograph of a representative dehydrothermally cross- linked
C-GAG matrix at 500x magnification showing heterogeneous pore structures and

sizes. Scale bar = 20 um.
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Figure 2.2: Viability of Superficial and Deep Dermal Fibroblasts
Cultured on Cross-Linked C- GAG Matrices.

Superficial and deep dermal fibroblasts were cultured on C-GAG matrices and
their viability on days 4, 7, 14 and 21 was assessed by MTT assay. Each bar
represents Mean x SE (standard error) Cell Viability (n = 3 abdominoplasty
patients). Significant increase in viability of superficial (*p<0.05) and deep
dermal fibroblasts (*p<0.05) was observed on day 7 compared to day 4.
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Figure 2.3: Fibroblast-Mediated Contraction of C-GAG Matrices by

Superficial and Deep Dermal Fibroblasts.

Superficial and deep dermal fibroblasts were independently cultured on C-GAG

matrices for 21 days. Digital photographs of the matrices were taken before the
fibroblasts were seeded and on days 4, 7, 14 and 21 of culture and the extent of
contraction was measured using NIH Image J. Each data point represents Mean




+ SE Contraction (n = 3 abdominoplasty patients). Significant differences in
contraction were observed between deep and superficial dermal fibroblasts on
days 7 (**p<0.01), 14 (**p<0.01), and 21 (*p<0.05).
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Figure 2.4A-B: Biomechanical Properties of C-GAG Matrices with
Superficial and Deep Dermal Fibroblasts.
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The biomechanical properties of the C-GAG matrices with superficial and deep

dermal fibroblasts were assessed on day 11 of culture using MTS tensile tester.
A. The stiffness of C-GAG matrices with superficial and deep dermal fibroblasts.
Each bar represents Mean + SE Stiffness (n = 3 abdominoplasty patients).
Significant differences in matrix stiffness were observed between deep and
superficial fibroblasts (*p<0.05). B. The UTS of C-GAG matrices with superficial
and deep dermal fibroblasts. Each bar represents Mean + SE UTS (n =3
abdominoplasty patients). Significant differences in matrix UTS were observed
between deep and superficial fibroblasts (*p<0.05).
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Figure 2.4C: Biomechanical Properties of C-GAG Matrices with
Superficial and Deep Dermal Fibroblasts.

The biomechanical properties of the C-GAG matrices with superficial and deep

97

dermal fibroblasts were assessed on day 11 of culture using MTS tensile tester.

C. Representative stress-strain curve for matrices with superficial and deep

dermal fibroblasts.
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Figure 2.5A-B: Measurement of Collagen Production by Superficial and
Deep Dermal Fibroblasts
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Collagen production by superficial and deep dermal fibroblasts was assessed by
LC/MS measurement of hydroxyproline on days 4, 7, 14 and 21 of culture. Each
bar represents Mean + SE Hyp (n = 3 abdominoplasty patients). A. Superficial
and deep dermal fibroblasts were grown in 10% FBS/DMEM and 48 h before
each time point the medium was changed to 2% FBS/DMEM. The supematants
were collected and assessed by LC/MS. Significant differences were observed in
level of hydroxyproline in conditioned media of deep and superficial dermal
fibroblasts on days 14 (*p<0.05) and 21 (***p<0.001). B. The matrices were
freeze-dried, weighed, hydrolyzed and subsequently subjected to LC/MS analysis.
Significant differences were observed in level of hydroxyproline in C-GAG matrix
that contained deep and superficial dermal fibroblasts on days 4 (**p<0.01) and
14 (**p<0.01).
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Figure 2.6A: Hematoxylin & Eosin Staining of the Matrices for Collagen
Content.

A. Hematoxylin & Eosin staining of the matrices with and without the dermal
fibroblasts for collagen content at a magnification of 100x. Scale bar = 100 um.



101

Day 14

SF DF Control

100X

200X

Bar=100 um

Figure 2.6B: DAPI Staining of the Matrices.

Hematoxylin & Eosin staining of the matrices with and without the dermal
fibroblasts was done to assess collagen content. B. Blue indicates DAPI staining
for nuclei on matrices containing superficial and deep dermal fibroblasts on day
14 of culture. Magnification of upper panel is 100x, while magnification of lower
panel is 200x. Scale bar = 100 um.
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Figure 2.7: Immunohistochemical Analysis of a-SMA Expression.

Immunohistochemical analysis of a-SMA expression was done on on matrices
containing superficial and deep dermal fibroblasts on day 14 of culture.

Magnification of upper panel is 100x, while magnification of lower panel is 200x.
Scale bar = 100 um.
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Figure 2.8A-B: Assessment of Relative Gene Expression of Superficial
and Deep Dermal Fibroblasts Cultured on C-GAG Matrices by qRT-PCR.
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mRNA was isolated from cultures of superficial and deep dermal fibroblasts on

days 4, 7, 14 and 21 and reverse transcribed using specific primers for the genes
of interest. cDNA was amplified and relative gene expression was analyzed by
gRT-PCR. Each bar represents Mean + SE Relative gene expression (n = 3
abdominoplasty patients). A. Relative gene expression for CTGF, TGF-B1, HSP-47
and MMP-1. Significant differences between deep and superficial dermal
fibroblasts were observed for: CTGF on days 7, 14 and 21 (**p<0.01), TGF-B1
on days 4,7, 14 and 21 (**p<0.01), HSP-47 on days 4,7 and 14 (**p<0.01),
and MMP-1 on days 4, 7, 14 and 21 (**p<0.01). B. Relative gene expression for
OPN, ANG-II and TNF-a. Significant differences between deep and superficial
dermal fibroblasts were observed for: OPN on days 4 (***p<0.001), 7
(**p<0.01) and 14(***p<0.001), ANG-II on days 7 (***p<0.001), 14 (*p<0.05)
and 21(*p<0.05), TNF-a on days 4 (***p<0.001), 7(*p<0.05) and 21(*p<0.05).
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Figure 2.8C-D: Assessment of Relative Gene Expression of Superficial
and Deep Dermal Fibroblasts Cultured on C-GAG Matrices by qRT-PCR.
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mRNA was isolated from cultures of superficial and deep dermal fibroblasts on

days 4, 7, 14 and 21 and reverse transcribed using specific primers for the genes
of interest. cDNA was ampilified and relative gene expression was analyzed by
gRT-PCR. Each bar represents Mean + SE Relative gene expression (n = 3
abdominoplasty patients). C. Relative gene expression for PPAR-a, PPAR-B/3,
and PPAR-y. Significant differences between deep and superficial dermal
fibroblasts were observed for: PPAR-a on days 7 (***p<0.001), 14
(***p<0.001) and 21(**p<0.01), PPAR-B/5 on days 7 (**p<0.01), 14
(***p<0.001) and 21(**p<0.01), PPAR-y on days 4 (***p<0.001), 14
(***p<0.001) and 21(***p<0.001). D. Relative gene expression for VER, DCN
and FMOD. Significant differences between deep and superficial dermal
fibroblasts were observed for: VER on days 7 (***p<0.001), 14 (*p<0.05) and
21(***p<0.001), DCN on days 4, 7, 14 and 21 (all ***p<0.001), FMOD on days
7(***p<0.001), 14 (***p<0.001) and 21 (**p<0.01).
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Figure 2.9A-B: Analysis of Protein Expression by Superficial and Deep
Dermal Fibroblasts Cultured on C-GAG Matrices.
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Analysis of protein expression by superficial and deep dermal fibroblasts cultured
on C-GAG matrices was done using ELISA on days 4, 7, 14 and 21 of culture. A.
Latent and total TGF-B1 in conditioned media from matrices with superficial and
deep dermal fibroblasts. 48 h before each time point, media was changed from
10% FBS/DMEM to 0.2% FBS/DMEM. Conditioned media was directly used in the
assay to quantify latent TGF-B1, while to quantify active TGF-p1 the conditioned
media was acidified and then neutralized before use in assay. Total TGF-p1
includes latent and active TGF-B1. Each bar represents Mean + SE TGF-B1 (n =
3 abdominoplasty patients). Significant differences were observed in total TGF-f1
content of deep and superficial dermal fibroblasts on days 7 (*p<0.05), 14
(**p<0.01) and 21 (***p<0.001). B. OPN in conditioned media from matrices
with superficial and deep dermal fibroblasts. Each bar represents Mean + SE
OPN (n = 3 abdominoplasty patients). Significant differences were observed in
OPN content of deep and superficial dermal fibroblasts on days 14 (***p<0.001)
and 21 (***p<0.001).
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Chapter 3

Superficial Dermal Fibroblasts Enhance Basement
Membrane and Epidermal Barrier Formation in Tissue
Engineered Skin: Implications for Treatment of Skin

Basement Membrane Disorders”

*Parts of this chapter are being published as: Varkey M, Ding J, Tredget EE.
(2013) Superficial dermal fibroblasts enhance basement membrane and
epidermal barrier formation in tissue engineered skin: Implications for treatment
of skin basement membrane disorders. Manuscript to be submitted.
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3 Superficial Dermal Fibroblasts Enhance
Basement Membrane and Epidermal Barrier
Formation in Tissue Engineered Skin:
Implications for Treatment of Skin Basement

Membrane Disorders

3.1 Introduction

The basement membrane is a highly dynamic and specialized adhesive
structure at the dermal-epithelial junction that binds the epidermis to the
underlying dermis and provides resilience to the skin. It functions as an
exchange zone between epidermal keratinocytes and dermal fibroblasts, and
serves as a reservoir of growth factors and cytokines. The basement membrane
contains laminin, nidogen, collagen types IV and VII, and the proteoglycans,
perlecan and collagen XVIII [1, 2], in addition to the extracellular matrix proteins
collagen type I and III, tenascin and fibrillin-1. Both keratinocytes and fibroblasts
contribute to the formation of the basement membrane [3-5]. The basement
membrane and the underlying dermis play critical roles in the maturation and
function of skin by regulating keratinocyte growth and terminal differentiation.
The barrier property of the epidermis is due to the presence of tight junctions
and lipids such as ceramides, cholesterol esters and free fatty acids that

accumulate during epidermal differentiation. Regulation of epidermal
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differentiation may either be through fibroblast-derived diffusible factors that act

on keratinocytes in a paracrine manner or interactions of keratinocytes with
basement membrane proteins [6, 7].

Dermal fibroblasts are heterogeneous, they consist of superficial, deep
and hair follicle fibroblasts, each of which exhibit distinct characteristics when
cultured independently [8]. Superficial and deep dermal fibroblasts differ in
physical and biochemical characteristics such as production of collagenase,
procollagen type I and III, TGF-B1 and proteoglycans such as decorin, versican
and fibromodulin [9, 10]. Further, recently our research showed that superficial
fibroblasts are anti-fibrotic while deep fibroblasts are pro-fibrotic and both
differentially remodel collagen-glycosaminoglycan (C-GAG) matrices [9, 10]. Also,
compared to superficial wounds, deep dermal wounds were found to express
lower amounts of the anti-fibrotic molecules decorin, fibromodulin, TGF-B; and
Thy-1, but higher TGF-g type II receptors [11]. Furthermore, studies in 2-D
culture showed that site- matched superficial and deep dermal fibroblasts differ
in production of certain cytokines and in their interactions with keratinocytes;
superficial fibroblasts release higher levels of GM-CSF, KGF and IL-6, and form a
continuous basement membrane compared to deep fibroblasts [8]. Epidermal
growth and differentiation is influenced by dermal fibroblasts; however, the
specific effects superficial and deep dermal fibroblasts have on keratinocytes in a

3-D microenvironment are not understood.
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In the basement membrane, collagen type 1V, laminin-5, nidogen and

perlecan form a network that functions as a barrier between epidermis and
dermis. Collagen type VII, another essential component of the basement
membrane, forms fibrils that anchor the basement membrane to the underlying
dermis. Disruption of the basement membrane results in skin fragility, and
blistering of the skin and mucous membranes, which is a serious problem in
children with epidermolysis bullosa (EB), a family of severe life-threatening
congenital skin basement membrane disorders [12]. Some forms of EB such as
the junctional form are lethal at the neonatal stage, while the dystrophic form
results in years of severely painful blistering and repeated wounding in children.
These wounds typically heal with fibrosis and scarring; the newly formed
epidermis poorly adheres to the underlying dermis, and therefore the skin
blisters and disadheres at the slightest trauma. This lack of adherence is due to
defects in basement membrane proteins such as laminin-5 and collagen type VII
[13]; mutations in genes encoding laminin-5 lead to severe blistering as seen in
Herlitz’ junctional EB [14]. Mutations or deficiency of collagen type VII as in
bullous systemic lupus erythematosus or dystrophic forms of EB [15] results in a
paucity of collagen type VII anchoring collagen fibrils [16] leading to skin fragility
and extensive blistering. Patients with skin basement membrane disorders
constantly suffer from severe blisters and recurring wounds throughout the body,

and associated infections. In addition to experiencing excruciating pain, they are
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prone to fatal sepsis and therefore need on-going wound care, hospitalization

and health care support.

Skin basement disorders such as EB are devastating and currently there
are no clinically proven therapies for effective management and treatment of the
disease. Existing treatment options are mainly palliative and include surgical
debridement, analgesia, and bandaging most of the body surface to protect from
friction and prevent infection. Studies in animal models of EB have attempted
delivery of wild-type collagen VII to wound sites by direct injection of either
recombinant protein or cells that have mini-genes or are gene-modified using
retroviral, lentiviral, transposon, ¢pC31-based integrase vectors, but have had
limited success [17-19]. Treatment of collagen type VII knock out mouse models
of EB with bone marrow derived cells have shown improvements in some
symptoms of the disease [20, 21]. However, for clinical realization of gene
therapy and stem cell-based approaches, technical and safety issues such as
oncogenic potential of the vectors or cells need to be addressed [22]. Fibroblast
therapy has been proposed as an alternative to circumvent these problems;
recently, use of fibroblasts in a collagen VII-hypomorphic mouse model for
recessive dystrophic EB showed that small increases in collagen VII significantly
stabilized the skin against shearing forces and reduced the disease phenotype,
suggesting that full restoration of collagen VII may not be critical for

improvement in function and quality of life of EB patients [23].
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There is an urgent need to develop new therapeutic strategies for

effective wound management and cure of EB and other skin basement
membrane disorders. We propose the use of tissue engineered skin as a
promising approach, since it not only would provide effective coverage at wound
sites but also promote healing and adherence of newly-formed skin due to the
presence of exogenous fibroblasts and keratinocytes. Moreover, the use of tissue
engineered skin to treat burn patients has yielded favourable clinical outcomes
for wound coverage and pliability [24]. Currently available tissue engineered skin
consists of a heterogeneous population of dermal fibroblasts with keratinocytes;
however, recent studies have shown differences in fibrotic characteristics and
cytokine expression in the different subpopulations of dermal fibroblasts [8, 10,
25]. The aim of this study therefore was to assess differences in basement
membrane, epidermis formation and barrier function of tissue engineered skin
containing superficial and deep dermal fibroblasts independently co-cultured with

keratinocytes.

3.2 Materials and Methods

3.2.1 Preparation of C-GAG Matrices

Acellular C-GAG matrices were prepared by freeze-drying a co-precipitate
of type I collagen and chondroitin-6-sulfate as reported previously [10]. Briefly,

collagen powder (0.5 wt %; Devro Pty. Ltd., Bathurst, NSW, Australia) was co-
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precipitated with chondroitin-6-sulfate (0.05 wt %; Sigma, St. Louis, MO, USA) in

0.5 M acetic acid, degassed under vacuum (2 h, room temperature), cast into
sheets, frozen to -40°C and freeze-dried (FreeZone®Plus, Labconco,.Kansas City,
MI, USA) to produce highly porous matrices. The matrices obtained were cut into
30 mm discs and cross-linked by dehydrothermal treatment under vacuum
(140°C, 48 h) in a drying oven (APT.Line VD, Binder GmbH, Germany).
Thereafter, the matrix discs were rinsed with phosphate buffered saline (PBS;
twice, 15 min each) and subsequently with cell culture medium (DMEM, 10%

FBS, 1% Antibiotic-antimycotic; twice, 15 min each).

3.2.2 Preparation of Tissue Engineered Skin

Tissue engineered skin was prepared by culturing superficial or deep
dermal fibroblasts and keratinocytes on dehydrothermal-treated C-GAG matrices.
The cells were obtained from lower abdominal tissue of patients (n = 3) who
underwent elective abdominoplasty surgery following informed consent. The
protocols for human tissue sampling used in this study were approved by the
University of Alberta Hospital’s Health Research Ethics Board. Superficial and
deep dermal fibroblasts and keratinocytes were isolated as reported previously
[10]; briefly, tissue samples were horizontally sectioned into five layers (referred
to as layers 1 to 5) using a dermatome (Padgett Instruments, Plainsboro, NJ,
USA) set approximately at 0.5 mm. The superficial dermal layer (layer 1) was

treated overnight with 25 U/mL dispase (Gibco, Grand Island, NY, USA) at 4°C to
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remove the epidermis, which was digested with trypsin to isolate keratinocytes.

On the other hand, the superficial dermal layer and the deep dermal layer (layer
5) were separately treated with 455.3 U/mL collagenase (Gibco Grand Island,
NY, USA) for 18 hours at 37°C, 60 rpm to isolate the superficial (SF) and deep
(DF) dermal fibroblasts, respectively. The keratinocyte (K) and fibroblast cell
suspensions were passed through 100 um cell strainers and centrifuged at 800
rpm for 10 minutes. The epidermal and dermal cell pellets were then re-
suspended in the respective cell culture media and serially expanded in tissue
culture flasks till the desired number of K, SF and DF were obtained. Passage 4
SF or DF were seeded onto cross-linked C-GAG discs at a density of 0.5 x 10°
cells/cm? and cultured (at 37°C, 5% CO,). Two days later, K were seeded on top
of the fibroblast-populated matrices at a density of 1.0 x 10° cells/cm? and
medium was replaced with co-cuiture medium containing serum (DMEM-HG and
nutrient mixture F-12 Ham (3:1), 2 nM triiodothyronine, 5% FBS, 0.5% insulin—
transferrin—selenium-G supplement, 1 nM cholera toxin, 10 ng/ml EGF, 0.4 pg/ml
hydrocortisone, 5 pg/ml transferrin, 1% antibiotic-antimycotic; [26]). Matrices
with fibroblasts alone were used as controls, wherein the number of cells was
adjusted so as to make the number of cells on the matrices comparable to those
with K. The submerged culture was continued for 5 additional days and then
lifted to the air-liquid interface on a steel platform to enable epidermal
stratification. The tissue engineered skin and the respective controls were used

in assays at different time points as described below.
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3.2.3 Assessment of Cell Metabolic Activity

5 mm punch biopsies were collected at days 7, 14 and 21 of culture and
placed in separate wells in a 24-well microtitre plate; C-GAG matrices without
cells were used as controls. A standard 3-[4,5-dimethylthiozol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) assay was performed to assess activity in the
matrices. Briefly, the punch biopsies were incubated with 250 pl of tissue culture
medium containing MTT substrate (5 mg/mL) for 4 h at 37°C, and the obtained
MTT-formazan product was dissolved in 200 ul of DMSO and quantified at 570
nm using a microplate reader (THERMOmax, Molecular Devices, Sunnyvale, CA,

USA). The values are shown as mean optical density £+ standard error.

3.2.4 Immunohistochemical Analysis

For immunohistochemical staining of cytokeratin and laminin-5, 5 mm
punch biopsies were collected at days 7, 14 and 21 of culture; keratinocyte-free
C-GAG matrices were included as one of the controls. Briefly, the samples were
fixed with 4% paraformaldehyde (12 h) and 70% ethanol (12 h), paraffin
embedded, sectioned at 5 um, and mounted on microscope slides. The sections
were then deparaffinized with xylene and rehydrated in descending series of
ethanol, and boiled in citrate buffer (10 mmol/L, pH 6.0) for 20 minutes for
epitope retrieval. Subsequently, the sections were blocked with 10% BSA in PBS
for 60 min to avoid non-specific protein binding, and incubated overnight at 4°C

with primary mouse anti-cytokeratin or laminin-5 antibodies (1:50 dilution; Dako,





































































































































































