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1. Introduction

1. Introduction

1.1 The Human Skin

The skin forms with a surface of about two square meters and a weight of up to ten kg
in adults the biggest organ of the human body and fulfills diverse responsibilities, most
of them are essential for survival (Walters and Roberts, 2002). As the outermost barrier
the skin protects all other organs and tissues from varying physical, chemical and
pathogenic influences such as microbial invasion, radiation or the penetration of
chemical substances (Elias, 2010; Proksch et al., 2008; Walters and Roberts, 2002).
Furthermore, it prevents excessive loss of water and electrolytes from inside the body,
is part of the sensory perception system and helps to keep the body temperature
constant (Elias, 2010; Walters and Roberts, 2002). The skin is thereby a rather flexible
tissue (Menon et al., 2012; Walters and Roberts, 2002). The skin is composed of three
layers. The epidermis is the outermost and thinnest (50 - 100 um) layer of these, while
the dermis (100 - 500 um) and the subcutis are much thicker. The overall thickness of
the skin is varying between 1.5 and 4 mm depending on the site of the body. The
appendages of the skin - hair follicles, nails, sebaceous and sweat glands - are
contributing to the protection of the skin and support the skin in fulfilling its
responsibilities, such as the thermal regulation through secretion of sweat or the
protection of all other organs of the body (Walters and Roberts, 2002).

I

stratum corneum

I

epidermis

dermis

I

Fig. 1 Cross-section of human skin stained with hematoxylin and eosin. Stratum corneum,
epidermis and dermis can be clearly distinguished. The desquamation of corneocytes from stratum
corneum when they reach the skin surface is apparent. The epidermal part is rich in cells, while the
dermis is a connective tissue poor of cells (Picture: Kilbad, Fama Clamosa, License: Creative
Commons by-sa 3.0.de; Source: http://commons.wikimedia.org/wiki/File:Normal_Epidermis
_and_Dermis_ with_Intradermal_Nevus_10x-cropped.JPG#filelinks, accessed: 23.08.2013).
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1.1.1 The Epidermis

The epidermis is mainly composed of normal human keratinocytes which form about 85
% of the epidermal cells. Langerhans cells, melanocytes and Merkel cells are located
in the basal or the spinous layer of the epidermis. Being free of vasculature, the
epidermis is fed by the underlying dermis. The epidermis is a rather thin layer, still, it is
composed of four or five layers depending on the body site, respectively. The stratum
lucidum is found only in the ridged skin on the soles and palms. It's a thin, refractive
layer of anucleate keratinocytes, located between the stratum granulosum and stratum
corneum (SC) (Walters and Roberts, 2002). One main feature of the epidermis is the
continuous self-renewing process with a total turnover once every two to three weeks
through differentiation of keratinocytes which left the cell-cycle (Simpson et al., 2011;
Walters and Roberts, 2002). They migrate from the stratum basale through all
epidermal layers up to the stratum corneum, the outermost layer of the epidermis
(Candi et al., 2005; Walters and Roberts, 2002). This process is accompanied by
differentiation of the keratinocytes until they are fully stratified, anucleate, flattened and
cornified cells (= corneocytes), which can easily be shed of off the skin surface
(Walters and Roberts, 2002). Balanced proliferation of keratinocytes in the basal layer
and shedding off from the stratum corneum keep the epidermal thickness constant (for
review see: (Candi et al., 2005). During differentiation the composition of proteins and
the setup of the cytoskeleton inside the keratinocytes is completely changing (Simpson
et al., 2011; Walters and Roberts, 2002). Part of this process is the assembly of the
cornified envelope. The cornified envelope is a scaffold of cross-linked proteins
replacing the plasma membrane to which lipids from the extracellular space are
covalently attached (Candi et al., 2005; Kalinin et al., 2002; Walters and Roberts,
2002). The cornified envelope together with the attached extracellular lipids is one

major factor contributing to the barrier function of the skin (Kalinin et al., 2001).

1.1.1.1 The Stratum Basale

The stratum basale is the innermost layer of the epidermis making contact with the
basement membrane, which is a 50 - 70 nm thick layer composed of the extracellular
matrix proteins collagen IV, laminin, nidogen and fibronectin (Candi et al., 2005;
Simpson et al., 2011; Walters and Roberts, 2002). The basement membrane divides
the epidermis from the underlying dermis. The stratum basale is a single layer of highly

erected keratinocytes wherein melanocytes and Merkel cells are embedded (Simpson
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et al., 2011; Walters and Roberts, 2002). Basal keratinocytes are attached to the
basement membrane by hemidesmosomes and adherence junctions and connected
among themselves by adherence junctions and desmosomes (Simpson et al., 2011;
Walters and Roberts, 2002). The main components of the keratin intermediate
filaments of basal keratinocytes are the keratins 5 and 14 (Candi et al., 2005). While
basal keratinocytes are mitotic active and highly proliferative they develop upon a
currently unknown stimulus to postmitotic, non-proliferative cells, detach from the
basement membrane and build up the stratum spinosum (Candi et al., 2005; Walters
and Roberts, 2002).

1.1.1.2 The Stratum Spinosum

Subsequent to the detachment from the basement membrane, keratinocytes reach the
stratum spinosum, where they begin to flatten and become more and more connected
among each other by desmosomes (Simpson et al., 2011; Walters and Roberts, 2002).
Inside of the cells the synthesis of lamellar bodies is initiated. They contain precursors
of the major barrier lipids cholesterol, phospholipids, sphingomyelin and
glucosylceramides. Furthermore, hydrolytic, lipid-processing enzymes, mainly [3-
glucocerebrosidase, acid sphingomyelinase and secretory phospholipase A, (sPLA,)
are part of the lamellar bodies (Feingold, 2007; Walters and Roberts, 2002). Hence,
lamellar bodies are important contributors for the development of skin barrier function
(Feingold, 2007). Additionally, new structural proteins are synthesized inside of the
keratinocytes (for review see: (Candi et al, 2005; Simpson et al., 2011)). The
composition of keratin intermediate filaments changes: keratin 1 and 10 are primarily
expressed (Candi et al., 2005). In the stratum spinosum Langerhans cells are located.
Langerhans cells belong to the family of dendritic cells. Upon stimulation through
antigens / haptens or other inflammatory stimuli, Langerhans cells migrate out of the
epidermis to local lymph nodes and present the picked up antigens to T-lymphocytes.

Thereby, the immune defense of the skin is initiated (for review see: (Kaplan, 2010)).

1.1.1.3 The Stratum Granulosum

While keratinocytes differentiate further they enter the stratum granulosum.
Keratohyalin granules develop inside the keratinocytes. These granules contain mainly

profilaggrin, the precursor protein of filaggrin (FLG) (Walters and Roberts, 2002). FLG
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itself plays an important role in skin hydration and for the development of skin barrier
function, since it is responsible for aggregation and collapse of keratin intermediate
filaments during keratinocyte differentiation (the role of FLG will be discussed in detail
in chapter 1.2) (Brown and McLean, 2012; Sandilands et al., 2009; Walters and
Roberts, 2002). Coincidently, the formation of the cornified envelope is initiated by the
synthesis of the major structural proteins involucrin, loricrin, trichohyalin and small
proline-rich proteins (for review see: (Candi et al., 2005; Kalinin et al., 2002)). Involucrin
is the first protein becoming attached to the inner surface of the plasma membrane, the
others are cross-linked to it and among each other. Finally, the complete inner surface
of the plasma membrane is covered. These attaching and cross-linking steps are
catalyzed by the Ca?-dependent enzymes transglutaminases. They generate N°-(y-
glutamyl)-lysine bonds between proteins, which are mainly responsible for the
insolubility of the cornified envelope (Candi et al., 2005; Kalinin et al., 2001; Kalinin et
al., 2002). Concurrent with the initiation of cornified envelope formation at the stratum
granulosum - stratum corneum - interface, lamellar bodies release their content to the
extracellular space by fusion of the lamellar body membrane with the plasma
membrane. Thus, lipid precursors and lipid-metabolizing enzymes are released to the
extracelluar space (Candi et al., 2005; Kalinin et al., 2002; Walters and Roberts, 2002).
In the stratum granulosum, keratinocytes are connected among each other by tight
junctions, which help to build up a strong barrier for big molecules. Tight junctions are
composed of different proteins, including claudins, occludins and tricellulin (for review

see: (Simpson et al., 2011)).

1.1.1.4 The Stratum Corneum

The stratum corneum is the outermost layer of the epidermis. Keratinocytes have
reached their final differentiation state and developed to anucleate, dead flattened
corneocytes (Elias, 2010; Kalinin et al., 2002; Walters and Roberts, 2002). The plasma
membrane of the cornified cells is completely replaced by the cornified envelope
(Candi et al, 2005). Corneocytes are connected with each other by
corneodesmosomes, which derive from desmosomes through morphological changes
in the transition zone between stratum granulosum and corneum (Candi et al., 2005;
Proksch et al., 2003; Simpson et al., 2011). Continuously, corneodesmosomes become
degraded by proteases and corneocytes get shed of (Elias, 2010; Walters and Roberts,
2002). In the stratum corneum the precursor lipids, which were released from the

lamellar bodies at the stratum granulosum - stratum corneum - interface, are




1. Introduction

processed. While w-hydroxyceramides attach to the cornified envelope proteins, most
of the other released lipids are converted by the concurrently released enzymes to
ceramides, cholesterol and free fatty acids. These lipids are aligned in intercellular
lamellae, forming the lipid envelope, thus contributing to barrier function development
(Candi et al., 2005; Kalinin et al., 2002; Walters and Roberts, 2002). Corneocytes and
extracellular lipid matrix form a strong barrier. The structural behavior of the stratum
corneum is often described with the term "bricks and mortar": The corneocytes are the
bricks, serving mainly as physical barrier, embedded in the "mortar" lipid matrix, which
covers the total space between corneocytes and represents the permeability barrier
(Elias, 1983; Nemes and Steinert, 1999). Ceramides, cholesterol and free fatty acids
are found in almost equimolar proportion inside the lipid lamellae. This composition is
important for an intact barrier function (for review see: (Holleran et al., 2006; Menon et
al., 2012)). One main difference of the intercellular lipid lamellae to other lipid matrices
in the human body, is the absence of phospholipids in the stratum corneum (Walters
and Roberts, 2002). The lamellar body-derived phospholipids are processed by
secretory phospholipase A, (sPLA;) to free fatty acids and glycerol. The latter has a
strong water-binding capacity and, hence, contributes to stratum corneum hydration
(for review see: (Feingold, 2007)). In human stratum corneum, nine major subclasses
of ceramides are found. They are mainly synthesized by the degradation of
glucosylceramides or sphingomyelin by B-glucocerebrosidase or acidic
sphingomyelinase, respectively. Both enzymes require an slightly acidic pH for optimal
activity (for review see: (Choi and Maibach, 2005; Feingold, 2007; Holleran et al.,
2006)). Under physiological conditions skin surface pH is between 5.0 and 5.5 (for
review see: (Schmid-Wendtner and Korting, 2006), therefore being not only best for
lipid processing but also limiting the colonization of pathogenic bacteria (for review see:
(Chan and Mauro, 2011; Holleran et al., 2006)).

1.1.2 The Dermis

Separated from the epidermis by the basement membrane the dermis provides
plasticity and tear-resistance for the skin. Mainly fibroblasts are found there. The
dermis is composed of two layers. The stratum papillare is a connective tissue where
capillaries, nerve endings and immune cells are embedded. Name-giving papillae
stretching out into the epidermis provide stronger adherence between epidermis and
dermis. The main function of the stratum papillare is to ensure the nutrition of the

epidermis and, furthermore, the transmission of mechanical stimuli to the central
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nervous system. Hair, sweat and sebaceous glands have their roots and grow from
here through the epidermis to the body surface. Underneath the stratum papillare, the
stratum reticulare is located. It is a connective tissue with cross-linked collagen fibres,

mainly contributing to elasticity of the skin (Walters and Roberts, 2002).

1.1.3 The Subcutis

The subcutis or hypodermis connects the skin to the underlying muscle. It is a
connective tissue, mainly composed of collagen end elastin, in which lobule-shaped
lipocytes are embedded. Blood vessels and nerves are located between the lipocytes.
The subcutis is an energy reservoir for the skin and the rest of the body. Besides, it is
able to absorb shock and hamper its implication for the underlying tissues and organs.
As a fatty layer, the subcutis provides heat insulation and therefore contributes to

thermal regulation (Walters and Roberts, 2002).

1.2 Filaggrin

1.2.1 Role of Filaggrin in Healthy Human Skin

Filaggrin (FLG) is an ubiquitary epithelial barrier protein and was isolated from human
skin first in 1977 and initially named "stratum corneum basic protein" (Dale, 1977).
Three years later the today commonly used term "filaggrin" (for: filament aggregating
protein) was introduced (Steinert et al., 1981). The gene is located on chromosome
1921 inside the epidermal differentiation complex (EDC) and was successfully encoded
and sequenced in 1992 (Presland et al., 1992). Inside the EDC approximately sixty
different genes are located, such as involucrin and loricrin. All of them are essential for
epidermal maturation (for review see: (Irvine et al., 2011)). In 1985 Fleckman et al.
detected the protein profilaggrin in human skin and monolayer cultures of normal
human keratinocytes by the use of antibodies directed against human FLG (Fleckman
et al., 1985). The precursor protein profilaggrin is a 400 kDa, phosphorylated, insoluble
protein, which is rich in histidine. Profilaggrin is the main component of the keratohyalin
granules in the stratum granulosum (for review see: (Brown and McLean, 2012; Irvine
et al., 2011; Sandilands et al., 2009)). Structurally, the N-terminal domain of profilaggrin
exhibits a Ca** binding site. This suggests a possible role of Ca* in profilaggrin-to-FLG
processing, during which the N-terminal domain is cleaved and translocated to the

nucleus. There, the N-terminal domain might play a role in the enucleation process of
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keratinocytes during their differentiation (Brown and McLean, 2012; Sandilands et al.,
2009). The exact function of the C-terminal domain of profilaggrin is currently unknown,
but it seems to be involved in the profilaggrin-to-FLG processing as well (Brown and
McLean, 2012; Sandilands et al., 2009). Between N- and C-terminal domain ten to
twelve FLG repeats are found, the number is varying in individuals (Gan et al., 1990).
While keratinocytes change from granular to cornified cells, profilaggrin is processed to
monomeric FLG. The degradation is initiated by an intracellular increasing Ca?*
concentration in the outer cell layer of the stratum granulosum and is catalyzed by
protein phosphatases and serine proteases (Heimall and Spergel, 2012; Sandilands et
al., 2009). The monomeric FLG is a 37 kDa protein, which binds to keratin intermediate
filaments. Thus, FLG is supporting their aggregation into macro fibrils and leading to
the collapse of the cytoskeleton. Hence, FLG is directly involved in keratinocyte
flattening and squame-forming inside the stratum corneum (Brown and McLean, 2012;
O'Regan and Irvine, 2008; Sandilands et al., 2009). Subsequently, the collapsed and
compacted keratins are cross linked by transglutaminases to form an insoluble keratin
matrix, which is the scaffold for formation of the cornified envelope (Candi et al., 2005;
Irvine et al., 2011; Sandilands et al., 2009). Immediately after its release from
profilaggrin, monomeric FLG is further degraded. Peptidyl arginine deiminases catalyze
a citrullination step leading to a change of the net charge of FLG from basic to neutral
(Sandilands et al., 2009). Hence, the protein structure is unfolded making it more
susceptible to proteolysis by caspase 14 to histidine (Hoste et al., 2011; Irvine et al.,
2011; Sandilands et al., 2009). Subsequently, histidine is further degraded and
hydrophilic amino acids, including urocanic acid (UCA) and pyrrolidone-5-carboxylic
acid (PCA), are formed (Brown and McLean, 2012; Sandilands et al., 2009). As a part
of the natural moisturizing factor UCA and PCA contribute to the stratum corneum
hydration, since they are able to osmotically draw water into corneocytes (Elias et al.,
2008; Rawlings and Harding, 2004; Sandilands et al., 2009). Furthermore, the role of
UCA and PCA in UV protection (Mildner et al., 2010; Sandilands et al., 2009) and in the
maintenance of skin surface pH is under discussion (Fluhr et al., 2010; Krien and
Kermici, 2000; Sandilands et al., 2009). An acidic skin surface pH is required for the
development of barrier function of the skin, since the two major ceramide generating
enzymes, B-glucocerebrosidase and acidic sphingomyelinase, have their optimal
activity in an acidic milieu (Choi and Maibach, 2005; Feingold, 2007; Holleran et al.,
2006). Furthermore, it has been demonstrated, that an elevation of skin surface pH
results in impaired stratum corneum cohesion and disturbed permeability barrier
homeostasis (Hachem et al., 2003). The FLG degradation products UCA and PCA
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might contribute to the acidification (Krien and Kermici, 2000). Still, a recent study by
Fluhr et al. questions them being essential for acidification (Fluhr et al., 2010). Rather,
the importance of the known pathways via secretory phospholipase A, and the
sodium/hydrogen antiporter-1 (NHE-1) have been strengthened (Chan and Mauro,
2011; Fluhr et al., 2004; Fluhr et al., 2010).

In summary, FLG is directly and indirectly important for the establishment of skin

barrier function and might contribute to the hydration and acidification of the SC.

1.2.2 Loss-of-Function Mutations in FLG

Loss-of-function mutations in the gene encoding for FLG lead to reduced or absent
FLG expression in the skin. They are well-known risk factors for the development of
ichthyosis vulgaris (IV) and atopic dermatitis (AD) (Barker et al., 2007; Palmer et al.,
2006; Sandilands et al., 2006; Smith et al., 2006; Weidinger et al., 2006). IV and AD
appear often in parallel: 37 - 50 % of all IV patients develop an associated AD, whereas
only 8 % of AD patients develop IV symptoms (Smith et al., 2006). Up to now, twenty-
three different mutations of FLG are known in the European population, with the most
prominent R501x and 2282del4 existing in 80 % of all mutation carriers (Brown and
McLean, 2012; Heimall and Spergel, 2012; Smith et al., 2006). In contrast, in the Asian
population currently even thirty mutations are described with none being predominant
(Heimall and Spergel, 2012). In Europe, about 10 % of the population carries at least
one mutation in FLG (Barker et al., 2007). Loss-of-function mutations carriers produce
unstable profilaggrin and therefore miss profilaggrin-to-FLG processing leading to
reduced FLG content in the skin (Brown and McLean, 2012). Smith et al. demonstrated
the complete absence of keratohyalin granules in skin from patients with mutations in
both alleles in IV patients (Smith et al., 2006). Furthermore, the FLG breakdown
products, UCA and PCA, are found to be reduced in correlation to the extent of the
reduced FLG content in the skin (Kezic et al., 2008; Kezic et al., 2011; O'Regan et al.,
2010).

The flaky tail (ft/ft) mouse represents the animal model of FLG loss-of-function
mutations. Scharschmidt et al. demonstrated in the ft/ft mouse, that the mutation in
FLG alone suffices to induce a barrier abnormality and low-grade inflammation in the
skin. Permeability of water-soluble substances through the paracellular route was
increased and the lamellar body secretion disturbed, while skin surface pH and

transepidermal water loss were not altered (Scharschmidt et al., 2009). These results
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extended those from Fallon et al. which revealed an increased immunoglobulin E (IgE)

serum level and epidermal hyperplasia in ft/ft mice (Fallon et al., 2009).

Furthermore, in IV patients with known mutations in FLG a disorganization of keratin
filaments concurrent with alterations in the cornified envelope structure and impaired
lamellar body formation and loading was described just recently (Gruber et al., 2011).
Hence, loss-of-function mutations in FLG are major risk factors for a disturbance of

normal epidermal development.

1.3 Common Skin Disorders Based on Mutations in FLG

1.3.1 Atopic Dermatitis (AD)

AD is a chronic skin disease with inflammatory pathogenesis, which belongs to the
major public health problems in the industrialized world. Currently, the rising
prevalence in children is about 20 % whereas in adults only 1 - 3 % are affected
(Bieber, 2010; Brown and McLean, 2012; Leung et al., 2004; Ring et al., 2012a). In
most cases, the first symptoms arise in the early months of life, with milk crust and
eczema on the cheeks being the most prominent features (Bieber, 2010). While the
patients grow older, the eczema spreads to the flexural areas, the nape and the
dorsum of feet and hands (Fig. 2). Most of the children outgrow the disease, but in
some cases the disease persists into adulthood, where mainly the flexural areas, the

head and neck are affected (Bieber, 2010). AD is considered to be the starting point of

Fig. 2 Atopic eczema on the flexural areas of a child. Right picture shows the typical inflamed and
dry skin of a healing lesional area. Left picture shows the typical itch-scratch-cycle. Inflamed
scratch marks are the result of unbearable pruritus (Left picture: Bernd Untiedt; License: GNU Free
Documentation License, Source: http://de.wikipedia.org/wiki/Datei:Neurodermitis1.jpg; Right
picture: Eisfelder, License: GNU Free Documentation License, Source: http://de.wikipedia.org/wiki
IDatei: Atopic_dermatitis_child.JPG; accessed: 23.08.2013).
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the so-called atopic march, wherein patients suffer from allergic rhinitis and asthma
subsequently to the development of AD (Leung et al., 2004; Marenholz et al., 2006). In
the past, two subtypes of AD have been described in the literature: an intrinsic and an
extrinsic form, with the latter having the much higher occurrence. They have been
distinguished from another by the presence of elevated serum levels of immunoglobulin
E (IgE) in the extrinsic subtype, which are missing in the intrinsic form (Leung et al.,
2004). In 2003 the World Allergy Organization redefined the term atopy: from then on
only the extrinsic subtype is described by the term atopic dermatitis (Johansson et al.,
2004). The main features of AD are the dry and itchy skin, the inflammation caused by
cutaneous hyperactivity to environmental triggers and the increased serum levels of
IgE (Bieber, 2010; Leung et al., 2004; Liu et al., 2011). Patients are suffering from a
poorer quality of life, mainly due to the consistent pruritus, which worsens during night
time harmfully affecting the recreative sleep (Bieber, 2010; Spergel and Paller, 2003).
Even the normal-appearing, non-lesional skin of AD patients is affected. It reveals a
xerotic appearance and a marginal inflammation, as shown by a mild infiltrate with T-
cells (Bieber, 2010; Leung et al., 2004; Proksch et al., 2003). Additionally, in acute
eczema of AD patients the epidermis presents spongiosis (Bieber, 2010) and the
dermis a marked infiltrate with T-cells and monocyte-derived macrophages.
Furthermore, a peripheral eosinophilia is found (Bieber, 2010; Leung et al., 2004; Liu et
al., 2011). Chronically inflamed eczematous sites show lichenification with increased
epidermal thickness and hyperkeratosis (Bieber, 2010; Leung et al., 2004). In the acute
phase, inflammation is driven by Th2 cytokines, mainly interleukin (IL)-4 , IL-13 and IL-
5. The initial Th2-based inflammatory response changes to a Th0/1-type concurrently
with the switch from acute to chronic state of the eczema. In the chronic state in
particular interferon-y (IFNy), IL-12 and granulocyte macrophage colony-stimulating
factor (GM-CSF) contribute to the maintenance of the inflammation (Bieber, 2010;
Leung et al., 2004). The xerosis, which is found in lesional and non-lesional skin of AD
patients, is accompanied by an increased transepidermal water loss (Bieber, 2010;
Proksch et al., 2003). Additionally, the dryness of the skin may worsen the defect in
skin barrier function found in AD patients. The disturbed barrier enhances the
transcutaneous uptake of potential allergens. Subsequently, these allergens stimulate
inflammatory reactions, which harm the skin barrier even further (Bieber, 2010; Leung
et al., 2004; Proksch et al., 2003). Another quite often found feature of AD is an
infection of the skin with Staphylococcus aureus. These and other bacterial infections

can be attributed to the decrease in antimicrobial peptides and the elevated skin
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surface pH found in the skin of AD patients. Skin infections might contribute to a further
exacerbation of the AD (Bieber, 2010; Elias, 2010; Leung, 2003).

In AD the lipid composition and content of the stratum corneum is altered. The overall
lipid concentration is significantly lower compared to normal human skin. Mainly the
ceramides and of these primarily w-hydroxyceramide (= Cer 1) are affected (Choi and
Maibach, 2005; Holleran et al., 2006; Jakasa et al, 2011; Jensen et al., 2004;
Jungersted et al., 2010; Pilgram et al., 2001; Proksch et al., 2003). Pilgram et al.
demonstrated a more hexagonal instead of orthorhombic lateral lipid organization in the
skin from AD patients. This might cause the impaired barrier function (Pilgram et al.,
2001). A disordered lamellar lipid organization was also demonstrated in skin from AD
patients by others and strengthened the hypothesis that the disturbed lipid organization
harmfully effects skin barrier function (Choi and Maibach, 2005; Groen et al., 2011).
The observed changes in lipid composition and organization might be related to a
defective synthesis of lamellar bodies in the stratum granulosum or a disturbed
secretion of their components into the stratum granulosum - stratum corneum -
interface (Cork et al., 2009; Gruber et al., 2011; Pilgram et al., 2001; Proksch et al.,
2003). Moreover, changes in the sphingomyelin metabolism, such as the reduced
activity of the acidic sphingomyelinase, lead to the decreased ceramide levels in AD
skin (Jensen et al., 2004; Proksch et al., 2003). Furthermore, the ceramide-precursor
processing enzymes sphingomylein deacylase and glucosylceramide deacylase are a
unique feature of AD skin. These enzymes hydrolyze sphingomyelin or
glucosylceramide, respectively, to their lyso-forms instead of producing ceramides, and
therefore might contribute to the lower ceramide content found in AD skin (Choi and
Maibach, 2005; Holleran et al., 2006).

1.3.1.1 AD Pathophysiology

The pathophysiology of the disease is rather complex, with an interplay between
several affected genes, which can cause defects in skin barrier function and diminish
the inflammatory threshold, and the environment the patient is living in, such as the
exposure to potential allergens or the psychological stress (for review see: (Bieber,
2010; Elias, 2010; Leung et al., 2004)). During childhood food allergies, e.g. to egg,
milk or wheat, are often found. While patients get older, they often loose food allergies,
but start to suffer from sensitization to inhalant allergies, like pollen or dust mite (Leung

et al., 2004). Psychological stress is a known exacerbating factor based on its potential
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to trigger inflammatory reactions (Garg et al., 2001). Scratching, caused by unbearable
pruritus, leads to further mechanical impairment of the skin barrier and proceeds the
inflammation, which in turn intensifies the pruritus and activates the patient to intensify
scratching - a hard to break itch-scratch-cycle is initiated (Heimall and Spergel, 2012;
Leung et al., 2004).

In 2006 loss-of-function mutations in FLG were demonstrated to be one of the most
important predisposing factors for AD development (Palmer et al, 2006). Such
mutations have been shown to lead to a more severe disease pattern (Heimall and
Spergel, 2012; Sandilands et al., 2009), which starts earlier in life and bears a greater
risk of lasting into adulthood (Barker et al., 2007). Furthermore, the patients are more
susceptible to suffer from skin infections (Heimall and Spergel, 2012; Irvine et al.,
2011). FLG mutations are considered to favor all steps of the atopic march, namely the
development of allergic rhinitis and asthma (Marenholz et al., 2006; Weidinger et al.,
2008b). Still, it has to be mentioned, that only 14 - 56 % of all AD patients carry a
mutation in FLG (O'Regan and Irvine, 2008). Furthermore, merely around 42 % of FLG
mutation carriers develop AD, thus, other contributing factors have to be considered as
well (Irvine et al., 2011). In the past, AD development has been believed to be mainly
caused by immunological deficiencies which in turn trigger abnormal skin barrier
function development (inside-to-outside pathophysiology hypothesis) (Leung et al.,
2004). Just recently, with the discovery of mutations in FLG as predisposing factor for
AD development, Elias et al. substantiated the idea of the outside-to-inside hypothesis
of disease pathophysiology (Elias et al., 2008). They proclaimed that patients start to
suffer from a defect in skin barrier function and subsequently develop the inflammatory
feature of the disease. They justified their idea with the finding that the extent of barrier
dysfunction correlates with disease severity (Chamlin et al.,, 2002; Sugarman et al.,
2003). Due to the non-sufficient skin barrier in AD patients, the permeation of
environmental allergens into the skin is enhanced (Bieber, 2010; Jakasa et al., 2011).
Up taken allergens initiate the release of Th2 cytokines and therefore trigger the
inflammatory process in the skin (Jensen et al., 2004; Leung et al., 2004; Neis et al.,
2006). Subsequently, the inflammation might impair the skin barrier function further
(Hatano et al., 2005; Howell et al., 2007). The outside-to-inside hypothesis has been
strengthened by studies with ft/ft mice. The animal model of FLG mutations exhibits a
defective skin barrier and increased allergen ingress. The basal barrier abnormality is
further impaired by allergens making contact with the skin (Fallon et al., 2009;
Scharschmidt et al,, 2009). Still, it is not exclusively clarified how the reduced

expression of FLG leads to a defective skin barrier. Further contributing factors are
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needed (Elias et al., 2008; Weidinger et al., 2008b). Besides, there are AD patients
who do not carry a mutation in FLG at all (O'Regan and Irvine, 2008). Interestingly, an
atopic inflammatory reaction itself can decrease the expression of FLG in the skin in

AD patients, who do not carry a FLG mutation (Howell et al., 2007).

Besides the well-known loss-of function mutations in FLG several other genetic loci
leading to the development of AD are discussed in the literature. A polymorphism in the
serine protease kallikrein-peptidase 7 gene (KLK7), which is encoding stratum
corneum chymotryptic enzyme has been demonstrated to be associated with AD in one
study (Vasilopoulos et al., 2004) but could not be confirmed in another study
(Weidinger et al., 2008a). Since the stratum corneum chymotryptic enzyme has been
discussed to be involved in profilaggrin - to - FLG processing (Descargues et al., 2005;
Resing et al., 1995) a reduced expression of stratum corneum chymotryptic enzyme
might lead to a decreased release of FLG from profilaggrin. Furthermore, the stratum
corneum chymotryptic enzyme might be regulated by the serine protease inhibitor
lymphoepithelial Kazal-type inhibitor (LEKTI), which is encoded by the serine protease
inhibitor Kazal-type 5 gene (SPINK5) (Bitoun et al., 2003; Komatsu et al., 2002).
Defects in SPINK5 have been reported to be related to Netherton syndrome (Sprecher
et al.,, 2001). An association to AD has been suggested by some (Kato et al., 2003;
Weidinger et al., 2008a), but could not be confirmed by others (Folster-Holst et al.,
2005). So far, the relevance of KLK7 and SPINK5 for AD development is not
exclusively clarified and further studies are needed. Furthermore, the expression of
thymal stromal lymphopoietin (TSLP) is upregulated in lesional skin of AD patients
(Soumelis et al., 2002; Ziegler and Artis, 2010). TSLP induces the Th2 inflammatory
response in mouse models (Yoo et al., 2005; Ziegler and Artis, 2010), thus, it might be
one further predisposing factor leading to AD development. New genetic risk loci such
as the OVOLT1 (ovo-like 1 involved in the regulation of the development and
differentiation of epithelial tissues) or ACTL9 (actin like protein 9) have just recently
been identified, but further research needs to be done to determine the impact on AD

development (Hirota et al., 2012; Paternoster et al., 2011).

1.3.1.2 Therapeutic Options

Currently used therapeutic options are not addressing the underlying pathological
mechanisms but are mainly focusing on controlling inflammation (for review see: (Elias

et al., 2008)). The gold standard anti-inflammatory therapy is the topical application of
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glucocorticoids (Elias, 2010; Leung et al., 2004). Glucocorticoids bind to their
cytoplasmic receptor and translocate to the nucleus, where the transcription of pro-
inflammatory cytokines (such as IL-4, IL-5 or IL-13), chemokines (such as IL-8 or
eotaxin) and adhesion molecules (such as intercellular adhesion molecule (ICAM)-1 or
E-selectin) is reduced through inhibition of the transcription factor NFkB (Leung et al.,
2004). When used under a strict therapy regime, glucocorticoids are proven to be safe
and effective (Ring et al., 2012a). However, side effects, such as skin atrophy, limit
their long term use and the application on delicate skin areas like the face (Blume-
Peytavi and Metz, 2012; Katoh, 2009; Ring et al., 2012a). Therefore, topical application
of glucocorticoids is limited to acute lesions in AD patients (Katoh, 2009; Ring et al.,
2012a). Alternatively, topical -calcineurin inhibitors, such as pimecrolimus and
tacrolimus, are on the market. They bind to the cytoplasmic protein macrophilin and
thus inhibit the activity of the phosphatase calcineurin. Subsequently, the
dephosphorylation of the nuclear factor of activated T cell protein (NF-ATp) and hence
the transcription of inflammatory cytokines (such as IL-2, -4, -5) is inhibited. T cells fail
to be activated (Leung et al., 2004). Calcineurin inhibitors provide a good anti-
inflammatory effect and have only minor acute side effects. Yet, their potential risk for
triggering the development of skin cancer subsequent to their long-term use is
discussed (Artik and Ruzicka, 2003; Bieber, 2010; Leung et al., 2004). In contrast to
topical glucocorticoids calcineurin inhibitors can be used in the face (Artik and Ruzicka,
2003). For improvement of skin hydration the use of emollients is widely-spread and
has been demonstrated to reduce the use of topical glucocorticoids (Blume-Peytavi
and Metz, 2012; Katoh, 2009; Ring et al., 2012a). Since dry skin is one main feature of
AD, emollients are recommended for daily use even in non-lesional skin (Blume-
Peytavi and Metz, 2012; Ring et al., 2012a). Usually, emollients contain a moisturizer
such as urea or glycerol, and should be free of any possible allergens to reduce the
risk of allergic sensitization (Ring et al., 2012a). For severe AD in adults, which cannot
be improved by topical treatment, a systemic therapy with oral glucocorticoids is
indicated, but should be restricted to acute exacerbations (Ring et al., 2012b). Side
effects, such as ulcer or osteoporosis, limit their long-term use (Ring et al., 2012b).
Another systemic therapeutic option for severe, therapy-resistant cases is ciclosporin A
(Artik and Ruzicka, 2003). Ciclosporin A inhibits the calcineurin phosphatase and thus
leads to reduced expression of IL-2 and inhibition of the activation of T cells (Katoh,
2009). Ciclopsorin A should be used for short term only, since severe side effects,
mainly nephrotoxicity, can appear (Katoh, 2009; Leung et al., 2004). Since most

patients show an improvement of symptoms during summer months, phototherapy with
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narrow-band UV-B or UV-A light might provide another option for treatment of adults
and children > 12 years (Ring et al., 2012b). The inflammatory feature of AD skin is
improving, most probably through alterations in cytokine production or apoptosis of
immune cells (Leung et al., 2004; Ring et al., 2012b). However, phototherapy should
not be used in the acute state of the disease and the risk for developing skin cancer
needs to be considered. Currently, phototherapy is recommended as second line
treatment (Ring et al., 2012b). Besides pharmacological therapy, the knowledge of the
patient about his disease, his personal allergens and the avoidance of other triggering
factors, like psychological stress, is one major factor helping to improve the disease
state and therefore the quality of life of the patient (Bieber, 2010; Elias, 2010).

1.3.2 Ichthyosis Vulgaris (V)

IV belongs to the most prevalent keratinization disorders and can be attributed to a
defect in one single gene: FLG (Sandilands et al., 2006; Sandilands et al., 2007; Smith
et al., 2006). Its prevalence is about 1 in 250 British school children (Smith et al., 2006;
Wells and Kerr, 1966). The first symptoms usually develop early in life, are worst during
childhood and improve while patients grow older but never get totally lost (Hoffjan and
Stemmler, 2007; Okulicz and Schwartz, 2003; Schmuth et al., 2007). Characteristic
feature is the abnormal desquamation resulting in fine scaling, predominantly found on
the extensor side of arms and legs. The skin looks dry and rough, hyperlinearity of the
palms and soles is often found (Hoffjan and Stemmler, 2007; Okulicz and Schwartz,
2003; Schmuth et al., 2007). Symptoms usually improve during summer time and in
warmer climates (Okulicz and Schwartz, 2003). In histological examination, the
reduced number or total absence of keratohyalin granules in the stratum granulosum is
the most prominent feature (Fleckman and Brumbaugh, 2002). These findings led to
the detection of FLG mutations as factor for IV development (Sandilands et al., 2006;
Sandilands et al.,, 2007; Smith et al.,, 2006). These mutations are inherited in an
autosomal semidominant manner, resulting in a mild phenotype in heterozygous and a
more severe phenotype in homozygous or compound heterozygous patients (Irvine et
al., 2011; Sandilands et al., 2009; Schmuth et al., 2007; Smith et al., 2006). In contrast
to AD, inflammation of the skin is no feature of IV. It is only seen in patients with
associated AD (Vahlquist et al., 2008). As described above, loss-of-function mutations
in FLG lead to decreased levels of natural moisturizing factor and consequently to
reduced skin hydration resulting in the dry skin phenotype found in IV patients (Irvine et
al., 2011).
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1.3.2.1 Therapeutic Options

Current therapeutic options are addressing the symptoms but do not improve the
underlying pathologic mechanisms of the disease (for review see: (Krug et al., 2009;
Vahlquist et al., 2008)). The main goals of the treatment are the hydration and the
keratolysis, since dry, scaly skin is the most prominent feature of IV (Vahlquist et al.,
2008). For the improvement of skin hydration a-hydroxy-acids (such as lactic acid),
urea or glycerol are most often used (Krug et al., 2009; Okulicz and Schwartz, 2003;
Vahlquist et al., 2008). They provide good water-holding capacity and have only minor
side effects, such as slight irritation of the skin or a burning feeling (Krug et al., 2009;
Vahlquist et al., 2008). In addition, a-hydroxy-acids provide a keratolytic effect and
therefore help to accelerate desquamation (Vahlquist et al., 2008). A stronger
keratolytic effect is achieved by salicylic acid or topical retinoids (Krug et al., 2009;
Vahlquist et al., 2008). In severe cases retinoids should be administered orally (Krug et
al., 2009; Vahlquist et al., 2008). After binding to their cytoplasmic receptor, retinoid-
receptor-complexes dimerize and translocate into the nucleus where they interfere with
the transcription of diverse genes, such as inflammatory cytokines. Subsequently,
retinoid-receptor-complexes stimulate mitosis and the turnover of keratinocytes
resulting increased desquamation of the skin (for review see: (Okulicz and Schwartz,
2003)). Since currently available therapeutic options are not addressing the underlying
pathologic condition, research is strongly needed to provide better therapies for the

patients.

1.4 In Vitro Skin Models

The marketing authorization of new drugs requires next to the proof of effectiveness a
careful assessment of the potential risk for the user. The experiments to assess the
pharmacokinetic, -dynamic and toxicological profile of the substance are usually
performed in animals before clinical trials in humans are conducted (FDA, 2006; ICH,
2013). For chemical substances the requirements for the registration have just recently
been changed completely with the Registration, Evaluation, Authorization and
Restriction of Chemicals (REACH) legislation by the European Parliament and Council
(EuropeanParliament and Council, 2006). From then on, all chemical substances -
including all "old" already available chemicals - need to be registered at the European
Chemicals Agency ahead of their appearance on the European market. Therefore, risk

assessment of the chemicals is required. So, for registration of chemicals and the
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marketing authorization of new drugs general toxicological aspects, such as
carcinogenicity or genotoxicity, and furthermore the potential risk when intentionally or
unintentionally applied onto human skin need to assessed (EuropeanParliament and
Council, 2006). Hence, companies have to provide data on skin irritation or corrosion,
skin sensitization and skin absorption of chemical substances, pharmaceutical drugs
and cosmetic products (EuropeanCommission, 1976; EuropeanParliament and
Council, 2006; ICH, 2013). Due to ethical concerns and regulatory requirements the 7th
amendment of the Cosmetic Directive of the European Union (EuropeanParliament and
Council, 2003) bans the testing of cosmetic products and its ingredients on animals.
Thus, the use of animals to conduct such studies is more and more limited. Beside
regulatory requirements and ethical concerns, the benefit of animal experiments is
discussed controversially (Mestas and Hughes, 2004; Pound et al., 2004; Seok et al.,
2013; van der Worp et al., 2010). Differences in the inflammatory response (Seok et
al., 2013), the innate and adaptive immune system (Mestas and Hughes, 2004) or the
metabolism of xenobiotics (Hartung, 2008) are only some to mention. Furthermore,
methodological mistakes, such as the use of to low or to high doses of the compound
or the animal study group not reflecting the situation in humans, limit the transferability
of the results obtained in animals onto humans (Pound et al., 2004; van der Worp et
al., 2010).

For the evaluation of skin irritation, corrosion or absorption the use of human cadaver
skin and in vivo studies in humans is limited as well, since ethical concerns are rising.
Furthermore, major differences in the biotransformation of compounds in comparison to
native human skin make results not fully reliable (Baetz et al., 2012). Hence, much
effort has been made to develop an in vitro test system which provides a reliable basis
for risk assessment and which is free of any ethical concerns. Based on these
requirements the establishment and characterization of reconstructed human skin or
epidermis for in vitro risk assessment and pharmacological testing has been pursued
(for review see: (Gibbs, 2009; Netzlaff et al., 2005; Ponec, 2002; Van Gele et al.,
2011)). The development of such in vitro skin or epidermis models emerged from the
discovery, that the differentiation of normal human keratinocytes can be achieved in
vitro by culturing them at the air-liquid interface (Prunieras et al., 1983). Subsequently,
the development of reconstructed skin for the replacement in wounds, such as burns
(MacNeil, 2007), and for in vitro risk assessment was initiated. Today, there a several
different types of skin or epidermis models for in vitro research described in the
literature. Some are in-house models developed by researchers (Carlson et al., 2008),

others are commercially available and used by many different groups all over the world
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(e.g. EpiDerm™  MatTek, Ashland, MA, USA; EpiSkin by SkinEthic, Lyon, France;
epiCS). Today, reconstructed human epidermis is approved by the Organization for
Economic Cooperation and Development (OECD) for in vitro testing on skin corrosion
and skin irritation, hence, explicit guidelines for conducting these experiments are
published (OECD, 2004b, 2010). The use of reconstructed human epidermis for the
assessment of skin absorption was validated in 2008 in a large study in Germany
(Schéafer-Korting et al., 2008). The OECD is in the process of approving this method
and stated the use of reconstructed human epidermis acceptable in the case that the
obtained data from reference substances are comparable to those obtained by using
human skin ex vivo (OECD, 2004a; Van Gele et al., 2011).

In vitro skin models are classified into two subtypes: The first is mimicking the
epidermal part of human skin only and is also referred to as reconstructed human
epidermis (RHE). Besides these epidermal models, so-called full-thickness in vitro skin
models have been developed. They are composed out of a dermal equivalent on which
the epidermal layer is grown (for review see: (Gibbs, 2009; Van Gele et al., 2011)). The
construction of the epidermal layer is based on the use of normal human keratinocytes
(NHKs). For the preparation of reconstructed human epidermis NHKs are seeded onto
inert filter membranes, usually composed of cellulose acetate or polycarbonate (Gibbs,
2009; Van Gele et al, 2011). For the development of reconstructed human full
thickness skin, the dermal layer has to be established before keratinocytes can be
seeded on top. The dermal layer can be mimicked either by the use of a de-
epidermized dermis obtained from human cadaver skin (Van Gele et al., 2011) or by
the use of a jelly-like collagen-matrix in which normal human dermal fibroblasts are
embedded (Carlson et al., 2008; Van Gele et al., 2011). On top of the dermal
equivalent NHKs are seeded. As soon as confluence of NHKs either on the filter
membrane or on the artificial dermis is reached, the culture is lifted to the air-liquid
interface and fed with a special medium from beneath the filter membrane or the
dermal equivalent, respectively. During the next days of cultivation keratinocytes
differentiate to a fully developed epidermis with all viable layers and a competent
stratum corneum. Depending on the protocol, which includes the quantity of
keratinocytes seeded and the mixture of differentiation medium used, the constructed
in vitro models can be used at a special time point to conduct the desired experiment
(Batheja et al., 2009; Carlson et al., 2008; Gibbs, 2009; Van Gele et al., 2011).

Commercially available reconstructed epidermis and skin models have been

characterized thoroughly in terms of morphology, lipid composition, differentiation
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markers and metabolic activity (Luu-The et al., 2009; Netzlaff et al., 2005; Ponec et al.,
2002; Ponec et al, 2000). Furthermore, the suitability of reconstructed human
epidermis as test systems for skin irritation, skin corrosion and skin absorption has
been proven (Kandarova et al., 2006; Netzlaff et al., 2005; Schafer-Korting et al., 2008;
Schéfer-Korting et al., 2006; Spielmann et al., 2007; Welss et al., 2004). It is clearly
demonstrated, that in vitro models do successfully mimic the morphological structure of
their in vivo counterpart. The major epidermal layers - stratum corneum, granulosum,
spinosum and basale - are developed (Netzlaff et al., 2005; Ponec, 2002; Ponec et al.,
2002). Main structural components, such as keratohyalin granules or lamellar bodies
indicate the successful mimicking of the differentiation process of keratinocytes (for
review see: (Netzlaff et al., 2005; Ponec, 2002)). This is strengthened further by the
detection of relevant differentiation markers, such as involucrin, loricrin, keratin 1 or
keratin 10, in the skin models (Netzlaff et al., 2005; Ponec, 2002). On the ultrastructural
level minor differences, for example in the cellular shape or the presence of lipid
droplets in some skin models, was observed (Netzlaff et al., 2005; Ponec et al., 2002).
All major lipid classes are found in reconstructed human epidermis but all evaluated
models revealed minor differences in comparison to human skin (Netzlaff et al., 2005;
Ponec, 2002; Ponec et al., 2002). Besides, the lipids which are attached covalently to
the cornified envelope in human skin in vivo have been demonstrated to be generated
in vitro (Ponec, 2002), too, and thus form the scaffold for the correct alignment of the
extracellular lipids into lamellae as demonstrated by evaluation of the ultrastructure
(Ponec et al., 2002). In conclusion, the general lipid composition is rather closely
mimicking the in vivo situation (Netzlaff et al., 2005), but there are still differences in the
lipid organization in vitro and in vivo (Ponec, 2002). In vitro mainly the hexagonal
packing has been demonstrated, whereas in vivo mainly the orthorhombic packing is
found (Ponec, 2002; Thakoersing et al., 2012).

However, those skin models also bear disadvantages which have to be taken into
account. One major problem of reconstructed human epidermis and skin, respectively,
is the limited life span of the cultures. This has improved in the past few years with the
use of serum-free media and the reduction of epidermal growth factor concentration in
the differentiation medium (Gibbs et al., 1997; Van Gele et al., 2011). Still, the ongoing
contraction of the collagen matrix in full thickness models, the increased thickening of
the stratum corneum and the reduced thickness of the viable epidermis with prolonged
cultivation time, are restricting the use of the constructs to several days in which the
epidermis is fully developed and the construct still in good condition. The thickening of

the stratum corneum in in vitro cultures is most probably caused by the missing
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desquamation process (Ponec, 2002). Another deficiency of in vitro skin models is the
weaker barrier function compared to native human skin (Gibbs, 2009; Netzlaff et al.,
2005; Ponec, 2002; Van Gele et al., 2011). Yet, reconstructed human epidermis is a
useful tool for assessing skin corrosion, skin irritation and skin absorption. Although the
permeation of xenobiotics is overestimated, the rank order of substances with diverse
physiochemical properties remains the same as can be found in human skin ex vivo
(Schéafer-Korting et al., 2008). Thus, the permeation of xenobiotics can be evaluated by
the use of reconstructed human epidermis and so the number of animal experiments
can be reduced in the future. Furthermore, currently not all cell types of human skin are
found in in vitro models. For the assessment of immunological reactions of the skin, the
absence of langerhans cells as part of the immune defense has to be mentioned as the
most striking disadvantage, but much effort is made to improve the situation (Laubach
et al., 2010). Besides missing cell types, the absence of skin appendages like hair
follicles and sweat glands is another problem, which might influence results obtained in

in vitro studies.

In conclusion, in vitro skin models have great similarities to human skin and are a
useful tool in in vitro research but still lack some important characteristics of their in
vivo counterpart. Further improvement is required, especially in the development of

skin barrier function, but much effort is made and the future seems promising.

1.5 In Vitro Skin Disease Models

Beside the development of reconstructed skin resembling the healthy state of its in vivo
counterpart, it has become more and more of interest to establish models for different
skin diseases. Skin diseases, such as atopic dermatitis, are a major public health
problem (for review see: (Bieber, 2010; Leung et al., 2004; Schon and Boehncke,
2005)). Still, the underlying pathomechanisms are not fully unraveled and new
therapeutic options are needed, since the currently available therapies are treating
symptoms and do not improve the disease mechanism (Elias et al., 2008; Schon and
Boehncke, 2005). Studies in humans are not easy to conduct and raise ethical issues.
Animal models are an option and have provided deeper insight into disease
mechanisms in the past (Fallon et al., 2009; Scharschmidt et al., 2009), but ethical
concerns are rising. Furthermore, the transferability of results obtained in animals onto
the human situation is questionable (Hartung, 2008; Mestas and Hughes, 2004; Seok

et al., 2013; van der Worp et al.,, 2010). Hence, in vitro skin disease models are a
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helpful tool, which does not raise ethical concerns and furthermore better reflects the in
vivo situation, since they are composed of normal human skin cells (Carlson et al.,
2008). In vitro skin disease models provide not only the opportunity to test cosmetics or
drugs on diseased skin, but they can give a deeper insight into the pathophysiology of
the mimicked skin disease as well (for review see:(Semlin et al., 2010)). Several
models for varying diseases of human skin have been established and will be
introduced here. E.g. the mechanism of wound healing and skin repair can be
evaluated in vitro. Thereby, the wounds are created either with the use of a scalpel or
by burning the model with a laser (O'Leary et al., 2002; Vaughan et al., 2004). Such
wounded models can be used further for the evaluation of the influence of drugs and
their carriers on the wound healing process (Kuchler et al., 2010; Wolf et al., 2009).
Another well-established mimicked disease state is the infection with Candida albicans.
Thereby, not only the classic in vitro skin models but also in vitro models of oral and
vaginal epithelia have been used to study the effects of Candida albicans on the tissue.
The implementation of immune cells in these disease models improved the insight into
the immune response of human tissue to mycosis and new therapeutically options
could be evaluated (Korting et al., 1998; Schaller et al., 2004; Schaller et al., 2006).

Since malignant skin disease are on the rise, in vitro models of melanoma and non-
melanoma skin cancer are of great interest for researchers to learn more about the
disease pathophysiology and to evaluate new therapeutically options. Such models are
in an early stage of development, some of them look quite promising but have to proof
their suitability in further evaluation (Gibot et al., 2013; Hoeller-Obrigkeit et al., 2009; Li
et al., 2011). Holler-Obrigkeit et al. developed an in vitro skin construct of squamous
cell carcinoma by the use of head and neck cancer squamous cells (SCC 12) and
demonstrated great similarity to the in vivo situation as shown by the typical cluster
formation of SCC 12 inside the epidermis. Furthermore, they validated their model by
the use of photodynamic therapy (Hoeller-Obrigkeit et al., 2009). Providing a protocol
for the construction of an in vitro melanoma skin construct Li et al. demonstrated by the
use of melanoma cells of different stages of disease that the in vivo situation can be
mimicked better than in monolayer cultures (Li et al, 2011). Hence, the disease
pathophysiology can be unraveled further and new therapeutic options can be
evaluated by means of this skin construct. The implementation of a microvascular
network into an in vitro skin construct by Gibot et al. provides the opportunity to
evaluate the proangiogenic effect of melanoma cells (Gibot et al., 2013). This allows
the evaluation of the metastatic progress and the development of new therapeutic

options.
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The classic skin diseases are of interest as well. Some in vitro models for psoriasis
vulgaris, a chronic skin disease with an incidence of about 2 % worldwide, have been
established and characterized (Barker et al., 2004; Jean et al., 2009; MatTek, 2013;
Tjabringa et al., 2008). They are constructed either by the use of keratinocytes from the
lesional skin of patients or with normal human keratinocytes which have been
stimulated with psoriasis-associated cytokines (e.g. tumor necrosis factor (TNF) a or IL-
1a) before. The state of the disease can be mimicked pretty well in terms of abnormal
morphology of the skin and released pro-inflammatory cytokines (such as TNFa or
interferon (INF) y) through keratinocytes. Yet, the absence of immune cells is a big
disadvantage and limits the use of such in vitro models, still (Barker et al., 2004; Jean
et al., 2009; MatTek, 2013; Tjabringa et al., 2008). An in vitro model mimicking
hallmarks of atopic dermatitis is described by Engelhart et al.. They developed their
model based on the immortalized keratinocyte cell line HaCaT in which they integrated
activated T-cells. With this approach, several hallmarks of atopic skin, such as the
increased levels of proinflammatory cytokines and a disturbed epidermal maturation,
could be mimicked (Engelhart et al., 2005). The application of dexamethasone or
tacrolimus, respectively, reduced cytokine release and improved epidermal maturation
(Engelhart et al., 2005). One major drawback of this work is the use of HaCaTs, since
HaCaTs differ from normal human keratinocytes in several aspects, such as the
release of different chemokines after triggering an immune response (Kollisch et al.,
2005; Olaru and Jensen, 2010). Qji et al. gained better insight in the peeling skin
disease by the genetic evaluation of a large family and found a loss-of-function
mutation in the gene encoding for corneodesmosin to predispose for disease
development (Oji et al., 2010). By the generation of an in vitro skin construct by the use
of cells from lesional skin of one patient Oji et al. demonstrated that the loss of
corneodesmosin leads to disturbed epidermal maturation and impaired barrier function.
Furthermore, according to the genetic constitution of the evaluated family, where
peeling skin disease was associated with atopic dermatitis, loss-of-function in
corneodesmosin might contribute to the development of atopic dermatitis (Oji et al.,
2010).

Gene silencing in skin constructs opened new ways for mimicking skin diseases
(Mildner et al., 2006). Today, it is possible to generate skin disease models by the use
of normal cells in which a gene can be selectively knocked down and not only by the
use of cells obtained from lesional skin of patients. This enables researchers to study

the effects caused by one single gene and therefore provides the opportunity to learn
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more about disease pathophysiology. First insights into the effects of reduced FLG
expression in an in vitro model were by silencing FLG by the use of siRNA in normal
human keratinocytes. Skin models were constructed with these cells and cultivated for
seven days (Mildner et al., 2010). Histological evaluation demonstrated a reduced FLG
expression and less keratohyalin granules in the stratum granulosum of the FLG knock
down skin construct. The expression of other differentiation markers was not affected,
as well as the composition of skin lipids in the stratum corneum. The barrier function
was harmfully affected, as demonstrated by the increased permeability of the model
dye Lucifer yellow in FLG knock down constructs. Furthermore, the reduced expression
of FLG led to a decrease of urocanic acid and consequently to a diminished defense
against UV radiation (Mildner et al., 2010).
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1.6 Aim of this Thesis

The aim of this thesis was the establishment and characterization of an in vitro skin
disease model based on FLG knock down, to mimic fundamental features of FLG-
associated skin diseases, such as atopic dermatitis and ichthyosis vulgaris in vitro.
Such a model can be used to unravel the disease pathophysiology and might serve as
a tool for the development and testing of new therapeutic options under avoidance of
animal studies. The first aim was to establish a stable knock down of FLG in the in vitro
skin model during the whole cultivation period to allow for the evaluation of features
caused by the diminished FLG expression. Beside a histological examination of the
generated in vitro skin model the assessment of the barrier function by performing skin
absorption studies and the evaluation of the inflammatory threshold to a local irritant
was aimed for. To gain deeper insight into the influence of FLG on lipids of the stratum
corneum, the composition and organization of the extracellular lipids should be
evaluated. Following the characterization of the FLG knock down model, improvement
of the model by the implementation of vasculature and immune cells was aimed for.
Finally, the effect of drugs, which are able to increase FLG expression in the skin,
should be evaluated in the FLG knock down model, to allow for a first hint onto a new
treatment option of FLG-associated diseases. The established in vitro FLG knock down
model should be the base for future development of a complex in vitro model of atopic

dermatitis.
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2. Materials

In this section those materials are listed, which are not part of the published or

accepted manuscripts.

2.1 Technical Equipment

Autoclave
Centrifuge Eppendorf 5415D
Centrifuge Megafuge 1.0R

COs-Incubator Heracell 240i

Easypet Pipettor
Fluorescence micrsocope BZ-8000
Freeze Microtome CM1510S

Incubator Heraeus Function Line Typ B6

Heraeus Pico 17 Centrifuge

LaminAir HB 2472

Magnetic stirrer RO 10 power IKAMAG
Microplate reader FLUOstar Optima
Microtom Hyrax M40

Nalgene Cryo 1°C Freezing Container

Neubauer Counting Chamber
Paraffinization station Microm EC350

Paraffin stretching water bath GFL 1052

Systec, Wettenberg
Eppendorf, Hamburg
Heraeus, Hanau

Thermo Fisher Scientific, Waltham,
USA

Eppendorf, Hamburg
Keyence, Neu-Isenburg
Leica Microsystems, Wetzlar

Thermo Fisher Scientific, Waltham,
USA

Thermo Fisher Scientific, Waltham,
USA

Heraeus, Hanau

IKA Werke GmbH, Staufen
BMG Labtech, Offenburg
Zeiss, Jena

Nalge Nunc International

Corporation, Rochester, NY, USA
Zeiss, Jena
Zeiss, Jena

Zeiss, Jena

27



2. Materials

Phase contrast microscope Axiovert 135
pH meter 766 Calimatic

Pipets Eppendorf Reference

Real Time PCR System LightCycler 480

Scintillation Counter 1450 Microbeta TM Plus

SG-Labostar 2-DI/-UV high purity water system

Skin Punch, @ 15 mm
Ultrasonic bath Sonorex RK 100
Water bath DC3/\W26

Vortex Genie 2

2.2 Reagents and Consumable Supplies

1,2,6,7-*H-testosterone (100 Ci/mmol)
1-methyl-"*C-caffeine (51.20 Ci/mmol)
2-phospho-L-ascorbic acid trisodium salt

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide (MTT)
6-well companion plates for cell culture insert
6-well plates
96-well ELISA microplates
Acetic acid
Acetone
Albumine, Fraktion V, protease free (BSA)

Buffy coats

Zeiss, Jena

Knick, Nlrnberg
Eppendorf, Hamburg
Roche, Mannheim
Wallac, Freiburg

SG Wasseraufbereitung und

Regenerierstation GmbH, Barsbttel
Bauhaus, Berlin

Bandelin, Berlin

Thermo Haake, Karlsruhe

Bender Hobein, Zirich, Switzerland

Amersham, Freiburg
ARC Inc., St. Louis, USA
Sigma-Aldrich, Munich

Sigma-Aldrich, Munich

BD, Heidelberg

TPP, Trasadingen
GreinerBioOne, Frickenhausen
Sigma-Aldrich, Munich

VWR, Darmstadt

Carl Roth, Karlsruhe

DRK Blutspendedienst, Berlin
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Cell culture flasks 75 and 150 cm?

Cell culture inserts for 6-well plates
(pore size 3 um, translucent PET

membrane, growth area 4.22 cm?)
Cell strainer (sterile, pore size 40 uym)
CellTracker Green CMFDA
Centrifuge tubes (15 ml, 50 ml)
cis-4,7,10,13,16,19-docosahexaenoic acid
Clofibrate
Cover slips for microscopy slides
Cryo tubes 2 ml
DAPI Antifading Mounting Medium
Dispase Il
Dimethyl sulfoxide (DMSO)

Disodium ethylenediaminetetraacetic

acid dihydrate
Disodium hydrogenphosphate
Dulbecco's Modified Eagle's Medium (DMEM)

Dulbecco's Phosphate Buffered Saline (PBS)
w/o Ca?*, Mg**

Endothelial cell base medium 2 (EBM-2)
Eosin G solution

Eppendorf safe-lock tubes (1.5 ml, 2 ml)
Ethanol abs. (EtOH)

Ethylenediaminetetraacetic acid (EDTA)

TPP, Trasadingen, Switzerland

BD, Heidelberg

VWR, Darmstadt
Invitrogen, Darmstadt
Sarstedt, Nurnbrecht
Sigma-Aldrich, Munich
Sigma-Aldrich, Munich
Carl Roth, Karlsruhe
VWR, Darmstadt
Dianova, Hamburg
Roche, Mannheim
Sigma-Aldrich, Munich

Sigma-Aldrich, Munich

Merck, Darmstadt
Sigma-Aldrich, Munich

PAA Laboratories, Cobe

Lonza, Walkersville, USA

Carl Roth, Karlsruhe
Eppendorf, Hamburg
VWR, Darmstadt

Sigma-Aldrich, Munich
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EZ-DeWax solution
Fetal Calves Serum (FCS 1)
Fetal Calves Serum (FCS II)

Ficoll

Filaggrin specific Stealth siRNA (HSS177192)

Goat serum

Goat-anti-Mouse DyLight 488 Antibody
Goat-anti-Rabbit DyLight 594 Antibody
HiPerfect Transfection Reagent
Human epidermal growth factor (hREGF)
Hydrochloric acid conc.

Hydrogen peroxide 30%

Isopropanol

Keratinocyte basal medium (KBM)
L-glutamine

Magnetic stir bar

Mayer's haematoxylin solution
Methanol (MeOH)

Microscopy slides Superfrost Ultra Plus
Mouse-anti-FLG Antibody
Mouse-anti-PECAM1 Antibody
Multiwell plates for PCR

Nescofilm

Optiphase supermix szintillation cocktail

Biogenex, Fremont, USA
Biochrom, Berlin
Invitrogen, Darmstadt
Sigma-Aldrich, Munich
Invitrogen, Darmstadt
Dianova, Hamburg
Dianova, Hamburg
Dianova, Hamburg
Qiagen, Hilden
Sigma-Aldrich

VWR, Darmstadt

Carl Roth, Darmstadt
VWR, Darmstadt

Lonza, Walkersville, USA
Biochrom, Berlin

VWR, Darmstadt

Carl Roth, Karlsruhe

Sigma-Aldrich, Munich

Menzel-Glaser, Braunschweig

Dianova, Hamburg
DAKO, Hamburg
Roche, Mannheim
Carl Roth, Karlsruhe

Perkin Elmer, Rodgau
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PCR stripes

Penicillin / streptomycin (liquid)
(10,000 U/ml / 10,000 pg/ml)

Petri dish for cell culture
Phosphoric acid

Pipette tips

Potassium chloride

Potassium dihydrogenphosphate
Potassium hydroxide

Purecol bovine collagen | (3 mg/ml)
Primer for RT-PCR
Rabbit-anti-vWf Antibody

Red blood cell lysis solution 10x
Roti Histofix

Roti Histol

Roti Histokitt

RPMI 1640 medium

Scalpel blades

Sealing foil for multiwell plate

Serological pipets (5 ml, 10 ml, 25 ml)

Sodium azide
Sodium chloride
Sodium dodecyl sulfate (SDS)

Sodium hydroxide

Carl Roth, Karlsruhe

Biochrom, Berlin

TPP, Trasadingen

Sigma-Aldrich, Munich

Sarstedt, Nurnbrecht
Sigma-Aldrich, Munich

Carl Roth, Karlsruhe

Merck, Darmstadt

Nutacon, Leimuiden, Netherlands
Tib Molbiol, Berlin

DAKO, Hamburg

Miltenyi Biotec, Bergisch Gladbach
Carl Roth, Karlsruhe

Carl Roth, Karlsruhe

Carl Roth, Karlsruhe
Sigma-Aldrich, Munich

VWR, Darmstadt

Roche, Mannheim

Sarstedt, Nurnbrecht

Carl Roth, Darmstadt
Sigma-Aldrich, Munich
Sigma-Aldrich, Munich

Sigma-Aldrich, Munich
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Stainless steel beads (J 5 mm)
Supplements for keratinocyte growth medium
Supplements for endothelial growth medium
SYBR Green Master |
Tetramethylbenzidine (TMB)

Tissue freezing medium

Tris base

Tris hydrochloride

Trisodium citrate dihydrate

Trypsin

Tumor necrosis factor a (TNFa)

Tween 20

Water, sterile, pyrogen-free

Qiagen, Hilden

Lonza, Walkersville, USA
Lonza, Walkersville, USA
Roche, Mannheim
Sigma-Aldrich, Munich
Leica, Nussloch
Sigma-Aldrich, Munich
Sigma-Aldrich, Munich
Carl Roth, Karlsruhe
Biochrom, Berlin

R&D Systems, Wiesbaden
Carl Roth, Karlsruhe

Carl Roth, Karlsruhe
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2.3 Culture Media and Solutions

2.3.1 Media and Solutions for Cell Culture

All Media and solutions for the cell culture experiments were handled under sterile

conditions and stored at 4°C. Self-prepared solutions were either autoclaved or sterile

filtered before use.

Keratinocyte Growth Medium (KGM)

KBM supplemented with:

bovine prurity extract (BPE)

insulin

human epidermal growth factor (hEGF)
hydrocortisone

gentamicin

amphotericin B

The concentrations are not shared by the company (Lonza, Walkersville, USA).

Fibroblasts Growth Medium (FGM)
DMEM supplemented with:

Endothelial Cell Growth Medium (EGM-2)

EBM-2 supplemented with:

2 mM L-glutamine

100 1.U./ml penicillin
100 pg/ml streptomycin
10 % FCS |

hydrocortisone

human epidermal growth factor (hEGF)
fetal bovine serum (FBS)

vascular endothelial growth factor
(VEGF)

human fibroblast growth factor B
(hFGF-B)

insulin-like growth factor 1 (R3-IGF-1)
ascorbic acid

heparin

gentamicin

amphotericin B

The concentrations are not shared by the company (Lonza, Walkersville, USA).
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Peripheral Blood Mononuclear Cell (PBMC) Culture Medium

RPMI-1640 supplemented with:

Transport Medium
DMEM [ supplemented with:

Stop Medium
DMEM I supplemented with:

Cell Freezing Medium
DMEM | supplemented with:

Phosphate Buffered Saline (PBS) pH 7.4

Aqua bidest. supplemented with:

PBS/EDTA

PBS (w/o Ca*", Mg**) supplemented with:

Red Blood Cell Lysis Solution (1x)

10% heat-inactivated FCS |
2 mM L-glutamine

100 1.U./ml penicillin

100 pg/ml streptomycin

100 I.U./ml penicillin
100 ug/ml streptomycin

10% FCS |
100 I.U./ml penicillin
100 pg/ml streptomycin

10% DMSO
10% FCS |

0.2 g/l KCI

8.0 g/l NaCl

0.2 g/l KH,PO,
1.44 g/l Na,HPO,

2mM EDTA

5.0 ml red blood cell lysis solution(10x)

45.0 ml water, sterile, pyrogen-free

The solution was always freshly prepared. Unused solution was discarded at the end of

the day.
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Trypsin/EDTA

PBS supplemented with: 1.67 mg/ml trypsin
0.67 mg/ml EDTA

Dispase Stock Solution

PBS supplemented with: 10 ug/ml Dispase Il

The stock solution was stored at -20°C and diluted 1:10 with PBS before use.

2.3.2 Buffers for Inmunohistochemistry Experiments

PBS based washing buffer 5.0 g BSA
125 ul Tween 20

in 500.0 ml PBS

The buffer was always freshly prepared. The washing buffer was used for all
fluorescence-based staining procedures except for the detection of filaggrin. Here, the
buffer was prepared without Tween 20. The buffer was also used do dilute the primary

and secondary antibodies.

2.3.3 Solutions for Supplementation with Docosahexaenoic Acid or Clofibrate

DHA Stock Solution (100 mM) 25 mg DHA (= 7.61 x10™° mol)
ad 760 pl sterile filtered DMSO

The solution was aliquoted in safe
lock tubes (1.5 ml) and stored at
-20°C.

CLF Stock Solution (1 M) 250 mg CLF (= 0.001 mol)
ad 1000 pl sterile filtered DMSO

The solution was aliquoted in safe
lock tubes (1.5 ml) and stored at
4°C.
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2.4 Cells

normal human keratinocytes (NHKs)

isolated from juvenile foreskin obtained from cooperating medical practices and

hospitals with ethical permission, used passages 2-3

normal human dermal fibroblasts (NHDFs)

isolated from juvenile foreskin obtained from cooperating medical practices and

hospitals with ethical permission, used passages 2-4

human umbilical vein cord endothelial cells (HUVECS)

Charité, Berlin, used passages 3-9

peripheral blood mononuclear cells (PBMCs)

isolated from buffy coats, obtained from DRK Blutspendedienst, Berlin
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3. Methods

In this chapter those methods are described that are not part of the published or

accepted manuscripts.

3.1 Isolation and Cultivation of Normal Human Keratinocytes (NHKSs)

For isolation of NHKs juvenile foreskin was obtained from circumcision surgeries in
cooperating medical practices and hospitals (Vogler et al., 2003). The skin was
delivered in transport medium at 4°C and immediately after arrival washed with PBS.
Subsequently, the skin was placed into a petri dish filled with 5 ml PBS and cut into
small pieces (about 4 x 4 mm). 600 ul dispase stock solution were added and the skin
was incubated over night at 4°C. The next day, epidermis was pulled off, placed in a 15
ml centrifuge tube and incubated for two min with trypsin/EDTA (diluted 1:1 with PBS)
at 37°C. The migration of cells out of the epidermis was checked under the microscope
and 8 ml stop medium were added to interrupt the trypsin digestion. After removal of
leftover epidermis, the cell suspension was centrifuged (1000 rpm, 5 min). The
supernatant was removed and the cells were washed with PBS, centrifuged again,
resuspended in 10 ml KGM and seeded into a 75 cm? cell culture flask. The next day,

medium was changed to get rid of non-adherent, dead cells.

Every 2 - 3 days medium was changed and when confluence of about 70 % was
reached the culture was split in a ratio of 1 : 2 up to 1 : 4. Therefore the culture was
washed with PBS and incubated with 2 ml trypsin/EDTA for 5 min at 37°C, 5 % CO..
The detachment of cells was checked under the microscope and 6 ml stop medium
were added. The cell suspension was transferred into a 50 ml centrifuge tube,
centrifuged (1000 rpm, 5 min) and the supernatant was thrown away. After washing
with PBS, the cells were resuspended in an appropriate amount of KGM and seeded

into 75 cm? cell culture flasks.

For all experiments NHKs of passage two or three were used.

3.2 Isolation and Cultivation of Normal Human Dermal Fibroblasts (NHDFs)

The isolation of NHDFs was performed as published elsewhere (Hoeller et al., 2001).

Therefore, the leftover pieces of dermis from NHK isolation were used. The pieces of
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dermis were placed into the wells of a 6-well plate and incubated for 20 min (37°C, 5 %
CO,) without medium. Subsequently, 1 ml fibroblast growth medium (FGM) was added
carefully and the dermis was cultivated for one week (37°C, 5 % CO,). Meanwhile, the
migration of NHDFs out of the dermis was checked every day under the microscope.
Every other day 0.5 ml FGM was added. After one week, the dermis was removed and
the NHDF culture was washed carefully with PBS and fed with 1 ml fresh FGM. The
cells were cultivated (37°C, 5 % CO,) with a change of medium twice a week until they
reached a confluence of about 70 %, then they were split and seeded into 75 cm? cell

culture flasks in the same way as NHKs.

For all experiments NDHFs of passages two to four were used.

3.3 Cultivation of Human Umbilical Vein Cord Endothelial Cells (HUVECS)

The endothelial cell line HUVEC was cultivated with EGM-2 in 75 cm? cell culture flasks
(37°C, 5 % CO,). Medium was changed every 2 - 3 days. When the cells reached a
confluence of about 70 % they were split in the same way as NHKs except for a

shortening of the trypsin digestion step to 1 min.

For all experiments HUVECs of passages three to nine were used.

3.4 Isolation, Cultivation and Cell Tracker Staining of Human PBMCs

Human PBMCs were isolated from fresh buffy coats. These were obtained from the
German Red Cross and immediately after delivery the isolation was started. The buffy
coat was diluted (1:3 - 1:5) with PBS/EDTA. Subsequently, 35 ml of the diluted buffy
coat were layered on top of 15 ml Ficoll in a 50 ml centrifuge tube. After centrifugation
(40 min, 1400 rpm, brake turned off) the white leukocytes-layer was transferred into a
new 50 ml centrifuge tube, filled up to 50 ml with PBS/EDTA and centrifuged (1200
rpm, 10 min). Subsequently, the supernatant was removed and the cell pellet was
resuspended in red blood cell lysis solution (1x) to destroy leftover erythrocytes. After
incubation (12 min, room temperature), the cell suspension was centrifuged (1200 rpm,
5 min) and washed 3 times with PBS/EDTA. The centrifugation between the washing
steps was performed at 1000 rpm for 15 min. With this condition thrombocytes remain

in the supernatant and hence can be washed out. The purified PBMCs were
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resuspended in PBS/EDTA, homogenized with a cell strainer, centrifuged (1200 rpm,

10 min) and finally resuspended in PBMC culture medium.

Immediately after isolation PBMCs were counted and suspended in RPMI-1640 (1x10°
cells/ml) for staining with cell tracker. For each ml of the cell suspension 1 ul
CellTracker™ Green CMFDA (Invitrogen, Darmstadt, Germany) (5 pyg/ml in DMSO)
was added and the suspension was incubated for 45 min at 37°C under constant
movement. Subsequently, the cells were washed twice with PBS/EDTA, counted and
resuspended in PBMC culture medium (1 x 10° cells / ml). The uptake of the
fluorescence labeled cell tracker by PBMCs was controlled under the fluorescence
microscope. Immediately after staining PBMCs were used for the migration

experiments.

3.5 Knock Down of FLG in NHKs

24 h before the cultivation of the in vitro skin constructs was started, NHKs were
transfected with FLG specific siRNA (sequence: 5-CAG CUC CAG ACA AUC AGG
CAC UCA U-3"; NM_002016). For each confluent NHK a stock solution of KGM,
transfection reagent Hiperfect and FLG specific siRNA was prepared according to the
manufacturer's instructions. Subsequently, the confluent NHK culture was fed with
fresh KGM and the siRNA stock solution was added. The NHKs were incubated for 24
h (37°C, 5 % CO,).

3.6 Cultivation of the In Vitro Skin Construct

The in vitro skin constructs were prepared as published elsewhere (Eckl et al., 2011).
Briefly, for building up the collagen-fibroblast-matrix collagen | was mixed with buffer
and brought no neutral pH. Subsequently, fibroblasts (2.5 x 10°/ construct) in FCS I
were added. The jellylike mixture was mixed carefully and 2.5 ml were poured into a
cell culture insert. After gelatinization of the matrix, KGM was added and the incubation
was continued for 2 h at 37°C, 5% CO.,. Finally, KGM was removed and replaced by
NHKs in KGM (4.2 x 10° / construct, with or without FLG knock down). 24 h
postincubation (37°C, 5% CO,) the airlift was performed, therefore the medium was
removed from the top of the collagen-fibroblast-matrix and from inside the well beneath

the cell culture insert and a proprietary differentiation medium was added. The top of
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the skin construct stayed dry from this time on. Skin constructs were cultivated (37°C,

5% CO,) for 7 or 14 days, respectively. Medium was changed every other day.

3.7 Implementation of an Endothelial Cell Layer in the In Vitro Skin Construct

For the implementation of an endothelial cell layer in the in vitro skin construct the
preparation was adjusted slightly. First, the collagen-fibroblast-matrix was prepared
inside of a cell culture insert as described under 3.6. After solidification, the cell culture
insert with the collagen-fibroblast-matrix was turned upside-down and 1x10°® HUVECs
in 1 ml EGM were seeded onto the basal side of the insert membrane. After incubation
for one hour (37°C, 5% CO,) the insert was turned around and placed into a 6-well
companion plate containing EGM. KGM was added on top of the collagen-fibroblast-
matrix and after incubation for two hours (37°C, 5% CO,) replaced by NHK cell
suspension (4.2x10° / construct). The following day, the airlift was performed and the
constructs were put on differentiation medium. Therefore, the proprietary differentiation
medium was mixed (1:1) with EGM and supplemented with 1.36 mM 2-phospho-L-
ascorbic acid (Sorrell et al., 2007). Constructs were kept in culture for 7 - 14 days with

a change of medium every other day.

3.8 Immunofluorescence Analysis of vWf, PECAM-1 and FLG

For the detection of the endothelial cell markers von Willebrand factor (vWf) and
platelet endothelial cell adhesion molecule (PECAM-1) the whole skin construct with
implemented endothelial cell layer was fixed in Roti Histofix for 15 min. After several
washing steps the protein structures were blocked with normal goat serum (1:20 in
PBS). Subsequently, the constructs were incubated with primary antibody (rabbit-anti-
vWT 1:200 or mouse-anti-PECAM-1 1:20, respectively) for 30 min at room temperature.
Following several washing steps, the constructs were incubated with secondary
antibody (goat-anti-rabbit DyLight 594 1:400 or goat-anti-mouse DyLight 488 1:400,
respectively) for 60 min at room temperature in the dark. Finally, the constructs were
washed again and placed in a 6-well companion plate onto washing buffer containing 3
drops of DAPI Antifading Mounting Medium and immediately analyzed by fluorescence

microscopy.

For evaluation of FLG expression, skin constructs (normal and FLG knock down, with

or w/o DHA, respectively) were embedded in tissue freezing medium and frozen using

40



3. Methods

liquid nitrogen. After overnight storage at -80°C, the constructs were cut to vertical
slices (5 ym) with a freeze microtome. The sections were fixed using ice-cold acetone,
washed with washing buffer and blocked with normal goat serum (1:20 in PBS). The
sections were incubated overnight at 4°C with primary mouse-anti-FLG antibody (1:50)
and subsequently with goat-anti-mouse DyLight 488 antibody (1:400). After washing,
the sections were embedded in DAPI antifading mounting medium and analyzed with a

fluorescence microscope.

3.9 Migration of Human PBMCs into the In Vitro Skin Construct

To study the migration of PBMCs into the in vitro skin construct, four different

experimental set-ups haven been performed.

In the first approach, a skin construct with endothelial cell layer (14 days in culture) has
been damaged with SDS (1% in PBS) by topical application for 15 min. This approach
has been shown before to trigger an inflammatory reaction in the skin constructs and to
lead to increased levels of IL-6 and -8 (see 4.1 skin irritation test for details) (Klichler et
al., 2011). Skin constructs with PBS or without impairment served as controls.
Following the damage, the skin construct was placed onto 2 ml PBMC culture medium
containing 5x10° PBMCs/ml and incubated for 24 h (37°C, 5% CO,). Thereafter, they

were embedded in paraffin and stained with H&E.

In the second approach, the impairment of the skin construct with endothelial cell layer
(14 days in culture) was changed. According to published procedures (Weindl et al.,
2011) tumor necrosis factor a (TNFa) solution (10 pg/ml in PBS) was applied topically
(10 pl/cm?) for one hour. Subsequently, the skin construct was put on PBMC culture
medium containing 1x10® PBMCs/ml (stained with cell tracker) and incubated for 24 h
(37°C, 5% COy). Skin constructs without topical impairment and without PBMCs served
as control. Then they were embedded in paraffin, cut into 5 ym vertical slices and

analyzed with normal and fluorescence light microscopy.

In the third approach, the impairment of the skin construct (without endothelial cell
layer, 9 days in culture) was done systemically by adding TNFa to the differentiation
medium (final concentration 50 ng/ml) (Huh et al., 2010) for 4 hours. Subsequently,
skin constructs were incubated for 24 h (37°C, 5% CO,) with PBMC culture medium
containing 1x10° PBMCs/ml (stained with cell tracker). A construct without impairment

and without the addition of PBMCs served as control. Thereafter, skin constructs were
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embedded in tissue freezing medium, cut to 5 ym vertical slices and analyzed by light
and fluorescence microscopy. The embedding procedure was changed from paraffin to
tissue freezing medium, since tissue freezing is less time consuming and the

constructs could be analyzed faster.

In the last approach, the TNFa (final concentration 50 ng/ml) was added to the
differentiation medium of the skin constructs (14 days in culture, with and without
endothelial cell layer, respectively) 2 days before the migration experiment was
performed. To enhance the migration of the PBMCs, two skin constructs (one with and
one without endothelial cell layer, respectively) were turned upside down just before
adding the PBMCs (Schaller et al., 2006) and 1x10° cell tracker stained PBMCs in 1 ml
PBMC culture medium were applied to the basal side of the cell culture insert
membrane. 24 h post incubation in the upside down position (with a constant feeding
with fresh medium), the constructs were embedded in tissue freezing medium, cut into

5 um vertical slices and analyzed by light and fluorescence microscopy.

3.10 Supplementation with Docosahexaenoic Acid (DHA) or Clofibrate (CLF)

The skin constructs (normal and FLG knock down) have been generated according to
the standard procedure. At the same time as the airlift was performed the
supplementation with 100 uM DHA or 1 mM CLF, respectively, was started according
to a previously published method (Zhang et al., 2012). 1 ul of the DHA or CLF stock
solution, respectively, was added to 1 ml differentiation medium. The constructs were
cultivated for 14 days with a change of medium every other day. DHA or CLF,
respectively, was supplemented with every change of medium. Untreated skin
constructs served as control. Subsequently, RNA isolation, cDNA synthesis, tRCR and

H&E staining were performed as described in section 4.1.
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4. Results

In this section the results are presented as published or accepted manuscripts or as

unpublished data.

4.1 Establishment of an In Vitro FLG Knock Down Skin Construct

An in vitro skin construct based on FLG knock down has been established and the
effects of reduced expression of FLG on skin differentiation, the inflammatory response
to a local irritant and the percutaneous absorption of topically applied drugs have been
evaluated. The epidermal maturation was obviously disturbed in the FLG knock down
skin construct as demonstrated by histological examination. The skin irritation test
revealed a significant decrease of the inflammatory threshold to a local irritant in the
FLG knock down model as demonstrated by increased levels of the pro-inflammatory
cytokines IL-6 and IL-8. The barrier function was assessed by performing skin
absorption studies with a hydrophilic (caffeine) and a lipophilic (testosterone) model
drug. Only the permeation of the lipophilic drug was affected by the reduced FLG
expression. The FLG knock down skin construct is therefore a helpful tool in studying
the effects of the reduced FLG expression on skin maturation, barrier function and
inflammatory threshold. Furthermore, the in vitro construct will allow for assessment of

other FLG-associated effects in the skin.

These results are presented as published manuscript under 4.1.2.

4.1.1 Personal Contribution

Together with Dr. Sarah Kuchler (Institute for Pharmacy, Freie Universitat Berlin,
Germany), the in vitro skin construct was established in our laboratory. Several batches
have been cultivated by the use of cells from different donors and the knock down
efficiency of FLG was evaluated in every batch to ensure a stable knock down over the
whole cultivation period. Since the equipment for paraffinization was not available in
our laboratory, the histological examination by H&E staining was performed in
collaboration with Prof. Dr. Johanna Plend! (Institute for Veterinary Anatomy, Freie
Universitat Berlin, Germany). The histological evaluation revealed a disturbed
formation of the stratum corneum in the FLG knock down models, indicating a

disturbed barrier. Therefore, the barrier function was assessed by me by performing
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skin absorption studies according to OECD approved guidelines. Thereby, the
evaluation of testosterone permeation was performed by me alone, whereas for the
evaluation of caffeine permeation the help of Katharina Ackermann (Institute for
Pharmacy, Freie Universitat Berlin, Germany) is gratefully acknowledged. For further
assessment of FLG associated features, which are usually found in atopic skin, |
performed the skin irritation test with the local irritant sodium dodecylsulfate to evaluate
the inflammatory threshold in the FLG knock down model. Thereby, the conduction of
the skin irritation test and the subsequent data analysis, including the determination of
cell viability via MTT dye reduction test and the quantification of the released pro-
inflammatory cytokines IL-1alpha, IL-6 and IL-8, was performed by me. The evaluation
of lactate dehydrogenase release was performed in collaboration with Prof. Dr. Hans
Christian Korting (Department of Dermatology and Allergology, Ludwig-Maximilians
University Munich, Germany). The manuscript was written in collaboration with Dr.

Sarah Kichler (Institute for Pharmacy, Freie Universitat Berlin, Germany).

4.1.2 Published Manuscript

S. Kichler, D. Henkes, K.M. Eckl, K. Ackermann, J. Plendl, H.C. Korting, H.C.
Hennies, M. Schafer-Korting: Hallmarks of Atopic Skin Mimicked /n Vitro by Means of a
Skin Disease Model Based on FLG Knock-down. ATLA 39, 471-480, 2011
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4.2 Characterization of In Vitro Skin Constructs in Terms of Lipid Profile and Skin

Acidification

In this part the impact of the reduced expression of FLG on the skin lipid order, skin
lipid composition and skin acidification was evaluated in the established FLG knock
down skin construct. Although the amount of urocanic acid and pyrrolidone-5-
carboxylic acid were significantly reduced, we found a physiological skin surface pH in
the in vitro skin constructs. Hence, the sodium/hydrogen antiporter (NHE-1) and the
secretory phospholipase A, (sPLA;) acidification pathways were evaluated on mRNA
and protein level. NHE-1 and the sPLA, isoform IIA were found to be upregulated in the
FLG knock down skin construct. Coincidently with the upregulated sPLA,-IIA, we found
an increased amount of free fatty acids in the FLG knock down skin construct. The
ceramide profile was not affected by the reduced FLG expression, whereas a
disorganization of the lipid lamellae could be found. We could demonstrate a feedback
mechanism between FLG and acidification pathways of the skin and revealed that the

influence of FLG on skin lipid composition is marginal.

These results are presented as accepted manuscript under 4.2.2.

4.2.1 Personal Contribution

To evaluate the lipid composition and organization in the stratum corneum of the in
vitro skin construct collaboration with Prof. Dr. Katefina Vavrova (Faculty of Pharmacy,
Charles University in Prague, Czech Republic) was started. The skin constructs with or
without FLG knock down, respectively, were cultivated and the stratum corneum was
isolated by me. The evaluation of knock down efficiency was performed by me in every
batch, to ensure that the observed features were associated with a reduced FLG
expression. Since the analysis of the lipid profile revealed and increased level of free
fatty acids in the FLG knock down construct, | aimed for assessing the amount of
several isoforms of sPLA, on mRNA and protein level on day 14 of cultivation of the
skin constructs. Therefore, PCR studies and immunofluorescence experiments have
been performed by me. In parallel, the expression of the sodium/hydrogen antiporter
(NHE-1) was evaluated on mRNA and protein level on day 14 of cultivation by me. The
manuscript was written in collaboration with Dr. Sarah Kuchler (Institute for Pharmacy,
Freie Universitat Berlin, Germany) and Prof. Dr. Katefina Vavrova (Faculty of

Pharmacy, Charles University in Prague, Czech Republic).
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4.2.2 Accepted Manuscript

K. Vavrova, D. Henkes, K. Striiver, M. Sochorova, B. Skolova, M. Witting, W. Friess, S.
Schreml, R.J. Meier, M. Schafer-Korting, J.W. Fluhr, S. Klchler: Filaggrin Deficiency
Leads to Impaired Lipid Profile and Altered Acidification Pathways in a 3 D Skin
Construct. — Accepted of Publication in the Journal of Investigative Dermatology
doi:10.1038/jid.2013.402
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4.3 PPAR Modulators Influence FLG Expression in a FLG Knock Down Skin

Construct

Evaluation of FLG Expression and Histological Examination

Treating skin constructs (normal or FLG knock down, respectively) with the peroxisome
proliferator-activated receptor (PPAR) a modulator docosahexaenoic acid (DHA)
significantly increased the mRNA expression of FLG in the constructs. The relative
MRNA expression of FLG was increased about 18.96 + 9.27 fold (mean £ SEM, n = 4)
in normal and about 2.69 + 1.67 fold (mean + SEM, n = 4) in FLG knock down
constructs when compared to normal, untreated tissue, where the expression is 1 by
definition (Fig. 3). The knock down efficiency was 75.25 + 2.69 % (mean + SEM, n = 4).

These results were confirmed on the protein level by immunofluorescence experiments
(Fig. 4).
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Fig. 3 FLG expression after DHA incubation was determined on mRNA level by RT-PCR. The
expression was strongest in normal (FLG+) skin constructs treated with DHA (+DHA) (18.96 * 9.27)
and lowest in FLG knock down (FLG-) constructs without DHA treatment (FLG-) (0.25 * 0.03). In
FLG knock down constructs the expression on mRNA level was increased about 2.69 + 1.67 fold.
FLG expression in normal, untreated constructs is 1 by definition. Data are presented as mean
SEM, n =4, *p < 0.05.

89



4. Results

- DHA + DHA

FLG +

FLG -

100.0um
—

Fig. 4 Immunofluorescence staining of FLG after DHA incubation. Green fluorescence indicating
FLG was strongest in normal (FLG+) skin constructs treated with DHA (DHA+) and lowest in FLG
knock down skin constructs (FLG-) without DHA (DHA-). A significant upregulation of FLG is
observed in the FLG- constructs treated with DHA. Nuclei were stained with DAPI (blue
fluorescence), magnification 10x, bar = 100um.

The histological evaluation of DHA treated and untreated constructs revealed some
minor differences in epidermal maturation (Fig. 5). The thickness of the stratum
corneum is obviously increased indicating the DHA stimulating keratinocyte
differentiation. Some disturbances, such as spongiosis and disturbed erection of the

keratinocytes, of the basal layer were observed, as well.

The supplementation with the PPARa modulator clofibrate (CLF) increased FLG mRNA
expression about 14.42 fold in one batch of normal skin constructs. In the FLG knock
down construct of the same batch treated with CLF an increase of about 50 % of FLG
expression was detected, when compared to untreated FLG knock down construct.
These results could not be confirmed with skin constructs cultivated with cells derived

from different donors.

90



4. Results
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Fig. 5 Histological evaluation of skin constructs after treatment with DHA revealed only minor
differences in the epidermal maturation. Obviously, the thickness of the stratum corneum is
increased following DHA treatment. Furthermore a slight disturbance of the formation of the
stratum basale and spongiosis is visible. Pictures are representative from one batch, magnification
20x, bar = 100 pm.
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4.4 Implementation of an Endothelial Monolayer in the In Vitro Skin Construct

In preliminary studies for vascularization of the in vitro skin construct, the endothelial
cells were embedded into the collagen-fibroblast-matrix. However, the incorperation of
endothelial cells into the collagen-fibroblast-matrix of the in vitro skin construct was not
successful, since the endothelial cells phagocytized the collagen and long-term
cultivation was not possible due to shrinking of the collagen-matrix. Thus, the method
was adjusted and the endothelial cells were seeded onto the basal side of the cell
culture insert. This approach was successful and the results obtained with are
presented here.

Histological Examination

The histological analysis revealed a successful implementation of endothelial cells on
the basal side of the cell culture insert. The HUVECSs stick nicely to the basal side of
the cell culture insert and built up a confluent monolayer (Fig. 6). To assess the viability
and functionality of the implemented endothelial cell monolayer, the presence of the
two specific endothelial cell markers von Willebrand factor (VWf) and platelet
endothelial cell adhesion molecule (PECAM-1) have been evaluated by

immunostaining. Both markers were detected, indicating the viability and functionality

of the endothelial cell monolayer (Fig. 7).

Fig. 6 Histological pictures of the in vitro skin constructs with HUVECs. 1x10° HUVECs were
seeded onto the basal of the cell culture insert, they streched out and built up a confluent
monolayer, which sticks nicely to the basal side of the cell culture insert. Constructs were
cultivated for 14 days, embedded in paraffin, cut into 5 ym vertical slices and stained with H&E (A:
magnification 10x, bar = 100 ym; B: magnification 20x, bar = 100 pm).
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Fig. 7 Immunofluorescence staining of the endothelial cell monolayer of the skin construct at day
14. Left: Red fluorescence indicating endothelial cell marker PECAM-1 Right: Green fluorescence
indicating endothelial cell marker vWf. The presence of both specific endothelial cell markers
demonstrates the viability and functionality of the endothelial cell monolyer.Nuclei were stained
with DAPI (blue fluorescence) (magnification 20x, bars = 100um).

Yet, the implementation of the endothelial cell monolayer seemed to disturb the
maturation of the skin construct: The fibroblast in the collagen matrix did not stretch
out, the erection of the keratinocytes in the stratum basale seemed to be disturbed
resulting in incomplete epidermal maturation with less well developed stratum corneum
(Fig. 6). The disturbances in epidermal maturation might be caused by the change of
differentiation medium. For implementation of the endothelial monolayer, the
differentiation medium was mixed with endothelial cell medium and supplemented with
ascorbate. This change might have reduced the concentrations of supplements
required for epidermal maturation. If these histological effects have an impact on skin

barrier function needs to be assessed in future experiments.
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4.5 Migration Behavior of Human PBMCs into the In Vitro Skin Construct

To study the migration of human PBMCs into the in vitro skin constructs and to
evaluate a potential difference of PBMC migration between the normal and FLG knock
down construct several experimental setups have been performed. The experiments
were performed only with skin constructs prepared with untransfected normal human
keratinocytes. Initially, inflammation of the in vitro skin constructs was induced by the
application of the local irritant sodium dodecylsulfate (SDS). SDS increases the release
on inflammatory cytokines IL-6 and -8 significantly (Kuchler et al., 2011). For analysis
the skin constructs have been embedded in paraffin and stained with H&E. Next, the
procedure was adjusted slightly. Since | aimed for inducing a stronger inflammation in
the in vitro skin construct, | decided for the topical application of TNFa, according to
published procedures (Weindl et al., 2011). Furthermore, for the improvement of the
analysis of PBMC migration the PBMCs were fed with a cell tracking dye. Since this
second approach was not successful, | decided to induce the inflammation by systemic
application of TNFa in a third experimental setup (Huh et al., 2010). The cytokine was
added to induce a strong inflammatory reaction. Freezing of the skin constructs instead
of paraffinization was chosen in order to exclude a potential loss of fluorescence of the
stained PBMCs by a more rapid procedure. In the last experimental setup, | wanted to
ensure, that the migration of PBMCs into the in vitro skin construct is not hampered by
the distance, which the PBMCs have to cross, when given into the well underneath the
in vitro skin construct. Therefore, the skin construct has been turned upside down and
the PBMCs were applied directly onto the basal side of the cell culture insert.
Unfortunately, none of the tested experimental setups allowed for studying the
migration of human PBMCs into the skin constructs. In all approaches no PBMC

migration was detected.
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5. Final Discussion

The overall aim of this thesis was the establishment on an in vitro skin model, which
mimics major characteristics of FLG associated skin diseases and can be used to
study the impact of low or lacking FLG expression on skin differentiation and barrier
function. Furthermore, the underlying pathomechanism of FLG associated skin

diseases should be investigable.

5.1 Impact of Reduced FLG Expression on Skin Differentiation and Development

of Barrier Function

Atopic dermatitis (AD) and ichthyosis vulgaris (IV), skin diseases associated with loss-
of-function mutations in FLG, are major public health problems. AD is mainly a problem
in the industrialized world and its prevalence is rising (for review see: (Brown and
McLean, 2012; Irvine et al., 2011; Sandilands et al., 2009)). It is known, that FLG
mutation lead to disturbances of the normal epidermal development. The skin of ft/ft
mice, which lack FLG, exhibits a defective barrier and an increased allergen ingress,
which induces inflammation (Fallon et al., 2009; Scharschmidt et al., 2009). Still, the
pathophysiology of AD and the impact of FLG mutations on it, is not understood in full
and further research is required (Elias et al., 2008; Sandilands et al., 2009). Since in
vivo studies in humans and animals raise ethical concerns and are expensive, new in
vitro test systems are urgently required. In vitro skin models have become of major
interest in the past years and have been proven to be suitable for assessing skin
irritation, skin corrosion and skin absorption studies (for review see: (Netzlaff et al.,
2005)). Based on this, the development of models mimicking varying diseases of
human skin has been pursued (for review see (Semlin et al., 2010)), but the
development of models for complex diseases such as AD or IV have not been
accomplished yet (Engelhart et al., 2005; Mildner et al., 2010; Simonsen and Fullerton,
2007).

In this study, an in vitro skin construct based on FLG knock down using siRNA was
established and thoroughly characterized aiming for more insight on the impact of FLG
in skin barrier development and skin diseases and to establish a base which can be
used in future studies to establish an in vitro model for AD. The knock down with siRNA
was stable over the culturing time of 14 days and its efficiency determined by RT-PCR

was always > 75 % (Kuchler et al., 2011), which is an excellent result (Ren et al.,
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2006). The specificity of siRNA was good as shown by the use of non-coding siRNA for
reference. The impact of FLG knock down on FLG protein expression in the skin
construct was verified by immunofluorescence experiments, which revealed notable
reduction of fluorescence staining intensity in FLG knock down constructs in
comparison to normal constructs. H&E staining demonstrated, that the skin construct
grown out of normal human keratinocytes without FLG knock down develops a fully
differentiated epidermal compartment with all viable layers and functional stratum
corneum. In contrast, the knock down of FLG obviously leads to disturbed maturation
of the epidermal compartment (Klchler et al., 2011). Morphological hallmarks like
intercellular spongiosis or impaired SC development, which can be found in skin of
patients suffering from AD (Kerl et al., 2003) were presented in vitro following FLG
knock down. In contrast, an in vitro FLG knock down model grown for seven days did
not reveal any abnormalities in epidermal maturation and SC development (Mildner et
al., 2010). Indicating, that the impact of decreased FLG expression becomes visible
only after longer (14 days) cultivation of our skin construct. In unpublished, preliminary
experiments we did not find a significant difference in skin morphology after seven days

in culture, too.

To assess the barrier function of the in vitro skin construct further, skin absorption
studies have been performed. Such studies can reveal the barrier property of the in
vitro skin construct in general, when comparing to permeation data published for
human skin or other in vitro skin models, and, furthermore, can unravel the impact of
reduced FLG expression on percutaneous uptake of applied substances. The studies
have been performed according to validated and OECD adopted experimental
procedures for in vitro skin models with the OECD-approved test substances
testosterone (lipophilic, logP = 3.47) and caffeine (hydrophilic, logP = -0.08) (OECD,
2004a; Schafer-Korting et al., 2008). Permeation data of topically applied substances
on skin with impaired barrier function and especially on lesional AD or IV skin,
respectively, is rare. Based on the well-known diminished barrier in patients, however,
one could believe that the permeability must be higher than through intact skin (for
review see: (Chiang et al., 2012; Proksch et al., 2009)). For the development of new
drugs for the treatment of AD or IV, respectively, skin absorption studies are needed.
Besides ethical concerns, animal experiments on percutaneous absorption might lead
to false results since human and rodent skin differs in fundamental features. Animal
skin is composed of other cell types and shows differences in lipid composition. Most
importantly, the density of hair follicles is much higher and hair follicles are a major

shunt pathway for skin absorption. All these differences affect skin permeability (for

96



5. Final Discussion

review see: (Van Gele et al., 2011)). An in vitro test system, which is easy to handle,
cost-effective and has a high reliability is therefore of great interest. In this study it was
demonstrated, that the generated in vitro skin construct can be used for skin absorption
studies. On day 14 of cultivation, the percutaneous uptake of the hydrophilic substance
caffeine differed only marginally between normal and FLG knock down construct,
whereas the permeation of the lipophilic testosterone was increased in FLG knock
down compared to normal constructs (Kichler et al.,, 2011). The lack of statistical
significance can be attributed to the great variability of donors used for the construction
of the skin construct, since in every batch another donor was used. Furthermore, these
results are well in accordance with the differences in lipid organization, where a
disturbed intercellular lipid lamellae organization has been found on day 14 of
cultivation (Vavrova et al., 2013). The correlation between permeability and intercellular

lipid lamellae organization is described in the literature (Potts and Francoeur, 1990)

5.2 Impact of FLG on_ Skin Lipids Organization / Composition and Skin

Acidification

The skin from AD patients shows among other features abnormalities in the
intercellular lipid lamellae of the stratum corneum. The overall concentration of the
ceramides is significantly decreased (Choi and Maibach, 2005; Holleran et al., 2006;
Jakasa et al.,, 2011; Jungersted et al., 2010; Proksch et al., 2003). Furthermore, the
lipid organization is obviously disturbed, showing a more hexagonal instead of
orthorhombic packing (Groen et al., 2011; Pilgram et al., 2001). Different pathologic
features have been suggested to cause the disturbances, such as a defect in lamellar
body synthesis and secretion (Gruber et al., 2011) or changes in the activity of the
sphingomyelinase (Jensen et al., 2004), but studies, which evaluate the impact of FLG
mutations on extracellular lipid composition or organization are rare (Jungersted et al.,
2010; Mildner et al., 2010). The developed in vitro FLG knock down construct allows for
the evaluation of a potential correlation between decreased FLG expression and skin
lipid disturbances. Therefore, the lipid organization and composition of the in vitro skin
construct was evaluated in collaboration with Prof. Dr. Katefina Vavrova (Faculty of
Pharmacy, Charles University in Prague, Czech Republic). We found more disordered
intercellular lipid lamellae in the FLG knock down skin construct on day 14 of
cultivation, while no difference to the normal construct was found on day 7. The lipid
organization of the normal construct seems to improve with the cultivation time, coming

closer to the lipid organization of human skin ex vivo (Vavrova et al., 2013). The
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differences in lipid organization are well in accordance with the results obtained in the
skin absorption studies: there, a difference in permeability was found on day 14 of
cultivation, but not on day 7 (Kuchler et al., 2011; Vavrova et al., 2013). Since our in
vitro skin construct did not form the orthorhombic packing of lipids, we were not able to
evaluate the impact of FLG expression on the formation of the lipid lattice (Vavrova et
al., 2013). The disability of skin constructs to form a hexagonal lipid lattice was
demonstrated by others as well (Thakoersing et al., 2012). Based on the finding of a
disturbed lipid organization we assumed to find a difference in the lipid composition of
the skin constructs. Surprisingly, the ceramide, cholesterol and cholesterol sulfate
levels did not differ between the FLG knock down and the normal skin construct
(Vavrova et al.,, 2013). So, the reduced expression of FLG is most probably not
provoking the reduced ceramide levels, which are quite often found in AD skin
(Imokawa et al., 1991; Ishikawa et al., 2010). Our results are well in accordance with
previously conducted studies by others, which did not find a correlation between FLG
mutations and decreased ceramide levels in skin from AD patients with known FLG
mutations (Jungersted et al., 2010) or in organotypic FLG knock down skin models
(Mildner et al., 2010). Our findings indicate to other pathologic mechanisms in AD skin,
which explain the decreased ceramides levels. In terms of the other extracellular lipids
the most striking difference, which we found between the normal and the FLG knock
down skin construct, was a significant increase of the amount of free fatty acids in the
FLG knock down construct on day 14 of cultivation (Vavrova et al., 2013). Based on
these findings, we aimed for analyzing the expression of the secretory phospholipase
A, (sPLA;). The sPLA; is mainly responsible for the cleavage of phospholipids to free
fatty acids at the stratum granulosum - stratum corneum - interface (Mao-Qiang et al.,
1995). Several isoforms of the sPLA, exist in human skin and currently it is unclear
which one is the most important (for review see: (Valentin and Lambeau, 2000)).
Hence, the expression of the isoforms IB, IIA, IID, IIF, V, X and XIIA was evaluated on
mRNA level via RT-PCR. As sPLA appears to be involved in the skin acidification,
additionally the expression of the sodium/hydrogen antiporter (NHE-1) was analyzed.
On day 14 of cultivation a significant upregulation of the sPLA,-IIA and NHE-1 was
found in the FLG knock down construct. This result was verified on protein level by the
use of immunofluorescence experiments (Vavrova et al., 2013). The expression of all
other sPLA isoforms did not differ between normal and FLG knock down construct. The
sPLA,-IIA and NHE-1 have just recently been demonstrated to be upregulated in skin
from FLG deficient ft/ft mice (Fluhr et al., 2010). sPLA, and the NHE-1 are involved in

acidification of the skin (for review see: (Chan and Mauro, 2011)). An acidic skin
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surface pH is required for the formation of ceramides, since the two most important
ceramide generating enzymes, the sphingomyelinase and the B-glucocerebrosidase
have their optimal activity at a pH of about 5.5 (for review see: (Choi and Maibach,
2005; Feingold, 2007; Holleran et al., 2006)). The degradation products of FLG,
urocanic and pyrrolidone-5-carboxylic acid, are under discussion to have an influence
on skin surface pH as well (Fluhr et al., 2010; Krien and Kermici, 2000; Sandilands et
al., 2009). Based on the upregulation of two acidification pathways NHE-1 and sPLA,
in the FLG knock down skin construct, we hypothesize, that the acidification pathways
probably have a feedback among each other to warrant the acidic skin surface pH,
when one is compromised. The in vitro FLG knock down construct cultivated for 14
days allows for basic research and unbiased investigations of selectively the lack of
FLG and its impact on skin acidification. Furthermore, contributing acidification
pathways can be analyzed in parallel and the studies can easily be conducted in a time
dependent manner. With the FLG knock down constructs deeper insight into skin
acidification was gained. The impact of FLG on AD pathophysiology in terms of

disturbed skin lipid organization and composition was unraveled further.

5.3 Reduced FLG Expression Diminishes Inflammatory Threshold

In recent years a new idea of the underlying pathophysiology in AD emerged: Elias
P.M. et al. substantiated the idea of an outside-to-inside mechanism instead of inside-
to-outside hypothesis (for review see: (Elias et al., 2008)). Based on the findings, that
loss-of-function mutations in FLG are a major predisposing factor leading to AD, thes
hypothesized, that in affected skin the first symptom arising is a defect in the barrier
function and that the inflammation follows thereafter, due to the uptake of potential
allergens/haptens through the impaired barrier. For assessment of the inflammatory
threshold in FLG deficient skin, we evaluated the effects of the skin irritant sodium
dodecylsulfate in normal and FLG knock down skin constructs. The evaluation was
conducted based on the validated OECD guideline for in vitro skin irritation testing by
the use of reconstructed human epidermis (OECD, 2010). The method was slightly
adjusted (decreased concentration of SDS, shortened incubation time) to perform
better with the FLG knock down construct. We found increased levels of the pro-
inflammatory cytokines IL-6 and -8, already when applying the control phosphate
buffered saline and even more when applying the local irritant, in FLG knock down in
comparison to normal constructs (Kichler et al., 2011). These results are not

surprising, since water is a known irritant in AD skin (for review see: (Tsai and
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Maibach, 1999)). Furthermore, we assessed cell viability following the application of
sodium dodecylsulfate and found a significant decrease in the FLG knock down
constructs (Kichler et al., 2011). The results gained from the skin irritation test indicate
that the impaired barrier due to the reduced expression of FLG results in increased
susceptibility for skin irritation. The applied substances penetrate more easily and
cause a stronger inflammatory reaction, indicating a smaller threshold of the disease
construct to local irritants. Our findings are well in accordance with the situation found
in ft/ft mice, the animal model of FLG mutations, where the application of potential
allergens results in an increased uptake through the paracellular route and
consequentially to a stronger inflammatory reaction (Fallon et al., 2009; Scharschmidt
et al., 2009).

5.4 PPAR Modulators Increase the Expression of FLG. Can They Provide a New

Treatment Option?

Current therapeutically options for the treatment of AD and IV do not target the
underlying pathologic mechanisms, but rather ease the arising symptoms (for review
see: (Bieber, 2010; Elias, 2010)). Specific treatment strategies may be superior.
Besides, the development on an in vitro test system to study safety and effectiveness
of potential new drugs is of interest (Basketter et al., 2012; Van Gele et al., 2011). The
presence of PPARa receptors and the PPARa agonist induced upregulation of FLG
expression have been demonstrated in human skin and in vitro skin constructs
(Michalik and Wahli, 2007; Rivier et al., 2000; Schmuth et al., 2008; Zhang et al.,
2012). Beside the upregulation of FLG expression, PPARa receptor modulators have
been demonstrated to exhibit several other beneficial effects on skin, like the
improvement of permeability barrier homeostasis and SC integrity or the acceleration of
postnatal SC acidification (Fluhr et al., 2009; Schmuth et al., 2008). An increase in the
inflammatory threshold by the application of a PPARa modulator has been
demonstrated in mouse models of allergic and irritant contact dermatitis (Sheu et al.,
2002). Furthermore, PPARa modulators induce the synthesis of colesterol, free fatty
acids and ceramides (Man et al., 2006; Rivier et al., 2000; Schmuth et al., 2008). All
these impacts on the skin, might be beneficial for patients suffering from AD or |V,
since they have an impaired skin barrier function, decreased inflammatory threshold
and a decreased level of ceramides (for review see: (Bieber, 2010; Elias et al., 2008;
Leung et al., 2004)). For the first time we demonstrated that the upregulation of FLG

expression is feasible in skin constructs with a diminished expression of FLG and that
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these skin constructs could serve as a first test systems for preclinical testing of new
compounds. The supplementation with docosahexaenoic acid (DHA) increased the
FLG expression significantly. The FLG expression in knock down constructs after DHA
stimulation even exceeded the FLG expression of normal skin construct. Thus, the
treatment with a PPARa modulator increases FLG expression in FLG deficient skin and
might therefore improve the features of FLG deficiency in the skin. Exposure to
clofibrate induced the FLG expression only in one studied batch. This result could not
be repeated with skin constructs grown with cells from other donors. Since other
authors have demonstrated a positive effect on FLG expression by clofibrate (Rivier et
al., 2000; Zhang et al., 2012), experimental problems need to be assessed in future
experiments. Since a reduced FLG expression is thought to be causing impaired
barrier function in the skin of FLG mutation carriers and that this barrier defect is the
first step in the development of AD (for review see: (Elias et al., 2008)), an upregulation
of FLG expression might be an option for AD treatment addressing the underlying
pathomechanism and not just treating symptoms. Besides, it has been shown that even
in AD patients not suffering from mutation in FLG have an reduced expression of FLG
(Howell et al., 2007). So, AD patients might have benefit from the treatment with a
PPARa modulator. Clofibrate has been demonstrated to normalize the ceramide profile
in skin constructs when applied in combination with ascorbic acid (Batheja et al., 2009).
PPAR modulators might provide a new option in the treatment of AD or IV,
respectively, due to the prevention of glucocorticoid-induced side effects, when these
drug classes are administered in combination (Demerjian et al., 2009; Hatano et al.,
2011).

Taken togehter, | could demonstrate that the established FLG knock down construct is
suitable for the evaluation of new treatment strategies for AD. Especially, to develop

therapeutic options interfering with the underlying pathomechanism.

5.5 Generation of More Complex In Vitro Skin Constructs

The implementation of further cells into in vitro skin models is of great interest to
develop a more complex model, since a further assimilation to native human skin is
desired. Thereby, the vascularization and the implementation of immune cells are
pursued to generate more complex in vitro skin constructs, which allow for a deeper

insight into the skin physiology and skin disease pathophysiology. With the
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implementation of immune cells, the evaluation of immune reactions in the skin will be

possible.

For vascularization of in vitro skin constructs several setups for co-culturing of dermal
fibroblasts and endothelial cells are described in the literature (Hudon et al., 2003;
Sorrell et al., 2007). | aimed for culturing of the endothelial cells together with the
fibroblast in the collagen matrix of the in vitro skin construct. However, embedding of
endothelial cells in the collagen was not successful, since the endothelial cells started
to phagocytize the collagen. The phagocytosis of collagen by endothelial cells was also
observed previously (Meyer et al., 1997; Smedsrod et al., 1995). Hence, the setup for
endothelial cell implementation was changed. The cultivation of an endothelial
monolayer on inert filter membranes has been demonstrated and a confluent
endothelial cell monolayer is sufficient to study the migration of immune cells across
the wall of blood vessels in vitro (Huh et al., 2010). This approach could be adjusted to
our in vitro skin construct and a confluent endothelial monolayer was implemented on
the basal side of the cell culture insert in which the in vitro skin construct was
cultivated. Histological examination revealed an intact, viable layer of endothelial cells,
but, furthermore, demonstrated the impairment of epidermal maturation of the skin
construct. One reason for the impaired epidermal maturation might be the change of
the differentiation medium. For better growth of the endothelial cells, the medium was
mixed with endothelial cell medium and supplemented with ascorbate-phosphate. This
approach has been proven to be beneficial in a fibroblast-endothelial-cell co-culture
system (Sorrell et al., 2007). Obviously, this change of the differentiation medium
cannot easily be transferred onto complete in vitro skin models, important supplements
for epidermal maturation probably need to be added. If these histological effects have
an impact on skin barrier function, needs to be assessed in future experiments.
Nevertheless, the implementation of a confluent endothelial cell monolayer into the in
vitro skin construct was successful. The viability and functionality of the endothelial cell
monolayer was demonstrated by the presence of the two specific endothelial cell
markers von Willebrand factor and platelet endothelial cell adhesion molecule 1
(PECAM-1). PECAM-1 has been proclaimed to be important for angiogenesis, since
blocking of PECAM-1 with specific antibodies inhibits the elongation and migration of
endothelial cells. The formation of cell-cell-interactions is inhibited (Yang et al., 1999).
Thus, the presence of the endothelial cell marker PECAM-1 reveals intact cell-cell-
interactions in the endothelial cell monolayer of the in vitro skin construct. von
Willebrand factor is synthesized in human endothelial cells in vivo and is released upon

stimulation (such as injury of the blood vessel) to maintain normal blood hemostasis
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(Powazniak et al., 2011; Turner et al., 2009). With the detection of von Willebrand
factor in the endothelial cell monolayer of the complex in vitro skin construct the
functionality of the cells is demonstrated. Hence, the implementation of an endothelial
cell monolayer into the in vitro construct by principle is possible and therefore the data

presented here provide a base for further studies.

Human PBMCs are a mixture of monocytes and lymphocytes (Rajamaran et al., 1977).
These cells, mainly activated T cells, are often found as infiltrate of the lesional skin of
AD patients (for review see: (Kerstan et al., 2009; Leung et al., 2004). | aimed for
mimicking the migration by means of a complex in vitro skin construct. PBMCs were
isolated from human peripheral blood and different experimental setups have been
evaluated, but unfortunately, no setup could be established by which the migration of
human PBMCs could be studied. So, at the moment, the role of immune cells cannot
be studied with the established skin construct and further work is needed to develop a
more complex skin model. Many different parameters might have influenced the
migration negatively. First of all, | only used normal skin constructs to perform these
experiments. The inflammatory response to a local irritant is significantly stronger in the
FLG knock down constructs (Klchler et al., 2011), the stimulation might be sub-
threshold in the normal construct. In future experiments, the use of FLG knock down
constructs instead of normal constructs should be pursued. Furthermore, the stimuli
used in the experiments might have been below the trigger of PBMC migration. In
future experimental setups, this should be carefully investigated. Currently, it is not
clarified, which mechanistic features initiate the migration of T-Lymphocytes into the
lesional skin of atopic patients (for review see: (Kerstan et al., 2009)). Yet, the
infiltration with T-cells or monocytes depends on the pattern of released cytokines by
keratinocytes (Barker et al., 1991; Goebeler et al., 2001). Therefore, the induction of
the inflammation in the in vitro skin construct might be crucial for the migration of
immune cells and should be studied in future experiments. In acute, lesional skin of AD
patients increased levels of the Th2 interleukins 4, 5 and 13 along with an infiltrate of
activated T cells have been demonstrated (for review see: (Leung et al., 2004)), so
these interleukins might provide a new basis for future studies. Additionally, features,
which influence the migration negatively, need to be assessed. It was demonstrated,
that the expression of chemokine receptors on leukocytes is changed after isolation
(Nieto et al., 2012). Since the receptor profile of PBMCs was not assessed in this
study, it is possible, that the PBMCs lost the respective receptor needed for
recruitment. Another aspect for the failing of the evaluated approaches, might be the

adhesion behavior of PBMCs. Since the monocytes adhere on glass and plastic
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surface (Rajamaran et al., 1977), it is possible that they stuck to the cell culture plastic
ware. A constant movement of the cell suspension might be required to induce the
adhesion of PBMCs to the endothelial cells (Huh et al., 2010). Additionally the analysis
of the migration should be improved. The observation of the migration via confocal
microscopy of the complete in vitro skin construct (Huh et al., 2010) might provide
deeper insight into the behavior of human PBMCs when added to the skin construct.
Nevertheless, in vitro constructs have been demonstrated to be suitable to study the
migration of immune cells (Schaller et al., 2004). Hence, the adjustment of the
experimental setup with our in vitro skin construct can make the evaluation of the

migration of immune cells possible.
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6. Prospects

In this thesis an in vitro FLG knock down skin construct was established by the use of
siRNA and intensively characterized in terms of skin morphology, barrier function and
skin lipid composition. Thereby, it has been demonstrated that pathological
mechanisms can be unraveled further by means of this skin construct. Furthermore,

the suitability as a test system for new treatment strategies has been demonstrated.

The established in vitro skin construct allows for studying of the acidification pathways
of human skin intensively. Thereby, the role of sodium/hydrogen antiporter (NHE-1)
and secretory phospholipase A, (sPLA;) needs more detailed evaluation. In future
experiments their impact can be assessed in studies where these genes are silenced
by the use of siRNA in the in vitro skin construct. Hence, the impact of each single
pathway can be unraveled. Furthermore, the effects of the supplementation with PPAR
modulators should be studied more intensively. Thereby, mainly the impact on lipid
organization and composition is of interest. Besides, the migration of immune cells into

the in vitro skin construct should be studied more intensively.

With the established in vitro FLG knock down skin construct a good base has been
generated to develop a complex model of FLG associated skin diseases such as AD.
For the development of such an AD model, immunocompetent cells, such as dendritic
cells, need to be integrated into the in vitro skin construct in order to reflect the
inflammatory feature of AD. Since loss-of-function mutations in FLG are only one major
predisposing factor leading to the development of AD, the influence of other genes and
environmental factors needs to be assessed carefully and then must be implemented in
the model. Thereby, the use of cells derived from lesional skin of AD patients for the

construction of the in vitro model might be one step to gain better insight.
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7. Summary

Although loss-of-function mutations of FLG are a well-known major predisposing factor
for atopic dermatitis (AD) and ichthyosis vulgaris (IV), respectively, only little is known
about the effects caused by the reduced expression of this protein. Experiments in
patients are expensive and bring the disadvantage that the features of one single gene
effect cannot be observed. Often used animal models - like the flaky tail mouse - raise
ethical concerns and bring the disadvantage of species related differences in the
physiology beside a different pathomechanism. In vitro skin constructs are a helpful
tool to overcome these disadvantages. It is possible to study the effect of the loss-of-
function in just one single gene, ethical concerns are not arising and species related

differences are not given since the constructs are made from human material.

In this study an in vitro skin construct based on FLG knock down cultivated for 14 days
was established and characterized. Morphological abnormalities like the intra- and
intercellular spongiosis or the disturbed stratum corneum development could be linked
to the diminished expression of FLG. Furthermore, the impact on lipid organization and
composition was evaluated. In terms of lipid composition, the most striking difference
between normal and FLG knock down construct was the increase in free fatty acids,
whereas only minor differences in ceramide, cholesterol and cholesterol sulfate
composition were found. This is well in accordance with the evaluated increase of
secretory phospholipase A,-IIA (sPLA,-IIA) expression found in the FLG knock down
construct, which results in increased levels of free fatty acids via the "phospholipids - to
- free fatty acids pathway". Moreover, a significantly increased expression of the
sodium/hydrogen antiporter (NHE-1) has been found in the FLG knock down construct.
Based on these findings and on the fact, that the "FLG-to-urocanic acid/pyrrolidone
carboxylic acid" acidification pathway is restricted in the FLG knock down construct, a
feedback mechanism between these pathways can be hypothesized: When FLG
expression is reduced and therefore lower amounts of the acidifying amino acids
urocanic acid and pyrrolidone carboxylic acid are produced, the NHE-1 and / or sPLA,
becomes upregulated to ensure the most possible acidic skin surface pH. For further
assessment of the barrier function, skin absorption studies have been performed.
Permeation of the hydrophilic model substance caffeine did not differ in the normal or
FLG knock down skin construct, respectively, whereas the permeation of the lipophilic
model drug testosterone was enhanced in the disease construct, indicating a disturbed

barrier. This is in accordance with the disturbed lipid organization in the FLG knock
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down constructs, which most probably is mainly affecting the permeation of lipophilic

compounds.

Besides the disturbed barrier, a diminished inflammatory threshold in the FLG knock
down construct to the standard local irritant SDS was demonstrated. Hence, the
inflammatory feature of AD skin was mimicked by means of the in vitro skin construct
as well. Furthermore, the suitability of the skin construct as in vitro pharmacological
testing tool for the assessment of new therapeutically option has been demonstrated by
the enhanced FLG expression following a supplementation with the PPARa modulator

docosahexaenoic acid.

By the implementation of an endothelial cell layer, a further assimilation of the in vitro
skin construct to the in vivo situation could be achieved. Still, further work is needed
since at the current state of development the endothelial cells seem to disturb the

epidermal maturation.

In conclusion, the established in vitro skin construct is a helpful tool in basic research,
offers new insights into skin physiology, disease pathophysiology and offers the
opportunity to evaluate new treatment options. Therefore, the established in vitro FLG
knock down construct is a relevant step in the generation of a complex in vitro model of

atopic dermatitis.

107



8. Zusammenfassung

8. Zusammenfassung

Funktionsverlustmutationen im Filaggrin-Gen sind bekannte Risikofaktoren fir die
Entwicklung einer atopischen Dermatitis (AD) oder einer Ichthyosis vulgaris (IV).
Trotzdem sind die Auswirkungen, die die reduzierte Bildung des Proteins mit sich
bringt, weitgehend unbekannt. Untersuchungen an Patienten direkt sind kostspielig und
haben den grof’en Nachteil, dass andere Faktoren das Ergebnis beeinflussen und
nicht die Auswirkungen eines einzelnen Gendefekts beurteilt werden kdnnen. Versuche
in Tiermodellen, wie der flaky tail Maus, sind ethisch nicht immer vertretbar und haben
darlber hinaus den grofien Nachteil, dass zum einen die Physiologie von Tier und
Mensch doch sehr unterschiedlich ist, zum anderen unterscheidet sich auch die
Pathophysiologie der Krankheit. Die Entwicklung von in vitro Hautmodellen hat die
Forschung deshalb einen groRen Schritt weiter gebracht, da wesentliche Nachteile, die
im Patienten- oder Tierversuch entstehen, Uberwunden sind. Mit Hilfe von
Hautmodellen ist es moglich die Auswirkungen eines Funktionsverlusts in einem
einzelnen Gen zu untersuchen ohne dass ethische Regeln verletzt werden. Da in vitro
Hautmodelle aus humanem Material generiert werden, liegen auch keine Spezies

bedingten Unterschiede vor.

In der vorliegenden Arbeit wurde ein in vitro Hautmodell, in dem spezifisch das
Filaggrin-Gen ausgeschaltet wurde und das fur 14 Tage kultiviert wurde, etabliert und
charakterisiert. Die reduzierte Expression von Filaggrin fuhrt zu morphologischen
Veranderungen, wie z.B. einer intra- und interzellularen Odembildung sowie einer
gestorten Entwicklung des Stratum corneum. Des Weiteren wurde die Organisation
und Zusammensetzung der Hautlipide untersucht. Dabei wurde als groRter
Unterschied zwischen normalen und FLG knock down Modellen eine signifikant
gréRere Menge an freien Fettsauren in dem krankhaft veranderten Modell gefunden.
Die Zusammensetzung der anderen Hautlipide, Ceramide, Cholesterol und
Cholesterolsulfat, war dagegen nahezu gleich. Die groRere Menge an freien Fettsduren
geht mit einer erhdhten Expression der sekretorischen Phospholipase Ax-IIA (sPLA-
[IA) einher. Die sPLA, sind die fiur die Bildung von freien Fettsduren aus
Phospholipiden wesentlichen Enzyme im Stratum corneum. Ein signifikanter Anstieg
der Expression des Natrium-/Protonen-Antiporters NHE-1 in den FLG knock down in
Verbindung mit der Tatsache, dass in dem FLG knock down Modell die Azidifizierung
des Stratum corneums nicht dber die Bildung von Urocanin- und
Pyrrolidoncarbonsaure aus Filaggrin ablaufen kann, fihrt zu der Hypothese einer

Ruckkoppelung zwischen den verschiedenen Azidifizierungsmechanismen: Reduzierte
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Expression des Filaggrin und damit geringere Bildung von Urocanin- und
Pyrrolidoncarbonsaure aus Histidin fuihrt zu einer Hochregulation von NHE-1 und / oder
sPLA,, um den physiologisch sauren Hautoberflachen pH sowit méglich aufrecht zu
erhalten. Die Barrierefunktion des Hautmodells wurde anhand der Durchfiihrung von
Hautabsorptionsstudien weiter charakterisiert. Dabei wurde fir die hydrophile
Modellsubstanz Coffein kein Unterschied in der Permeation des normalen oder des
FLG knock down Modells gefunden. Fir die lipophile Modellsubstanz Testosteron
hingegen wurde ein deutlicher Anstieg der Permeation durch das FLG knock down
Modell verzeichnet, was ein deutlicher Hinweis auf eine gestérte Hautbarriere liefert.
Die erhohte Permeation einer lipophilen Substanz ist hdchstwahrscheinlich auf die

gestorte Lipidorganisation des FLG knock down Modells zurlickzuflihren.

Neben der gestorten Hautbarriere wurde in dem FLG knock down Modell weiterhin
eine geringere Schwelle gegeniber dem lokal applizierten Standardirritans SDS
nachgewiesen. Folglich kann mit dem Hautmodell auch die entziindliche Komponente
der atopischen Dermatitis erfolgreich dargestellt werden. Des Weiteren wurde gezeigt,
dass das etablierte in vitro Hautmodell fir die pharmakologische Testung geeignet ist
und neue therapeutische Optionen mit Hilfe des Modells entwickelt werden kdnnen.
Dies wurde anhand des PPARa Modulators Docosahexaensdure und dem daraus
resultierenden signifikanten Anstieg der FLG Expression verdeutlicht. Die Anwendung
von PPARa Modulatoren kénnte eine neue Strategie in der Behandlung der atopischen

Dermatitis sein.

Die Implementierung einer Endothelzellschicht in das etablierte in vitro Hautmodell
brachte eine noch gréftere Anndherung des Modells an die in vivo Situation mit sich.
Nichtsdestotrotz, ist hier eine Weiterentwicklung von Noten, da bislang die
Implementierung der Endothelzellen eine Verschlechterung der epidermalen Reifung

des Hautmodells mit sich bringt.

Das hier etablierte in vitro FLG knock down Hautmodell ist eine erfolgreiche Grundlage
fur die Forschung. Mit Hilfe des Modells ist es moglich tiefere Einblicke in die
Physiologie der Haut und die pathophysiologischen Zustande von Hautkrankheiten zu
bekommen und neue Strategien flr die Behandlung von Hautkrankheiten zu
entwickeln. Das FLG knock down Modell bildet ferner den ersten Schritt in der

Entwicklung eines komplexen Modells der atopischen Dermatitis.
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