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CHAPTER 1 

GENERAL INTRODUCTION 

1. Function of the skin 

The skin is the largest organ of the mammalian body. It protects the organism against 

environmental aggressions and microbial pathogens and forms an inside out barrier 

preventing fluid loss (Elias 2005). The skin is also a sensorial organ containing a 

dense network of nerve endings specialized end organs sensing heat and cold,

vibration, pressure, touch and pain, thus, allowing the organism to react to 

environmental cues. Due to its location at the interface between the organism and 

the environment, skin also plays an important role both as a site of initiation as well 

as a target for an immune response (Schmidt et al., 2000). Sensitization to foreign 

antigens can be initiated in the skin by specialized antigen-presenting cells such as 

epidermal Langerhans cells, and immune reactions within the skin may manifest as 

severe inflammatory diseases such as atopic dermatitis and psoriasis. In addition, 

also non-immune skin-cells are able to produce cytokines, chemokines and growth 

factors thereby modulating inflammatory reactions (Bolognia et al., 2008). 

2. Structure of the skin 

Human skin consists of 3 compartments: the epidermis, the underlying dermis and 

the subcutis (Figure 1). 

The epidermis, a stratified squamous epithelium which is constantly renewing, forms 

the outermost part of the skin (McGrath et al., 2004). Depending on the body-site, 4-5

layers which represent different stages of epithelial differentiation can be 

distinguished within the epidermis (Figure 2). Layers from the inside to the outside 

are the basal or germinative layer (stratum basale or stratum germinativum), the 

spinous layer (stratum spinosum), the granular layer (stratum granulosum), the clear 
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or translucent layer (stratum lucidum) which is present in the epidermis of in palms 

and soles only and the cornified layer (stratum corneum) (Fuchs 1990). 

More than 95% of all cells in the epidermis are keratinocytes (KC), which are tightly 

interconnected by desmosomes (Proksch et al., 2004). Beside KC, other cell types 

such as melanocytes (MC), Merkel cells, Langerhans cells and T cells are regular 

present within the human epidermis (Figure 3). The epidermis itself is not 

vascularized but exclusively nourished from the highly vascularized dermis by 

diffusion. The different epidermal layers are formed through terminal differentiation of 

KC (Chapter 1, 3.1.). The epidermis is tightly anchored to the dermis via the basal 

membrane (lamina basalis), which is at the interface between basal KC and dermis.

The basal membrane consists of specialized glycoproteins, produced and secreted 

by both epidermal KC and dermal fibroblasts (FB) (Alitalo et al., 1984; McDonald, 

1988).       

 

Subcutis

Reticular dermis

Epidermis

Figure 1: Structure of the skin. H&E-staining of 
normal breast skin is shown. The cell-rich epidermis is 
anchored to the papillary dermis which contains a 
network of thin, unarranged collagen fibers. In the 
reticular layer these fibers become thicker and more 
organized. The subcutis is located underneath the 
reticular dermis. 

Papillary dermis
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The dermis can be subdivided into the papillary and the reticular layer. The 

subepidermal, papillary layer contains a network of thin, unarranged collagen fibers, 

which become thicker and more organized in the reticular layer. The cell density 

within the dermis is much lower than in the epidermis since its main volume is formed 

by extracellular matrix components primarily collagens, elastin and 

glycosaminoglycans (McDonald, 1988). These structural proteins provide stability 

and elasticity to the skin. FB are the main producers of the different components of 

the extracellular matrix. In addition, they interact with epidermal KC and other skin 

cells by the production of cytokines and growth factors (Nolte, 2008). In contrast to 

the epidermis, the dermis contains dense networks of blood capillaries and nerves. 

Several types of immune cells are either resident within the dermis such as mast 

cells, dermal dendritic cells, macrophages and T cells, or home to the dermis in the 

course of inflammatory reactions of the skin (Hentzer and Kobayasi, 1980) (Figure 3).  

Also adnex organs i.e. hair follicles, sebaceous glands and sweat glands are located 

 

stratum basale

stratum spinosum

stratum granulosum

stratum lucidum

stratum corneum

Figure 2: Structure of the epidermis. H&E-staining of 
normal skin from the sole is shown. The stratum basale
(basal layer) is attached to the basement membrane and 
consists of proliferating KC. In the suprabasal layer, KC start 
to differentiate, giving rise to the stratum spinosum (spinous 
layer), the stratum granulosum (granular layer) and the 
stratum corneum (cornified layer). In thicker skin such as skin 
from the palm and sole, the stratum lucidum is visible 
between the stratum granulosum and the stratum corneum.
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within the dermis and extend through the reticular layers into the underlying 

subcutaneous fat tissue. 

The innermost layer of the skin, the subcutis, consists of highly vascularized loose 

connective tissue and adipose tissue which serve both as a storage for energy and 

as an insulator against low temperatures. Fibrous bands are anchoring the skin to the 

deep fascia and the overlaying skin layers. 
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3. Epidermal keratinocyte differentiation 

3.1. Regulation of the epidermal differentiation program 

Keratinocyte terminal differentiation refers to the conversion of viable KC into 

corneocytes, which are anuclear cellular ghosts (Haake and Holbrook, 1999). KC 

stem cells are present both in the basal layer of interfollicular epidermis and the bulge 

region of the hair follicles (Alonso, 2003). They give rise to transient amplifying KC, 

which after a limited number of cell divisions leave the basal layer start to differentiate 

(Alonso, 2003) ultimately forming corneocytes. The corneocytes remain linked by 

corneodesmosomes and together with intercellular lamellar lipids form the outer skin 

barrier, the stratum corneum (Haake and Holbrook K, 1999). When reaching the skin 

surface the intercellular bridges between corneocytes are cleaved by serine 

proteases and the individual corneocytes are shed from the surface (Pierard, 2000). 

The differentiation of basal KC into corneocytes is a continuously ongoing process, 

which in humans takes about 30 days (Dover, 1994). To maintain the epidermal 

homeostasis, the number of epidermal cells has to remain constant, i.e. the number 

of newly generated cells must compensate the number of cells shed from the 

surface. This complex process is tightly regulated and aberrations are observed in 

skin diseases such as psoriasis, which is characterized by a hyperproliferative and 

hyperkeratotic epidermal phenotype (see Chapter 3). 

During terminal differentiation, epidermal KC undergo several characteristic 

morphological changes which can be observed by conventional light microscopy 

(Figure 2) (Haake and Holbrook, 1999). In the basal layer KC are well organized and 

vertically oriented. In the lower spinous layer KC enlarge their volume and form many 

desmosomal cell-cell interactions, conferring the typical spinous shape due to the 

shrinking of the cell body after fixation, while the intercellular contacts remain intact.

In the upper spinous layer and in the granular layer KC become more and more 

flattened and horizontally oriented. In the granular layer the differentiation process is 

already advanced and many basophil keratohyalin granules (Weiss and Zelickson, 

1995) consisting mainly of filaggrin (see Chapter 1, 4.1) are formed. Furthermore, so 

called “lamellar bodies” are produced in this layer (Norlen, 2001). They contain lipids 

and enzymes which are secreted into the intercellular spaces between corneocytes.
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In the outermost living layer of the stratum granulosum the transition from viable KC 

to dead corneocyte takes place. This process, referred to as “terminal KC 

differentiation”, involves removal of all cellular organelles including mitochondria and 

nuclei (Haake and Holbrook, 1999). 

Whereas the morphological changes of KC during their differentiation process have 

been well studied, the complex molecular and biochemical mechanism regulating this 

process are still not fully understood. Once KC enter the differentiation program at 

the transition from the basal layer to the spinous layer they switch the expression 

profile of structural proteins and enzymes (O'Guin et al., 1987; Fuchs and Green, 

1980). Expression of keratins (KRT) 5 and 14, which are only expressed in basal KC

in situ and by proliferating KC in monolayer culture, are switched off and 

simultaneously the expression of KRT 1 and 10 is switched on (Bowden et al., 1987; 

Morley and Lane, 1994; Fuchs, 1990). The latter KRT are able to form a tighter 

network which is linked to the intercellular desmosomes. In the granular epidermal 

layer other structural proteins such as involucrin, loricrin and small proline-rich 

proteins are synthesized which are necessary to build the cornified envelope (Simon 

and Green, 1985; Mehrel, et al., 1990). These protein layers are further cross-linked 

by epidermal transglutaminases (TG) (Eckert, 2003). An additional feature readily 

distinguishable by histology are keratohyalin granules which were name-givers for 

the stratum granulosum and which contain high amounts of pro-filaggrin (Weiss and 

Zelickson, 1995). After proteolytic maturation, this high molecular weight protein is 

involved in aggregating the KRT-filaments into tightly aligned KRT-bundles, thereby 

inducing the collapse of the cells leading to their flattening (see Chapter 1, 4.4.). All 

these differentiation associated processes are tightly regulated by a variety of 

different signaling pathways. Recently, a new class of transcriptional regulators, 

namely microRNAs (miRNAs) (Ambros, 2001) have been shown to play a crucial role 

in KC-differentiation (Yi et al., 2006). These small molecules can bind to specific 

target mRNAs, leading to their degradation or inactivation. For example miR-203 is a 

miRNA exclusively expressed in the suprabasal layers of the epidermis. Expression 

of miR-203 in the basal KC induces premature KC differentiation. On the other hand, 

removal of miR-203 from suprabasal KC leads to hyper-proliferation, which is no 

longer restricted to the basal layer (Lena et al., 2008). But not only on the 
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transcriptional level but also on the translational or even more importantly on the 

post-translational level many regulatory processes take place during KC 

differentiation. Key-players in post-translational modifications are proteases, which 

are involved in multiple steps of KC differentiation (Zeeuwen, 2004) as also 

discussed below (Chapter 1, 3.4.). 

3.2. Keratinocyte cornification and epidermal barrier formation 

The most important part of the epidermal barrier function lies within the outermost 

layer of the epidermis, the stratum corneum. It consists of 15-20 layers of 

corneocytes, which are cellular ghosts that lack nuclei and organelles and which are 

interconnected by corneodesmosomes (Haake and Holbrook, 1999). The intercellular 

spaces between the corneocytes contain lipids in a lamellar arrangement (Wertz, 

1992; Proksch, 2003; Elias, 2008). These lipids are produced in the granular layer of 

the epidermis and are packed into lamellar granules. The formation of the cornified 

envelope is a crucial step in the establishment of a functional barrier. Its assembly is 

a multi-step process, which is initialized by the expression of several differentiation 

associated proteins, such as involucrin, envoplakin and periplakin, which then 

associate with keratin filaments and desmosomes (Candi, 2005). After crosslinking of 

these proteins by TG-1, they build a layer along the inner plasma membrane, thereby 

forming a scaffold. In parallel, lamellar granules fuse with the apical plasma 

membrane of KC of the last living layer of the stratum granulosum, and extrude their 

lipid content together with lipid modifying enzymes into the intercellular spaces (Elias,

1992), which surrounds the cornified envelope. Finally, the late differentiation 

proteins loricrin and small proline rich proteins are crosslinked by TG-1 and TG-3 to 

the scaffold to strengthen its structure. The complete cornified envelope, consisting of 

the protein and the lipid envelopes together with the intercellular lipid lamellae, 

provide a formidabel barrier function to the outside as well as to the inside (Candi,

2005). When reaching the surface of the stratum corneum, corneocytes are shed 

after cleavage of the corneodesmosomes by the serine proteases kallikrein-5 and -7, 

the aspartic protease cathepsin D and the cysteine protease cathepsin V (Caubet et 

al., 2004; Horikoshi et al., 1999; Igarashi et al., 2004; Borgoño, 2007). Formation of 
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the cornified envelope and desquamation are both key events for skin homeostasis. 

Defects in any of these events either results in or is associated with the vast majority 

of skin diseases.

3.3. Filaggrin and the natural moisturizing factor (NMF)   

One key protein for the development of a fully functional epidermal barrier is filaggrin 

(Chapter 8) (Steinert et al., 1981; Brown et al., 2011). This large polyprotein of >400 

kDa is synthesized in the granular layer of the epidermis. Structurally, human filaggrin 

is composed of one S100-like calcium binding A-domain, one B-domain, two 

imperfect filaggrin monomers and 10-12 almost identical filaggrin monomers of 37 

kDa (Figure 4). In contrast, in mice the number of filaggrin repeats varies from 12 and 

20, depending on the strain (Rothnagel and Steinert, 1990; Zhang, et al., 2002;

Fallon, et al., 2009; Sandilands et al., 2009). In the stratum granulosum profilaggrin is 

highly phorsphorylated and retained in the keratohyalin granules.  

During terminal differentiation of KC, filaggrin is proteolytically processed to mature 

filaggrin monomers. The initial step of filaggrin processing is the dephosphorylation of 

the protein by phosphatases such as PP2A (Kam et al., 1993; Lonsdale-Eccles et al., 

1982; Resing et al., 1985; Ovaere et al., 2009). This leads to the release of 

profilaggrin from the keratohyalin granules into the cytoplasm. The proteases calpain-

1 and furin have been shown to cleave the linker region and the N terminus of pro-
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filaggrin. Also matriptase-1 (Chapters 2 and 3) and prostasin have been shown to be 

involved in this process (List et al., 2003; Netzel-Arnett et al., 2006). All cleavage 

products of pro-filaggrin contribute to the cornification process of KC. The linker 

region has been shown to become a part of the cornified envelope, and the filaggrin 

monomers are thought to be important molecules for keratin aggregation, leading to 

the flattening of the corneocytes. Ultimately, in the stratum corneum filaggrin 

monomers are degraded into amino acids and their derivates. This step is initiated by 

deimination of filaggrin by deiminases (Tarcsa et al., 1996; Méchin et al., 2007), 

followed by further degradation by other, still unknown enzymes and Caspase-14 

(Denecker et al., 2007; Hoste et al., 2011). This step prepares filaggrin monomers for 

efficient degradation into amino acids. Finally, filaggrin fragments are degraded to 

free amino acids by bleomycin hydrolase and calpain-1 (Kamata et al., 2009), and 

some of the free amino acids are further modified to several derivatives such as 

urocanic acid (UCA) and pyrrolidone-5-carboxylic acid (PCA). All these degradation 

products are part of the “the natural moisturizing factor” (NMF), which is important for 

stratum corneum hydration (Rawlings and Harding, 2004) (Figure 5). Recently,

filaggrin mutations which are associated with the pathogenesis of ichthyosis vulgaris 

and atopic dermatitis have been described. Up to now more than 40 filaggrin null 

mutations have been described which result in the absence of this protein from the 

epidermis. The most prominent in the European population are R501X, 2282del4 and 

R2447X (McGrath and Uitto, 2008; Palmer et al., 2006; Smith et al., 2006;

Sandilands et al., 2007; Sandilands et al., 2009.) Patients with filaggrin null mutations 

display a reduced stratum corneum hydration, an increased transepidermal water 

loss (TEWL) and a decreased level of total NMF as well as the filaggrin degradation 

products UCA and PCA (Kezic et al., 2008; Kezic et al.2011). The importance of 

filaggrin for barrier formation was also investigated in the flaky tail mouse, a mouse 

model of mutated filaggrin (Presland et al., 2000). These mice show impaired lipid 

organization in the stratum corneum due to abnormalities in lamellar body formation 

and extrusion (Fallon et al., 2009; Scharschmidt et al., 2009). Furthermore, enhanced 

percutaneous allergen priming is detected, which strengthen the finding of a non-

functional epidermal barrier. This mutant mouse however, is actually a double 

homozygous of flaky tail and another mutation, called matted. The matted phenotype 

begins to be visible during the second hair cycle as the hair coat reaches its full 
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growth. Phenotypically, hairs stick together in clumps, hence the name matted 

(Jarrett and Spearman, 1957; Searle and Spearman, 1957). Due to this further 

mutation interpretation of the data obtained with this model is difficult, and therefore 

the exact contribution of the filaggrin mutation itself to the phenotype is not clear 

(Presland et al., 2000). In addition due to species-specific properties of filaggrin,

caution should be taken when interpreting and comparing the function of filaggrin in 

animal models with that of human filaggrin (Harding and Scott, 1983). 
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Figure 5: Hypothetical over-view of the pathway 
involved in filaggrin degradation. 
Upon dephosphorylation, profilaggrin is released 
and proteolyzed into filaggrin repeats. Filaggrin 
binds and strengthens keratin inter-mediate 
filaments (KIFs), thereby promoting cell flattening. 
Degradation of the filaggrin monomer starts in the 
deeper SC layers by partial proteolysis by one or 
more unknown proteases. Next, caspase-14-
mediated cleavage prepares these fragments for 
efficient degradation into free aminoacids, which 
contribute to the natural moisturizing factors 
(NMFs). Calpain1 and bleomycinhydrolase also 
participate in this process. Modified from Hoste et 
al., 2011
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3.4. Enzymes involved in terminal keratinocyte differentiation

KC express a variety of different enzymes which play important roles during different 

steps of differentiation and formation of a functional barrier (see Chapter 1, 3.2.). Our 

research focused on two types of enzymes: proteases and nucleases. 

In the next two paragraphs specific enzymes, which have been shown to participate 

in terminal KC differentiation i.e. matriptase-1 and DNases, representing a major part 

of this thesis, will be described in more detail. 

3.4.1. Matriptase-1 

Matriptase-1 is a transmembrane serine protease which is auto-proteolytically 

activated, thereby leading to the initiation of other proteolytic cascades (Chapters 3 

and 4) (Oberst et al., 2003). Several substrates including pro-urokinase, plasminogen 

activator, hepatocyte growth factor, protease-activated receptor-2, matrix 

metalloproteinase-3 and pro-kallikrein have been described as target for proteolytic 

activities of matriptase-1 (Takeuchi et al., 2000; Lee et al., 2000; Jin et al., 2006;

Sales et al., 2010). Deletion of the matriptase-1 gene in a mouse model results in a 

lethal phenotype (List et al., 2002). These mice are dying shortly after birth due to 

severe skin problems. They show defects in lipid matrix formation, in cornified 

envelope morphogenesis and in stratum corneum desquamation (List et al., 2002). At 

the molecular level matriptase-1-deficient mice lack mature filaggrin, whereas pro-

filaggrin accumulates (List et al., 2003). Skin transplanted from these mice onto 

SCID-mice develops an ichthyosis like phenotype, characterized by thickened scaly 

epidermis and hair loss (List et al., 2003). In addition to epidermal KC, matriptase-1 is 

also expressed in simple, stratified, transitional and pseudo-stratified epithelia, which 

do not undergo cornification or express filaggrin, suggesting additional roles of this 

important protease in epithelial homeostasis, which still await elucidation. 
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3.4.2.  DNases 

The formation of functional corneocytes involves several major changes, including

the degradation of nuclei and cellular DNA (Santoianni and Rothman, 1961). When 

KC convert from living cells of the stratum granulosum to dead corneocytes, nuclei 

are broken down and nuclear DNA is degraded (McCall and Cohen, 1991; Lippens et 

al., 2005; Kroemer et al., 2009). If this step of KC differentiation is impaired it results 

in the retention of nuclei in corneocytes as it is observed in parakeratotis which is a 

hallmark of psoriasis. The enzymes responsible for DNA-degradation are called 

DNases. In addition to their role for the degradation of cellular DNA, DNases are also 

important for the removal of exogenous DNA such as DNA derived from colonizing or 

invading microorganisms (Eckhart et al., 2007). Several DNases are expressed in the 

epidermis including DNase1L2 (Chapter 5) and DNase 2 (Chapter 6).

We have shown that in human epidermis DNase1L2 is expressed in differentiated KC 

of the granular layer (Fischer et al., 2007; Fischer et al., 2011). Degradation of DNA 

by DNase1L2 results in DNA fragments which are detectable by the terminal 

deoxynucleotidyl transferase dUTP nick end labeling reaction (TUNEL). DNase1L2 is 

most active at pH 5.6. In vitro, inflammatory cytokines such as TNFa and IL-1b have 

been shown to upregulate DNase1L2 expression via the NF-kB signaling pathway.

The contribution of DNase1L2 to DNA degradation in epidermal KC was investigated 

in a DNase1L2 deficient mouse (Fischer et al., 2011). DNase1L2 deficiency neither 

affects viability and health of the mice nor epidermal development. Nuclear remnants 

however, are still present in hair and nails, the scales on the tail as well as on the 

surface of the tongue and the esophagus (Fischer et al., 2011). 

DNase 2 is an acid DNase present in the lysosomes of virtually all cell types. DNase 

2 generates DNA fragments that are not detectable by the TUNEL reaction. The pH 

optimum of DNase 2 is in the range of pH 4.5 to pH 5.0. Its main function is the 

degradation of phagocytized DNA in the lysosomes (Nagata, 2005) and the 

degradation of DNA in nuclei expelled from erythroblasts in the course of 

differentiation to erythrocytes (Kawane et al., 2001). Deficiency of DNase 2 in mice is 

lethal (Krieser et al., 2002) due to a massive interferon response and autoimmunity 

against undigested DNA (Yoshida et al., 2005). 
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3.5. Histidase – Urocanic Acid 

Histidase, also known as L-histidine ammonia lyase is the enzyme which transforms 

histamine to UCA (Chapters 7 and 8). It is expressed in the liver and the epidermis. 

Histidase mutations have been identified as the cause of histidinemia, a benign 

metabolic disorder (Lam et al., 1996). These mutations lead to an increased 

concentration of histidine and a decreased concentration of UCA in blood, urine and

epidermis (Baden et al., 1969; Lam et al., 1996). In the Peruvian mouse, a mouse 

model with mutated histidase, leading to a loss of histidase activity, the contribution 

of this enzyme to the epidermal barrier function has been investigated. Whereas skin 

morphology and barrier function was normal in these mice, the content of UCA was 

strongly reduced, which led to a dramatically increase in photo-sensitivity. 

UCA has been suggested to be an important UV absorbing factor of the skin already 

many years ago (Zenisek et al., 1955; Tabachnik, 1957). Indeed topical application of

UCA onto the human skin leads to increased photoprotection (Baden and Pathak, 

1967; de Fine Olivarius et al., 1996). In addition to direct UVB absorption, UCA is an 

anti-oxidant, shown by the ability to scavenge hydroxyl radicals (Kammeyer et al., 

1999; Kammeyer et al. 2001). Due to its immunosuppressive properties, the use in 

sunscreen products has been contested and is forbidden in some countries (DeFabo 

and Noonan, 1983; Andersen, 1995). 

4. Models to study epidermal keratinocyte differentiation in vitro

KC differentiation involves a complex cellular program that has been extensively 

studied during the past decades. Apart from the use of knockout or transgenic animal 

models in vitro, differentiation models have been shown to be most practical for 

investigation of mechanisms involved in stratum corneum biogenesis. These in vitro 

models range from simple monolayer cultures to complex reconstructed organotypic 

skin-equivalent cultures. The use of such in vitro skin models has helped to reduce 

the use of experimental animals for both basic research and testing of compounds 

with supposed activities on skin cells. For our studies we have developed a highly 

reproducible method to specifically knock-down desired target genes in KC in an 
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organotypic skin model (Chapter 1, 4.3.). This approach and the results from studies 

on the epidermal differentiation process represent a major part of this thesis.    

4.1. Monolayer keratinocyte culture 

The monolayer culture is the simplest way to investigate KC biology in vitro. KC are 

isolated from skin samples by a two-step enzymatic digestion. First, the epidermis is 

separated from the dermis by the protease dispase (Kitano and Okada et al., 1983).

Subsequently, the epidermis is digested with trypsin, generating single cell 

suspension of KC, which are then propagated in KC-specific media containing KC 

growth factors. These special media are selective for KC growth and therefore other 

cell-types which are present in the epidermis, such as melanocytes and Langerhans 

cells, are absent from the cultures after a few days of cultivation (Watt, 1989). The 

remaining KC are highly proliferative and keep their undifferentiated state for up to 20 

doublings. Rheinwald and Green in 1975 were the first who showed that KC in 

monolayer culture can, to a certain degree, differentiate and form multilayered 

epithelium like structures (Rheinwald and Green, 1975; Rheinwald and Green, 1977).

This can be triggered by increasing the calcium concentration or, closer to the in vivo

situation, by growing KC to 100% confluence and keeping them confluent for several 

days (Rendl et al., 2002). However, by using such an approach the investigation of 

KC differentiation is limited. Especially processes, taking place during the last steps 

of KC differentiation such as the transition from KC to corneocytes and the formation 

of the epidermal barrier, cannot be properly analyzed in monolayer cultures. For 

example pro-filaggrin, an important protein for epidermal barrier formation (Chapter 1, 

3.3.), although expressed in monolayer cultures after several days of confluency, is 

not processed to mature filaggrin (Rendl et al., 2002). This suggests that in contrast 

to normal epidermis, important proteases are either not present or not active in 

monolayer cultures. This is indeed the case for caspase-14, an enzyme which is 

involved in the processing of mature filaggrin into single amino acids (Figure 5) 

(Hoste et al., 2011). In normal skin caspase-14 is cleaved within the last steps of KC 

differentiation and thereby activated. In monolayer KC cultures, caspase-14 is only 

present as a non-activated pro-caspase (Rendl et al., 2002). This example shows 
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that, especially for studies on terminal KC differentiation, monolayer cultures are not 

sufficient and more complex in vitro models are needed.  

4.2. Ex vivo culture (skin explants) 

Skin explants are cultures of viable skin, collected by surgery or biopsy. After 

disinfection and removal of the subcutaneous fat, the skin samples are placed in 

culture dishes in appropriate culture media. Explant cultures can be maintained for 

several weeks and can be exposed to drugs in vitro. Effects on proliferation, 

differentiation and cell survival (toxicity) can be investigated this way. An advantage 

of skin explants is the fact that the full spectrum of cell types present in skin can be 

investigated. For example the migration of dendritic cells within the skin and out of 

the skin has been analyzed this way (Stoitzner et al., 1999; Lukas et al., 1996). In

addition, also explants from diseased skin can be studied. Skin explants from healthy 

and diseased skin can also be expanded on a FB-seeded collagen matrix, as it was 

shown for squamous cell carcinoma (Commandeur et al., 2009) and epidermolysis 

bullosa simplex (El Ghalbzouri et al., 2003). For studies on epidermal differentiation 

however, this model has the limit that the epidermis is already fully established and 

therefore lacks the dynamics which would allow dissecting the different differentiation 

steps.  

4.3. Organotypic skin culture 

Organotypic skin cultures also called “skin equivalents” are in vitro generated 

epidermal or full thickness artificial skin samples reflecting many features of normal 

skin. Skin equivalents are generated from primary monolayer cell cultures, which 

under defined conditions are able to form functional epidermis (Figure 6, for a 

detailed protocol see Chapter 2). The most basic model consists of KC alone growing 

on a filter membrane (Ponec et al., 1997; Boelsma et al., 2000). Since in vivo stromal 

cells, mainly FB, strongly influence epidermal development and function 

(Commandeur et al., 2011), the reconstitution of both the epithelial and mesenchymal 

compartments in vitro is desirable. A recent publication describes the evolution of 
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these models (Auxenfans et al., 2009). The dermal compartment is either a de-

epidermized dermis or a dermal equivalent consisting of a collagen  

matrix seeded with FB. We use the latter approach. On top of the dermal equivalent, 

primary KC are seeded and allowed to differentiate for several days (Figure 6). The 

differentiation process is initiated by lifting KC to the air and changing the culture 

medium to a defined serum free KC differentiation medium containing a high Ca2+

concentration (Figure 6). Figure 7 shows kinetics of epidermal development using 

this model. The different steps of KC differentiation, as well as alterations induced by 

any kind of treatment at any time point, in the differentiation program can be 

investigated. The fully developed model is often used for cytotoxicity assays induced 

for instance by chemicals or UV-radiation. Since the organotypic skin is fully 

differentiated, investigations especially on the versatile effects of UV-radiation on KC 

are favorable in this model, compared to monolayer cultures. In recent years the full-

 

Figure 6: Generation of a full-thickness organotypic skin. For the establishment of 
a full-thickness skin equivalent, human primary fibroblasts and keratinocytes are used 
in passages 2-4. After assembling the fibroblast containing collagen matrix, 
keratinocytes were seeded onto the matrix and cultured submerged for 24-48 hours. 
After exposing keratinocytes to air, the equivalents are further cultured for 6-7 days.  
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thickness skin equivalent has been constantly improved. The epidermal equivalent 

for instance can be completed by the addition of primary melanocytes (MC) (Van 

Gele et al., 2011). This allows studies on MC-KC interactions or on pigmentation. 

Instead of MC also melanoma cells can be implemented in this model facilitating 

studies on melanoma growth and metastasis (Li et al., 2011). The dermal 

compartment has been further improved by adding endothelial cells forming blood 

vessel like structures or nerve cells (Gingras et al., 2003; Gingras et al., 2008; 

Herman et al., 2009). Even a model containing additionally a subcutis, made up of 

pre-adipocytes and mature adipocytes, cultured underneath the dermal compartment 

has been developed (Keck et al., 2011). These models allow investigations on a 

variety of skin-specific cell types and their interactions with other skin cells. 

 

external 
well
insert

epidermal 
equivalent
collagen 
matrix

A

B

Figure 7: Epidermal development in an organotypic skin 
culture (A) A photograph of a 6-day old organotypic skin culture is 
shown. The air exposed epidermal equivalent is attached to the 
collagen matrix. (B) H&E-staining of organotypic skin samples at 
the indicated time points is shown. Between days 3 and 4 the 
granular layer and the cornified layer starts to form. At day 6 the 
organotypic skin is fully developed.  

- 26- 



 

 

 

4.4. Organotypic knock-down skin culture 

In an attempt to better study the contribution of individual proteins to skin barrier 

formation we have developed a method to study the effect of the deletion of 

individual genes in an organotypic skin model (Chapters 2 and 3). In this model 

knock-down of target genes is achieved by using siRNA technology. siRNAs are 

small double-stranded RNAs of 21 nucleotides which in a sequence-specific manner 

bind to the target gene, the target sequence is inactivated/degraded, ultimately 

leading to the inhibition of protein synthesis (Elbashir et al., 2001). The respective 

siRNAs against desired target genes are transfected into primary KC in monolayer 

culture before they are seeded on the collagen matrix (for a detailed protocol see 

Chapter 2). 

To generate an organotypic knock-down skin culture, the siRNA transfected KC are 

seeded on the collagen matrix 24 to 48 hours after transfection, and cultured further 

as described above (Chapter 1, 4.3.). Remarkably, transient transfection of siRNA 

oligos with Lipofectamine 2000, which we are using in our model, is sufficient to 

significantly inhibit gene expression for the whole culture period. This allows a high 

throughput screening for genes involved in epidermal development and KC 

differentiation. Using this model we were able to knock-down and investigate a 

variety of genes including matriptase-1 (Chapter 3), VEGF (Chapter 3), filaggrin 

(Chapter 8), several DNases (Chapter 5 and 6), caspase-14 (unpublished data) as 

well as transcription factors such as the AP-1 members c-Jun and JunB (Ballaun et 

al., 2008). A recent publication by Hickerson et al. used a similar model to specifically 

inhibit the mutated keratin-6 allele in KC from pachyonychia congenita patients 

(Hickerson et al., 2011). Interestingly, the knock-down was performed with “self-

delivery” siRNAs, which is a big step forward into the use of such “drugs” for the 

treatment of skin diseases. These siRNAs have been modified to enhance cellular 

uptake. Although siRNA-based therapeutics are currently in clinical trials for a variety 

of organs such as lung, kidney, liver and skin (Vaishnaw et al., 2010), there are still 

many hurdles to take to achieve sufficient and specific delivery of the siRNAs into the 

target organ. The use of the in vitro gene silencing model is therefore important not 

only to discover new gene functions and molecular mechanisms, but also to further 

improve siRNA technology and develop new strategies of gene-therapy.  
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4.5. Organotypic models of other epithelia 

Although the skin is the most prominent organ for which organotypic models are 

available, there are several other epithelial cells used to establish three dimensional 

models. In Chapter 9 a human organotypic vaginal model will be introduced. This 

model reflects several features of the female vagina including highly glycogen rich 

superficial cell layers, which are indicative for vaginal epithelium. Besides biological 

studies this model is widely used for irritation studies of spermicides, microbicides 

and feminine care products (Ayehunie et al., 2006). In addition, scientific questions 

on sexual transmitted diseases can be partially investigated using the vaginal 

epithelial model (Lin et al., 2011). 

Other models such as corneal epithelium (Meloni et al., 2011) and bronchus 

epithelium (Schleh et al., 2012) are also available and widely used for cytotoxicity 

assay and basic research questions.

All these models are acceptable alternatives to animal models, having the big 

advantage of being established with human primary cells, thereby preventing species 

related misinterpretation of results.    
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AIMS OF THIS THESIS

The use of organotypic skin models in human dermatological research has been an

accepted in vitro method for several decades. Nevertheless, gene deletion 

experiments are still performed in animals. However, knockout or transgenic animal 

experiments are very time consuming and interpretation of the data, especially in the 

skin, is often quite difficult. Secondary effects, induced by cells of the immune system 

or other cell types present in the skin, may interfere with a putative differentiation 

related phenotype or barrier defect. Therefore, the use of a human in vitro model 

would allow to directly studying the effects of specific gene knock-downs on KC 

differentiation and epidermal development. In addition, comparing epithelial 

development and function in the skin to other epithelia, could lead to the investigation 

of important common and unique mechanisms in epidermal development.

We therefore wanted to: 

i) establish a human organotypic knock-down skin model which is able to 

reproduce known phenotypes previously described in animal experiments 

ii) study the expression of the serine-protease matriptase-1 and its function in 

epidermal development and stratum corneum formation, as well as in skin 

diseases 

iii) test the contribution of DNases to KC differentiation as well as epidermal 

development and skin homeostasis 

iv) study the expression and regulation of histidase in KC

v) investigate whether filaggrin and/or its degradation products have a direct 

function in epidermal development and the establishment of a functional 

epidermal barrier 

vi)  address whether other organotypic epithelial models, such as an organotypic 

vaginal epithelial model, are also useful to study general mechanisms relevant 

for multilayered epithelia 
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