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1. Introduction 

1.1. The structure of the integumentary system 

The integumentary system is the largest organ of the human body, consisting of the 

skin and its appendages, including the sebaceous, apocrine and eccrine (sweat) 

glands, the nails and hair follicles. The integument or the skin is in a state of contin-

uous change and accounts for 1.5 to 2 m2 of the adult human surface area and up 

to 16 % of the human body weight (Zaidi and Lanigan 2010). It lines the body with 

mucous membranes to ultimately form a physical barrier that regulates the in- and 

outward water and electrolyte passage and acts as a defensive barrier for various 

microorganisms, ultraviolet radiation, toxic agents and mechanical insults (Kolarsick 

et al. 2011). Moreover, the skin is also responsible for the production, organization, 

management and metabolism of different proteins and essential biomolecules. Al-

together, the skin is a significant part of the immune, nervous and endocrine sys-

tems, with multiple patterns of intracutaneous cross-talk established between them 

(Chuong et al. 2002). This plethora of functions arises from the complex and sophis-

ticated skin structure, which is organized in three layers: the epidermis, dermis and 

the hypodermis (Figure 1A). 

 

Figure 1: Schematic representation of the human skin structure. (A) The hypodermis, 
dermis and the epidermis are the main skin layers. (B) Anatomy of the epidermis. Structure 
of the outermost skin layer: cornified (stratum corneum), clear or translucent layer (stratum 
lucidum), granular (stratum granulosum), spinous (stratum spinosum) and basal layer (stra-
tum basale). Adapted from Smeden (2013). 

The external skin layer is the epidermis, a stratified epithelial layer also referred to 

as the interfollicular epidermis (Blanpain and Fuchs 2009), which is further divided 

into several, morphologically distinct sublayers (Figure 1B). The outermost epithelial 

layer is the stratum corneum (cornified or horny cell layer) acting as a significant 

physical barrier, followed by the stratum lucidum, which is only found on the palms 

and soles. Then follow the stratum granulosum (granular layer), the stratum spi-

nosum (squamous cell layer) and the stratum basale (basal cell layer) (Figure 1B). 

Keratinocytes make up 95 % of all epidermal cells, with the remaining cells including 

melanocytes, Langerhans and Merkel cells. No blood vessels are present in the 
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epidermis. However, diffusion through dermo-epidermal junctions of the dermis al-

low contact with the circulatory system (Zaidi and Lanigan 2010).  

The dermis or corium is a collagen and elastin rich connective tissue located be-

neath the epidermis. It contains fibroblasts, macrophages, mast cells and dermal 

adipocytes, as well as blood and lymph vessels, sweat and sebaceous glands, 

nerve endings and hair follicles. It is divided into two parts, the upper (papillary) and 

the lower (reticular) dermis, without having an exact border (Zaidi and Lanigan 

2010). The dermis protects the body from injuries, produces sweat, regulates the 

body's temperature, is responsible for the skin turgor and plays a role in sensory 

stimuli (Khavkin and Ellis 2011).  

The subcutaneous tissue or hypodermis, a layer located beneath the dermis, repre-

sents a fatty tissue consisting mainly of adipocytes, which attach the dermis to the 

underlying tissues (Driskell et al. 2014). The subcutaneous tissue plays a role in 

body temperature regulation (thermoregulation), protection of the body against 

trauma and in nutritional energy storage (Kanitakis 2002). Anatomically and histo-

logically, there is a clear separation between the dermis and the hypodermis. How-

ever, they are functionally and structurally integrated with nerves and blood vessels 

(Chu 2008). 

 

1.2. The epidermis 

1.2.1. The development of the epidermis 

The human epidermis consists of different layers, which guard the body against in-

fection, mechanical injuries and wounding by a fine-tuned homeostatic process of 

constant renewal (Stark et al. 2006). This mechanism is initiated during embryonic 

development in a particular sequence of specification, commitment, stratification 

and terminal differentiation in direct dependency on the dermal development (Koster 

and Roop 2007). Only a single sheet of epithelial cells surrounds the embryo during 

the blastula stage of early embryonic development. During gastrulation, cells from 

the ectoderm invaginate from the surface into the embryo resulting in the formation 

of meso- and endodermal germ layers (McGrath et al. 2004). Subsequently, the 

nervous system and skin epithelium are formed from the newly developed neu-

roectodermal layer. At this embryonal stage, the epithelium consists of only one 

sheet of multipotent epithelial cells that are protected by the periderm layer com-

prised of low cuboidal cells connected with junctional complexes (Benitah and Frye 

2012). The mesoderm gives rise to the dermis which is separated from the epider-

mis via the basal membrane, an extracellular matrix that is produced by epidermal 

keratinocytes and dermal fibroblasts (McMillan et al. 2003). The basal cells are con-

nected to the basal membrane through hemidesmosomes and focal adhesions char-

acterized by their expression of α6β4 and α3β1 integrins, respectively (Fuchs 2007). 

Some of the basal cells leave the basal layer with the onset of skin differentiation 

and stratification between 4 and 9 weeks in human and from day 13 to 16 in murine 

embryos (Hertle et al. 1991) by changing the orientation of their mitotic spindle and 

thereby generating the intermediate (suprabasal) layer (Lechler and Fuchs 2005). 

This latter layer only exists in embryonic skin and later differentiates into the stratum 
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spinosum (Smart 1970). Afterwards, the cells from the stratum spinosum proliferate 

and differentiate to further generate the granular and cornified layers mainly driven 

by increased extracellular calcium concentrations and the resulting intracellular 

sensing (Koster and Roop 2007). The mature epidermis is fully formed at week 24 

in human and at day 17 in murine embryonic development (Hertle et al. 1991).  

 

1.2.2. Structure and markers of the adult epidermis 

In adult humans, keratinocytes comprise approximately 95 % of all epidermal cells, 

which maintain the epidermis as a structure or barrier. During skin homeostasis, the 

basal layer epithelial stem cells continually undergo a terminal differentiation pro-

gram that moves them into the upper epidermal layers (see Figure 2), where they 

are ultimately shed from the skin surface (Fuchs 2007). The process of differentia-

tion and the cell movement from the basal to the cornified layer followed by desqua-

mation lasts 40 to 56 days in humans and 7 to 10 days in murine skin (Halprin 1972; 

Potten et al. 1987).  

Keratinocytes exhibit morphological and protein expression changes during differ-

entiation and the process of stratification. A hallmark of these processes is the pro-

duction of keratin. These intermediate filaments are major structural proteins of 

keratinocytes, rendering the cytoskeletal network more resilient and providing great 

structural integrity of the cells. Each epidermal layer expresses different keratin 

types (Fuchs 1995) and thus the expression of specific keratins is a reliable indicator 

of terminal cell differentiation at the basal membrane (Figure 2).  

The innermost basal layer of the epidermis is composed of a single layer of cuboidal 

to columnar basal cells including the epidermal stem cell subpopulation (Yousef et 

al. 2021) as well as melanocytes, Langerhans and Merkel cells (Zaidi and Lanigan 

2010). Melanocytes, which make up less than 10 % of the basal layer cells, are 

involved in protecting the skin from ultraviolet radiation through the production of 

melanin (Tsatmali et al. 2002). Langerhans cells, members of the dendritic cell (DC) 

/ macrophage family, represent the first line of immunological defense of the skin 

(Clayton K et al. 2017). The Merkel cells function as transducers of fine touch 

(Abraham and Mathew 2019). Basal cells which are mitotically active and constantly 

produce keratinocytes are characterized by expression of the keratin 5 (K5) and K14 

variants (Byrne et al. 1994; Fuchs 2007), as well as the expression of the stem cell 

marker integrin α6, also known as cluster of differentiation (CD) 49f (Krebsbach and 

Villa-Diaz 2017). K15 is a keratin co-expressed in minor amounts along with K5 and 

K14 in human basal keratinocytes (Bose et al. 2013; Lloyd et al. 1995). Human and 

mice basal cell layers additionally express p63, a protein that plays a significant role 

in epidermal stem cell self-renewal (Senoo et al. 2007), in epithelial stratification and 

differentiation (Truong et al. 2006) and is necessary for the proliferation of the epi-

thelial stem cells (Koster 2010; Yang et al. 1999). The basal cells begin the terminal 

differentiation process by leaving the basal cell layer and moving upward into the 

spinous layer. The spinous layer is composed of 8 to 10 layers of keratinocytes with 

many desmosomes attaching the cells to each other. Spinous cells have a polyhe-
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dral shape with a centrally placed, oval nucleus in the lower layers. During develop-

ment, they move upward toward the granular layer, where they become more flat-

tened (Zaidi and Lanigan 2010). The initiated differentiation process in spinous cells 

leads to substitution of the K5/K14 by K1/K10 expression (Fuchs and Green 1980). 

The K1 expression in spinous cells is induced by Notch signaling, which directs the 

cells to continue with the differentiation (Blanpain et al. 2006). Moreover, it was 

demonstrated that K10 expression also promotes the differentiation process by sup-

pressing cell proliferation (Paramio et al. 1999) and inhibiting the cell cycle progres-

sion (Chen et al. 2006). However, the human and murine spinous cells are still tran-

scriptionally active (Fukuyama and Epstein 1968; Fukuyama et al. 1965). As spi-

nous cells, they continue to differentiate and move into the next upper, granular layer 

of flattened, diamond shaped cells containing keratohyalin and lamellar granules 

(Freeman and Sonthalia 2021). The major component of the keratohyalin granules 

is profilaggrin, a precursor of filaggrin (Fleckman et al. 1985). As the cells transition 

from the spinous into the granular layer, their K1 and K10 expression is downregu-

lated by protein kinase C, which also induces the expression of transglutaminase 

and loricrin (Dlugosz and Yuspa 1993; 1994) that are expressed in the superficial 

parts of the granular layer (Hohl et al. 1991b). As the process of terminal differenti-

ation proceeds, the granular layer cells undergo a de-gradation phase in which the 

cytoplasmic organelles are removed (Lavker and Matoltsy 1970). The outermost, 

cornified layer of the human epidermis consists of enucleated, dead keratinocytes 

organized in about 15 to 20 sublayers (Roop 1995) and keratins which are sur-

rounded by a cross-linked protein envelope (Elias et al. 2014). Involucrin was the 

first identified component of the cell envelope (Rice and Green 1979), while loricrin 

is the most abundant protein expressed in the cornified layer (Hohl et al. 1991b), 

with 65 to 70 % abundance in humans and up to 85 % in mice (Steven and Steinert 

1994). A family of S100, small calcium-binding proteins, is also expressed in the 

cornified cell envelope (Eckert et al. 2004). Moreover, a fillagrin, which represents 

dephosphorylated profilaggrin (Markova et al. 1993), is also expressed in this layer. 

Filaggrin, lipids and other proteins from the cornified layer regulate water-loss from 

the skin and it’s pH (Kezic and Jakasa 2016; Sandilands et al. 2009). Dead cells of 

this layer are constantly lost from the skin surface and are renewed by the mainte-

nance of epidermal homeostasis, which depends on basal layer cells. 
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Figure 2: Schematic representation of human epidermal differentiation and its key 
molecular markers. Keratinocytes from the basal layer proliferate and move upward 
through different epidermal layers (spinous and granular layer) reaching the cornified layer. 
They undergo a programmed series of differentiation during which keratinocytes enucleate, 
enlarge, flatten, and ultimately are shed from the skin surface. Specific gene expression 
during differentiation and calcium concentrations are associated with each epidermal layer. 
The key molecular markers of each epidermal layer are shown on the right side. Adapted 
from Sandilands et al. (2009).  

 

1.2.3. Epidermal homeostasis and wound healing  

The epidermal turnover rate, one of the highest in the body (Iizuka 1994), is accom-

plished through an epidermal homeostasis that balances cell proliferation and cell 

loss through terminal differentiation and apoptosis (Stark et al. 2006). However, the 

skin, as the body's outermost defense organ, is particularly susceptible to injury and 

tissue damage during which the epidermal homeostasis is disrupted (Rosińczuk et 

al. 2016). Restoring of the barrier function implies closure and regeneration of the 

damaged skin, which involves interaction between many different cell types (Reinke 

and Sorg 2012). Moreover, the process of wound healing is precisely arranged, reg-

ulated at multiple levels and is divided in sequential, overlapping phases such as 

hemostasis, inflammation, proliferation and remodeling (Landén et al. 2016). Fur-

thermore, wound healing involves a re-establishment of the epidermal homeostasis.  

 

 Calcium-dependent epidermal keratinocyte differentiation 

Calcium is one of the most important factors regulating keratinocyte differentiation 

and skin barrier maintenance. Early studies of murine keratinocytes demonstrated 

that in the presence of 0.09 mM calcium most of the keratinocytes initiated prolifer-

ation, while higher calcium concentrations (1.2 mM) led to cell differentiation 

(Hennings H. et al. 1980). The remarkable influence of the extracellular calcium lev-

els on proliferation and differentiation was also confirmed later in human keratino-
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cytes. Human keratinocytes isolated from newborn foreskins were placed in low cal-

cium-containing medium (0.1 mM), which resulted in a higher cell proliferation rate 

than keratinocytes kept in medium with normal (1.2 mM) and high calcium concen-

trations (1.8 mM) that showed the highest level of differentiation (Pillai et al. 1988). 

Overall, these studies demonstrated that high calcium concentrations initiate 

keratinocyte differentiation, in contrast to low calcium concentrations, which only 

trigger proliferation. The mechanisms for calcium-induced keratinocyte differentia-

tion involve genomic and non-genomic pathways (Bikle et al. 2012). One of the ear-

liest recognized calcium-induced, non-genomic pathways in keratinocytes is the for-

mation of desmosomes and cell-cell contacts as a precondition for the onset of cell 

differentiation. The asymmetric desmosome formation between neighboring cells 

starts already after a five-minute exposure to higher calcium concentrations and re-

sults in functional, symmetric desmosomes two hours later (Hennings Henry and 

Holbrook 1983; Hennings H. et al. 1980). As a result, the intracellular calcium con-

centrations are regulated by desmosomes and cell-cell junctions through a signaling 

complex, which additionally facilitates keratinocyte differentiation (Niessen 2007; 

Pillai et al. 1990).  

The calcium-induced genomic pathway in keratinocytes involves the expression of 

differentiation markers and requires a longer effector time. As described above, ba-

sal layer keratinocytes express K5 and K14 and the differentiation process is char-

acterized by the sequential expression of K1 and K10 in the spinous layer, loricrin 

and transglutaminase 3 in the granular layer and by loricrin, involucrin and filagrin 

expression in the cornified layer (Figure 2) (Pillai et al. 1990; Yuspa et al. 1989). 

Interestingly, some of the genes encoding for these differentiation markers contain 

calcium responsive promoters, e.g. the human K1 (Huff et al. 1993; Rothnagel et al. 

1993) and involucrin genes (Bikle et al. 2001; Deucher et al. 2002; Ng et al. 1996) 

contain activator 1 sites (Eckert et al. 1997a). In addition, also the transcription of 

the human loricrin gene is induced by high calcium concentrations (Hohl et al. 

1991a). Moreover, a study investigating genes involved in the process of keratino-

cyte terminal differentiation showed that 290 of 840 analyzed genes were related to 

the process of keratinocyte differentiation and were up-regulated by calcium treat-

ment in primary cultured human keratinocytes (Seo et al. 2005).  

In vivo, calcium is gradually distributed in the epidermis and forms a vertical con-

centration gradient. Thus, the extracellular calcium levels are the lowest in the pro-

liferating basal and the highest in the differentiated granular layer (Figure 2). In the 

outermost layer of the skin, the cornified layer, the calcium levels decrease again 

(Elias et al. 2002; Menon and Eliam 1985). The main storage of the intracellular 

calcium are the Golgi apparatus and the endoplasmic reticulum (Behne et al. 2011; 

Celli et al. 2010). However the maintenance of the calcium gradient depends also 

on the integrity of the epidermal barrier (Menon et al. 1994) and is formed not only 

by calcium uptake, release and influx from the keratinocytes (Feingold et al. 2007), 

but also depends on the epidermal tight junctions of the granular layer (Kurasawa 

et al. 2011). In the intact epidermis the calcium gradient represents a crucial regu-

lator of keratinocyte proliferation and differentiation (Yuspa et al. 1989). Calcium 
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influx is furthermore responsible for directed keratinocyte migration following skin 

wounding and plays a major role in the associated healing process (Trollinger et al. 

2002). Thus, wounding induces calcium release from the endoplasmic reticulum, 

which corresponds with a transient rise in extracellular calcium (Celli et al. 2016). 

Furthermore, it was also shown that upon wounding, calcium controls the desmo-

some formation, as well as the activation of protein kinase C (Garrod and Chidgey 

2008; Hobbs et al. 2011). 

 

 The role of cAMP in epidermal homoeostasis, wound healing and 

diseased skin 

Within cell migration during epidermal wound healing and tissue regeneration cal-

cium influx crosstalk with the cyclic adenosine 3′, 5′-monophosphate (cAMP) - de-

pendent protein kinase (PKA) (Berridge 1975; Borodinsky and Spitzer 2006; Bugrim 

1999). This interaction results from the calcium-mediated regulation of the adenylyl 

cyclase (AC) activity and its associated cAMP production. cAMP, an intracellular 

second signaling messenger, is participating in the regulation of diverse biological 

events including cell proliferation and differentiation (Stork and Schmitt 2002). How-

ever, the cAMP effect on cell proliferation is cell-type dependent (Graves and 

Lawrence 1996). It induces proliferation in some cell types (Frödin et al. 1994; 

Withers DJ et al. 1995), while inhibiting it in others (Burgering et al. 1993; Cook and 

McCormick 1993). In keratinocytes at least four independent, cAMP producing sys-

tems have been identified (Adacehi et al. 1982), but while high cAMP levels activate 

keratinocyte differentiation (Mammone et al. 1998), the studies analyzing the effect 

of cAMP on keratinocyte proliferation are inconsistent. Some in vitro studies re-

ported decreased keratinocyte proliferation upon high cAMP levels (Delescluse et 

al. 1974; Yamanishi et al. 1989), whereas others demonstrated the opposite effect 

(Green 1978; Kuroki et al. 1982). However, different cell densities may explain these 

effects since cAMP enhances keratinocyte proliferation under subconfluent culture 

conditions, while inhibiting it at confluent conditions (Okada et al. 1982; Takahashi 

et al. 2004). Additionally, there are numerous reports of altered cAMP activity in skin 

diseases like psoriasis, an inflammatory disease with unbalanced differentiation and 

proliferation processes (Brion et al. 1986; Delescluse et al. 1974; Halprin et al. 

1975). Furthermore, cAMP plays an important role in inflammatory skin processes 

mediated through T and other immune cells. Thus, elevated intracellular cAMP lev-

els in these cells suppress the production of various pro-inflammatory mediators 

(Serezani et al. 2008) confirming its immunosuppressive and anti-inflammatory ac-

tions. Moreover, it has also been revealed that cAMP is involved in the permeability 

barrier homeostasis of murine skin, where the barrier recovery rate depends on in-

tracellular cAMP levels, which increased immediately after barrier disruption (Denda 

et al. 2004). 
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 The role of cytokines in epidermal homoeostasis, wound healing 

and diseased skin 

The complex process of barrier recovery or wound healing involves inflammation, 

proliferation and remodeling phases (Robson et al. 2001). During this process, in 

which both immune and non-immune cells are involved, multiple cytokines and 

growth factors are produced (Barrientos et al. 2008). Among the variety of cytokines, 

the tumor necrosis factor - alpha (TNF) was found to play a significant role in the 

early process of wound healing. TNF is released immediately by keratinocytes and 

fibroblasts after injury and promotes and supports inflammatory leukocyte move-

ment towards the wounded tissue (Mast and Schultz 1996). Moreover, additional 

TNF is released from the recruited neutrophils and macrophages which causes an 

extension of the inflammatory response (Eming et al. 2007). Furthermore, TNF has 

an important role in the epidermal repair phase by increasing the keratinocyte mo-

tility and attachment, as well as affecting the keratinocytes fate through regulation 

of the cell-cycle and apoptosis-associated genes (Banno et al. 2004).  

Another important cytokine whose synthesis is triggered by other cytokines such as 

TNF and in skin injury is interleukin – 1 (IL-1) (Partridge et al. 1991). It is a major 

epidermal cytokine synthesized by keratinocytes, Langerhans cells and dermal fi-

broblasts (Kumar et al. 1992; Sauder et al. 1984), mostly cell-associated and lost by 

desquamation (Blanton et al. 1989; Kupper et al. 1986). IL-1, which is essentially 

expressed in the epidermis, also plays an important part in skin homoeostasis. 

Moreover, dysregulated expression and activation of IL-1 was related to several skin 

diseases. In particular, high IL-1 levels are associated with elevated psoriasis, atopic 

dermatitis, melanoma and squamous cell carcinoma incidence (Abramovits et al. 

2013; Cai et al. 2019; Gelfo et al. 2020; León et al. 2015). In skin injury, this proin-

flammatory cytokine initiates a rapid immune response (Kupper et al. 1988). It was 

shown in in vivo experiments that IL-1 stimulates keratinocyte proliferation in inflam-

matory diseases (Ristow 1987), as well as the growth of cultured primary keratino-

cytes (Sauder et al. 1988). These effects are thought to be IL-1 concentration de-

pendent, but could not be confirmed in other studies (Partridge et al. 1991). How-

ever, Eller et al. (1995) suggested that IL-1 plays also a role in initiation of the 

keratinocytes differentiation process by regulating the expression of keratinocyte 

differentiation-associated genes.  

 

1.2.4. Epidermal stem cells  

Homeostasis and skin repair after injury are physiological processes that rely on 

stem cells. These cells are defined by their self-renew potential and the capability 

to give rise to different cell lineages that form mature tissues. Thus the progeny of 

stem cells replaces keratinocyte loss in the normal process of differentiation or cell 

death after injury (Blanpain et al. 2007; Weissman et al. 2001). The stem cells of the 

epidermis are slow-cycling cells in vivo capable of proliferation after skin injury. In 

vitro, they can imitate tissue proliferation and regeneration upon changed culturing 

conditions (Potten and Hendry 1973; Potten and Morris 1988; Watt 1998). Currently, 

three major skin stem cell compartments are known: the hair follicle bulge region, 
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the interfollicular epidermis and in the sebaceous gland (Sotiropoulou and Blanpain 

2012; Watt et al. 2006).  

 

 Murine epidermal stem cells 

First recognition of the existence of epidermal stem cells is traced back to research 

conducted in the 1970s. These approaches showed, that after severe irradiation of 

murine skin radioresistant epidermal cells form cellular clones that repopulate the 

skin (Potten and Hendry 1973; Withers HR 1967). Several studies conducted during 

the 1980 to 1990 period exploited the possibility to label murine stem cells during 

neonatal development with tritiated thymidine (3H-TdR), which enabled their later 

detection with autoradiography and immunohistology. The results showed that both, 

the epidermis and the hair follicle bulge region contain epidermal stem cells 

(Cotsarelis et al. 1990; Mackenzie IC and Bickenbach 1985; Morris et al. 1985). 

Moreover, two different populations of proliferating stem cell-like keratinocytes were 

identified in the murine epidermal basal layer: stem cells, that proliferate and can 

generate other stem cells, and transit-amplifying (TA) cells, that undergo terminal 

differentiation (Potten and Morris 1988). Further investigations in the 1990s postu-

lated that four progenitor cell types originate from the hair follicle bulge epithelial 

stem cells, one of which is located in the epidermis, while the remaining three are 

located at the hair follicle itself (Kamimura et al. 1997). However other studies 

showed that 8 % of the basal cells represent stem cells characterized by their high 

α6 integrin (α6) expression level and low or undetectable expression of the trans-

ferrin receptor CD71 (α6briCD71dim). In contrast, TA cells comprise 60 % of the basal 

cells and express high levels of α6 and CD71 (α6briCD71bri). Besides α6briCD71dim 

and α6briCD71bri cells of the basal layer, additionally CD71dim cells were found in the 

hair follicle bulge region (Tani et al. 2000). Additionally, proliferating cells character-

ized as CD49f+CD34neg expressing hematopoietic stem cell marker stem cell anti-

gen-1 (Sca-1) were recognized in the basal layer of the interfollicular epidermis (Triel 

et al. 2004). Finally, lineage tracing experiments identified the three distinguishable 

skin stem cell compartments: the interfollicular epidermis, the hair follicle bulge and 

the sebaceous gland (Braun et al. 2003; Ghazizadeh and Taichman 2001). How-

ever, it has not been clearly demonstrated so far whether long-term repopulating 

cells of the interfollicular epidermis represent a separate stem cell population re-

sponsible for epidermal homeostasis (Garcin and Ansell 2017; Ito et al. 2005; Levy 

et al. 2005). In contrast, stem cells of the murine hair follicle bulge region and their 

progeny populate the entire hair follicle and the sebaceous glands in normal home-

ostasis, but also participate in regeneration processes of the epidermis after injury 

(Oshima et al. 2001; Taylor et al. 2000).  

 

 Human epidermal stem cells 

In 1989, a fully structured and functional human epidermis, though without hair fol-

licles or sweat glands, was generated from cultured epithelial autografts and im-

planted on burn-injured skin (Compton et al. 1989). Together with the fact that the 
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human skin consists of a large interfollicular epidermis with less hair follicles com-

pared to the murine skin, Compton et al. (1989) suggested that in humans the epi-

dermal stem cells are located in the basal layer rather than in the hair follicle. Indeed 

- similar to the murine skin - also in humans the existence of two types of proliferating 

keratinocytes in the basal layer were confirmed: stem cells, characterized by low 

CD71 and high α2β1, α3β1 and α6β4 integrin expression (Li A et al. 1998) and TA 

cells (Carter et al. 1990), which undergo the process of terminal differentiation 

(Jones et al. 1995) by detaching from the basal membrane and inactivating of β1 

cell surface integrin receptors (Hotchin et al. 1993). On a morphological level, basal 

stem cells were identified at the epidermal rete ridges, expressing high levels of β1 

integrin and low levels of desmoglein 3 (Wan et al. 2003). Additionally, K15+α6high 

stem cells were described to be located at the edge of the rete ridges (Kaur 2006). 

Finally, epidermal growth factor (EGF) receptor antagonist leucine-rich repeats and 

immunoglobulin-like domains 1 (Lrig1) were identified as a human stem cell marker 

in basal cells (Jensen KB and Watt 2006; Jensen KB et al. 2009).  

 

 Stem cell hypotheses 

A balancing mechanism within the epidermis that regulates the rate of cell division 

and cell loss is maintained throughout the lifetime of the organism and is essential 

for the epithelial homeostasis (Potten 1981). This balance is maintained by regula-

tion of the epidermal basal layer cell proliferation, which detach from the basal lam-

ina, move upward, while undergoing the process of terminal differentiation to ulti-

mately be shed from the skin surface (Fuchs and Raghavan 2002). This epidermal 

maintenance further depends on the proliferation and differentiation of the interfol-

licular epidermal stem cells. Currently, multiple model theories (Figure 3) exist that 

describe the epidermal regeneration process (Blanpain and Fuchs 2009; Hsu et al. 

2014; Senoo 2013). The first proposed model is the hierarchical model, with epider-

mal proliferative units being composed of centrally placed stem cells that give rise 

to TA cells that undergo the process of terminal differentiation (Allen and Potten 

1974; Potten and Morris 1988). These TA cells go through several cell divisions 

before leaving the basal cell layer and committing to their differentiation program 

(Barrandon and Green 1987). On the other hand, in the stochastic model, daughter 

cells of a single type of progenitor stem cell of the epidermal basal layer randomly 

differentiate or remain as a progenitor cell (Clayton E et al. 2007; Doupé et al. 2010). 

Finally, Mascré et al. (2012) proposed a mechanism whereby slowly dividing stem 

cells generate self-renewing stem cells of limited lifetimes or committed progenitors, 

which maintain the epidermal repair and regeneration and play a short-term role 

during wound healing. A mathematical modeling approach conducted by Li X et al. 

(2013) favored the latter model, as it did not result in major stem cell depletion over 

a three year period.  
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Figure 3: Stem cell hypotheses. Three current theories describing the epidermal regen-
eration process are shown. (A) The hierarchical model according to which the epidermal 
proliferative units play the central role in the regeneration process. These units are com-
posed of centrally placed stem cells that give rise to TA cells that undergo the process of 
terminal differentiation. (B) The stochastic model, whereby committed progenitor cells exist 
that directly give rise to differentiated skin cells. (C) The newest model combines both of 
these two theories, according to which the stem cells give rise to committed progenitors, 
which further generate TA cells and differentiated skin cells.  

 

1.3. CD4+ stem cell-like epidermal cells 

The Hedgehog (Hh) signaling pathway is involved in regulation of embryonic differ-

entiation processes and in the maintenance of adult tissue homeostasis and regen-

eration (Briscoe and Therond 2013; Yao and Chuang 2015). Deregulation of this 

pathway (e.g. by activating mutations) plays a key role in uncontrolled proliferation 

and differentiation and can lead to tumorigenesis or tumor growth acceleration in a 

wide variety of tissues (Skoda et al. 2018). Functional studies to enlighten the impact 

of a deregulated Hedgehog-Patched (Hh / Ptch) signaling pathway in the adult or-

ganism have been conducted in a mouse model for conditional Hh signaling path-

way overactivation (Ptchflox/flox mice). These approaches showed that the ubiquitous, 

biallelic loss of Ptch (which is an Hh signaling inhibitor) in adult mice results in hy-

perproliferation of various tissues and in severe immune defects (Uhmann A. et al. 

2011; Uhmann A. et al. 2007). Subsequent analyses of Ptchflox/floxCD4Cre+/- mice in 

which Ptch is depleted in CD4-expressing cells showed that the overactivation of 

the Hh signaling pathway in T cells did not impair their immunological function 

(Michel et al. 2013; Uhmann A. et al. 2011). However, to investigate the function of 

Ptch-deficient T cells in cancer the development of skin tumors was induced in Ptch-
flox/floxCD4Cre+/- mice by a chemical carcinogenesis protocol using 7,12-dime-

thylbenzo [α]-anthracene / 12-O-tetra decanoylphorbol-13-acetate (DMBA/TPA) 

(Uhmann Anja et al. 2014). Usually the DMBA/TPA protocol induces the formation 
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of papilloma and squamous cell carcinoma (DiGiovanni 1992). Unexpectedly and in 

contrast to wild type skin (Indra et al. 2007), DMBA/TPA-treated Ptchflox/floxCD4Cre+/- 

skin harbors papilloma and squamous cell carcinoma but also basal cell carcinoma 

(BCC) (Uhmann Anja et al. 2014). Subsequent lineage tracing experiments and 

bone marrow transplantations excluded a hematopoietic origin of the BCC and ra-

ther suggested a CD4+ stem cell-like population of the basal layer as the origin of 

DMBA/TPA-induced BCC. Following flow cytometric analyses verified the existence 

of CD4+ cells in the murine skin expressing the keratinocyte marker CD49f, as well 

as the stem cell markers CD34 and Sca-1, which differentiate these cells from 

CD49fhigh CD34+Sca-1- stem cells of the hair follicle and from CD49flowCD34-Sca-1+ 

basal cells (Uhmann Anja et al. 2014). Beyond that, the progeny of CD4+ epidermal 

cells have been shown to grow permanently and increasingly with age and upon 

wound healing in adult mice in all epidermal layers and as multipotent hair follicle 

stem cells (Brandes 2021). Finally, the existence of CD4+ epidermal cells in human 

skin was also confirmed. In contrast to the murine skin CD4+ epidermal cells of the 

human skin are characterized by the expression of the keratinocyte marker CD49f 

and the epidermal stem cell markers CD29 and K15. Since they furthermore lack 

the expression of immune cell markers such as CD3 (T-cells, Langerhans cells), 

CD14 (interfollicular dendritic cells, Langerhans cells, monocytes, macrophages, 

granulocytes) or CD1a (T-cells, B-cells, monocytes, macrophages, Langerhans 

cells, dendritic cells) (Scheile 2020) human CD4+ epidermal cells are proven of a 

non-hematopoietic origin. Taken together, CD4-expressing epidermal cells exhibit 

tumorigenic potential and stem cell-like characteristics (Brandes et al. 2020). 

 

1.3.1. Structure and function of CD4 in immune cells  

The existence of an epidermal keratinocyte population expressing the T cell marker 

CD4 was highly unexpected. Initially the CD4 receptor was identified in rat, where it 

was of specific interest, as it represented the first known marker of T helper (Th) 

lymphocytes (White et al. 1978; Williams et al. 1977). CD4 is a membrane-spanning 

glycoprotein (55 kDa) with an extracellular region composed of four extracellular 

immunoglobulin-like domains (D1 – D4), a transmembrane region of 22 hydrophobic 

amino acids and a short cytoplasmic tail of 40 amino acids (Brady and Barclay 1996; 

Littman 1987). The four extracellular immunoglobulin-like domains represent differ-

ent functional binding sites (Wu H et al. 1997). In T cells, the D1 domain of the CD4 

protein binds to the major histocompatibility complex class II (MHCII) protein thus 

forming a complex with the T cell receptor (TCR) and CD3. Beyond that, the CD4 

receptor is an entry point for the human immunodeficiency virus (HIV), whose gp120 

domain also interacts with the D1 domain (Kwong et al. 1998). The CD4 D4 domain 

is crucial for protein dimerization and serves as a binding site for interleukin 16 (IL-

16) (Liu et al. 1999; Richmond et al. 2014). Besides its expression in a subset of T 

cells, like Th cells, regulatory T (Treg) cells (Corthay 2009) and natural killer T cells 

(Krijgsman et al. 2018), CD4 is also expressed in monocytes, macrophages and 

natural killer cells (Bernstein et al. 2006), dendritic cells (Lee B et al. 1999), Langer-

hans cells (Lynch et al. 2003), neutrophils (Biswas et al. 2003), basophils and mast 
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cells (Li Y et al. 2001), eosinophils (Lucey et al. 1989), megakaryocytes (Kouri et al. 

1993) and in some neuronal cells of the central nervous system (Omri et al. 1994).  

In the thymus, CD4 plays a role in the positive thymic selection and CD4+ T cells 

development (Killeen et al. 1993; Rahemtulla et al. 1991). However, its best-known 

function is its involvement in T cell activation, as CD4 regulates T cell adhesion, 

signaling and increases antigen sensitivity. Thus, CD4 is essential for recognition of 

most antigens in vivo. In T cells, the CD4 protein acts as a co-receptor of the 

TCR/CD3 complex, by strengthening the contact between the TCR and MHCII mol-

ecule on the antigen-presenting cells (APCs) (Janeway 1989; Kinch et al. 1993). 

Beyond that, CD4 enhances the MHCII T cell activation and thus increases sensi-

tivity to antigen stimulation (Irvine et al. 2002). After binding to MHCII, CD4 mole-

cules dimerize and form a complex with the TCR/CD3 molecules. The subsequent 

phosphorylation of Fyn and the tyrosine kinase p56lck (Wu H et al. 1997) then initiate 

a tyrosine phosphorylation cascade leading to an intracellular mobilization of cal-

cium ions (Ca2+) (Berridge 1993; Corado et al. 1990). Since the temporary rise in 

cytosolic Ca2+ triggers acute reactions, including motility decline, improved spread-

ing, and degradation of the target cells by cytolytic T cells (CTLs), Ca2+ mobilization 

is essential for Th cell activation (Wülfing et al. 1997) (see Figure 4A).  

Together with cytoskeleton-dependent mechanisms, Ca2+ mobilization leads to 

translocation of mitochondria to the calcium release-activated channels (CRAC) and 

plasma membrane Ca2+ ATPase (PMCA), providing support to sustain the estab-

lished extensive Ca2+ elevation necessary for generalized activation of T lympho-

cytes in terms of differentiation, cytokine production and proliferation (Feske 2007; 

Lewis 2001). Ca2+ mobilization in T cells furthermore activates the AC. This enzyme 

along with nucleotide phosphodiesterases (PDEs) regulates the level of second in-

tracellular messenger cAMP, which is a potent negative regulator of T cell immune 

function through the cAMP/PKA signaling pathway (Laxminarayana and Kammer 

1996) by inhibiting the antigen-induced T cell activation and cytokine production 

(Bjørgo et al. 2011; Vang T et al. 2001). While AC catalyzes the conversion of aden-

osine triphosphate (ATP) into cAMP (Khannpnavar et al. 2020), PDEs degrade 

cAMP to AMP (Bender and Beavo 2006). From the eleven known PDE families 

(PDE1 – PDE11), which are categorized according to their primary sequences, pro-

tein domains and enzymatic characteristics (Omori and Kotera 2007) families 1, 2, 

3, 4, 5, 7 and 8 have been found in T cells (Essayan 2001). However the activity of 

each PDE family is triggered and controlled by different mechanisms, e.g. PDE1 is 

stimulated by calmodulin binding in the presence of Ca2+ (Charbonneau et al. 1991; 

Loughney et al. 1996), while PDE4 is known as the main enzyme responsible for 

cAMP degradation in inflammatory cells (Ahmad et al. 1999; Francis et al. 2011; 

MacKenzie SJ et al. 1998). Together, Ca2+ mobilization, regulation of AC and PDE 

activity as well as the cAMP/PKA signaling pathway play a central role in balancing 

the maintenance of T cell homeostasis (Wehbi and Taskén 2016) and T cell activa-

tion (Krummel et al. 2000) (see Figure 4A).  
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1.3.2. Putative function of CD4 on epidermal keratinocytes  

As already described, T cells and TCR and/or CD3 negative immune cells, express 

CD4 (e.g. monocytes, macrophages and natural killer cells, dendritic cells, Langer-

hans cells, neutrophils, basophils and mast cells, eosinophils, megakaryocytes, 

neuronal cells). This fact points towards a TCR/CD3-independent CD4 function in 

these cells. Indeed, TCR-independent dimerization of CD4 molecules or binding of 

CD4 with MHCII molecules in T cells cause increased intracellular Ca2+ and de-

creased intracellular cAMP levels via inhibition of the AC and induction of the PDE1 

and 4 (Zhou and König 2003) (Figure 4A). In addition, CD4-MHCII ligation in 

TCR/CD3neg monocytes induces their differentiation to macrophages (Zhen et al. 

2014) demonstrating that a TCR/CD3-independent CD4 signaling is possible. Un-

fortunately, so far, the exact mechanisms of a TCR/CD3-independent CD4 signaling 

is not well understood. However, the fact that CD4+ epidermal cells neither express 

CD3 nor other immune cell markers (see above) suggests that CD4 signaling in 

these cells most likely also occurs in a TCR/CD3-independent manner. Thus, hypo-

thetically MHCII ligation to CD4 molecules may be also involved in Ca2+ mobilization 

and/or cAMP generation in CD4-expressing keratinocytes (Figure 4B) and lead to 

an increased proliferation or differentiation rate, as it is the case with CD4+ mono-

cytes.  

 
Figure 4: CD4 involvement in T cell activation and hypothetical CD4 function in stem 
cell-like keratinocytes. A). In T cells CD4 participates in the antigen/MHCII binding to the 
TCR/CD3 complex which results in cytosolic Ca2+ mobilization from intracellular Ca2+ stores 
([Ca2+]) and in increased intracellular cAMP levels via activation of AC (black arrows). How-
ever, TCR/CD3-independent CD4 dimerization (not shown) or ligation of CD4 to MHCII mol-
ecules inhibits AC but induces PDE1 and 4 activity resulting in decreased intracellular cAMP 
levels (green arrows/lines). Adapted from König and Zhou (2004). B) In stem cell-like 
keratinocytes CD4 binding to MHCII molecules hypothetically may cause intracellular [Ca2+] 
increase and [cAMP] decrease. The latter is achieved through inhibition of the AC and ac-
tivation of the PDE1 and PDE4 families. Abbreviations: MHC II - major histocompatibility 
complex class II, TCR - T cell receptor, PDE – phosphodiesterase, cAMP - cyclic adenosine 
3′, 5′-monophosphate, AMP - adenosine monophosphate, AC - adenylyl cyclase, ATP - 
adenosine triphosphate. Adapted from König and Zhou (2004).  
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The activation of CD4+ T cells leads to their differentiation into Th1, Th2 or Th17 

cells (Zhu J and Paul 2010). Within this process, the pro-inflammatory cytokine IL-1 

plays a central role, since it regulates lymphocyte differentiation, activation and ho-

meostasis (Ben-Sasson et al. 2009; Santarlasci et al. 2013). However, IL-1 is also 

secreted by epidermal keratinocytes upon skin injury (Feldmeyer et al. 2010; 

Murphy et al. 2000) and stimulates fibroblast and keratinocyte growth (Chedid et al. 

1994), collagen synthesis of fibroblasts (Postlethwaite et al. 1988), chemotaxis of 

keratinocytes (Raja et al. 2007) and together with the other pro-inflammatory cyto-

kines plays a role in wound healing (Behm et al. 2012) (see also chapter 1.2.3.3). 

Beyond that, IL-1 induces CD4-expression in microglial cells (Yu et al. 1998). Thus, 

it can be assumed that IL-1 may be involved in CD4-expression in epidermal 

keratinocytes too (see Figure 5). Similarly also TNF plays an important role in ep-

idermal wound healing, stimulation of hair follicle stem cells upon wound-induced 

hair regrowth and mesenchymal stem cell migration during osteoarthritis (Wang X 

et al. 2017; Wang Y et al. 2017) (see also chapter 1.2.3.3). Thus, TNF may also 

be involved in the migration of CD4+ stem cell-like keratinocytes (Figure 5). 

 

Figure 5: Schematic representation of the hypothetical role of cytokines in regulating 

CD4+ epidermal stem cells in wounded skin. TNF released immediately after injury from 
keratinocytes and fibroblasts supports inflammatory leukocyte recruitment, platelets and fi-
broblasts and triggers IL-1 synthesis. The infiltrating cells in the wound environment pro-

duce various growth factors (PDGF, FGF, VEGF) and cytokines (TNF and IL-1) and par-
ticipate in wound healing, which hypothetically induce proliferation and/or migration in CD4+ 
epidermal keratinocytes, and/or increased CD4-expression. Abbreviations: PDGF - platelet 
derived growth factor, FGF- fibroblast growth factor, VEGF - vascular endothelial growth 
factor. (Created with BioRender.com).   
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1.4. Aims of the work  

The function of the CD4 protein in stem cell-like keratinocytes is currently unknown 

although a TCR/CD3-independent CD4 signaling may be conceivable. However, the 

knowledge about the functionality of CD4 in stem cell-like keratinocytes may have 

a critical impact on the understanding of skin homoeostasis, wound healing and 

cancer development. Thus, the main aim of this dissertation was to analyze the CD4 

protein function in stem cell-like keratinocytes. For this purpose, first dedifferenti-

ated, stem cell-like, stable murine and human keratinocyte cell lines for analyzing 

the CD4-protein function in vitro should be developed. Subsequently these cells 

should be used to generate an inducible CD4-expression system for future studies, 

as well as to investigate whether MHCII, IL-1 and/or TNF play a role in TCR/CD3-

independent CD4-mediated signaling (e.g. MHCII, TNF) or as CD4-expression 

stimuli (e.g. IL-1). For the latter approaches, transiently CD4-overexpressing, dedif-

ferentiated, stem cell-like keratinocyte cell lines should be analyzed for their prolif-

eration rate, differentiation status and intracellular cAMP levels or for their cellular 

migration upon MHCII or TNF treatment, respectively. Additionally, it should be 

analyzed whether IL-1 treatment induces endogenous CD4-expression in dediffer-

entiated, stem cell-like keratinocyte cell lines, as it has been previously described 

for microglia. 
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2. Materials and Methods 

2.1. Technical equipment 

Technical equipment utilized in this dissertation is shown in Table 1.   

 

Table 1. Technical equipment. 

Technical Equipment  Supplier 

3500xL Genetic Analyzer  Thermo Fisher Scientific Inc., Waltham, MA, USA 

7900 HT Fast Real-Time PCR System Applied Biosystems, Waltham, MA, USA 

Agarose gel electrophoresis chamber Peqlab Biotechnology GmbH, Erlangen, Germany 

Autoclave (9216E) Fedegari Autoclavi SpA, Albuzzano, Italy 

Autoclave (Systec DX-150) Systec GmbH & Co. KG, Linden, Germany 

Centrifuge (1-15K) Sigma Laborzentrifugen GmbH, Osterode, Germany 

Centrifuge (5427 R, 5415 R) Eppendorf AG, Hamburg, Germany 

Centrifuges (Biofuge pico, fresco, primo, Multifuge 
3LR) 

Heraeus Holding GmbH, Hanau, Germany 

CO2-Incubator (6000, BBD, 6220) Thermo Fisher Scientific Inc., Waltham, MA, USA 

CO2-Incubator (CB220-230V-G) Binder GmbH, Tuttlingen, Germany 

Digital monochrome thermal video printer (P91D) Mitsubishi Electric Co., Tokyo, Japan 

Dispersing tool for homogenizer (DS-8/P) Miccra GmBH, Heitersheim, Germany 

Dissection tools Karl Hammacher GmbH, Solingen, Germany 

EasySep™ Magnet 
Stemcell Technologies, Germany GmbH, Cologne, 
Germany 

Flow cytometer BD™ LSR II BD Biosciences, San Jose, CA, USA 

Freezer (-20°C) Liebherr GmbH, Bulle, Switzerland 

Freezer (-80°C) Sanyo Electric Co., Ltd., Osaka, Japan 

Freezing container (Mr. Frosty™) Thermo Fisher Scientific Inc., Waltham, MA, USA 

Fridge (4°C) Robert Bosch GmbH, Stuttgart, Germany 

Gas burner Campingaz, Hattersheim, Germany 

Heating block shaker (ThermoMixer©) Eppendorf AG, Hamburg, Germany 

High-precision scales (Sartorius Basic plus 2100) Sartorius AG, Göttingen, Germany 

HiSeq4000 Illumina, San Diego, CA, USA 

Homogenizer (Miccra D-1) Miccra GmBH, Heitersheim, Germany 

Inverted fluorescence microscope (Axiovert 25) Carl Zeiss GmbH, Jena, Germany 

Inverted research microscope (IX71) Olympus Optical Co., Ltd., Tokyo, Japan 

Liquid nitrogen tank L’air liquide S.A., Paris, France 

Magnetic stirrer (MR3000/3001) 
Heidolph Instruments GmbH & Co. KG, Schwabach, 
Germany 

Microplate reader (SynergyMx) 
BioTek Instruments GmbH, Bad Friedrichshall, Ger-
many 

Microscope (FV3000) Olympus Optical Co., Ltd., Tokyo, Japan 

Microscope (Olympus BX 60) Olympus Optical Co., Ltd., Tokyo, Japan 

Microwave oven (Dimension 4) Panasonic Corp., Kadoma, Japan 

Mini Centrifuge ROTILABO ® Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Neon™ Transfection system Thermo Fisher Scientific Inc., Waltham, MA, USA 

Neubauer counting chamber Brand GmbH & Co KG, Wertheim, Germany 

Nikon Eclipse Ti spinning disk confocal microscope 
equipped with a Yokogawa W1 spinning disk and an 
Andor iXon 888 EMCCD camera 

Nikon GmbH, Düsseldorf, Germany 
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Technical Equipment  Supplier 

Nikon Eclipse Ti2 widefield fluorescence microscope 
equipped with a Photometrics Prime 95b 25mm 
sCMOS camera and Okolabincubation chamber 

Nikon GmbH, Düsseldorf, Germany 

PCR Thermocycler (Labcycler Basic, Labcycler Gra-
dient) 

SensoQuest GmbH, Göttingen, Germany 

PCR Thermocycler (Mastercycler®) Eppendorf AG, Hamburg, Germany 

pH-meter (inoLab, pH Level 1) and electrode (SenTix 
91) 

WTW, Weilheim, Germany 

Pipette controller (accu-jet® pro) Brand GmbH & Co. KG, Wertheim, Germany 

Pipettes (Multi- and single-channel pipettes) Eppendorf AG, Hamburg, Germany 

Platform shaker (Unimax1010) 
Heidolph Instruments GmbH & Co. KG, Schwabach, 
Germany 

Power supply for agarose gel electrophoresis Peqlab Biotechnology GmbH, Erlangen, Germany 

Precision weighing balance (ALC-210.4) Sartorius AG, Göttingen, Germany 

Spectrophotometer (NanoDrop 8000) Thermo Fisher Scientific Inc., Waltham, MA, USA 

Sterile workbench (Euroflow EF/A 5) Clean Air Techniek, Woerden, Netherlands 

Ultraviolet (UV) light -Transilluminator 
Intas Science Imaging Instruments GmbH, Göttin-
gen, Germany 

Vacuum pump (EcoVac) Schuett-biotec GmbH, Göttingen, Germany 

Vortex mixer (Vortex-Genie2®) Scientific Industries Inc, Bohemia, NY, USA 

Water purification system (Arium® 611 VF) Sartorius AG, Göttingen, Germany 

 

2.2. Consumable materials  

Consumable materials used are shown in Table 2. 

 

Table 2. Consumable materials. 
Consumable Materials Supplier 

6-well cell culture plate Sarstedt AG & Co., Nümbrecht, Germany 

12-well cell culture plate Sarstedt AG & Co., Nümbrecht, Germany 

24-well cell culture plate Corning Incorporated, New York City, NY, USA 

384-well plate black & adhesive seal sheet 4titude® Ltd., Surrey, UK 

Cell scraper Sarstedt AG & Co., Nümbrecht, Germany 

Cell Strainer 40 μm Sigma-Aldrich Co., St. Louis, MO, USA 

Centrifuge tubes (15 ml, 50 ml) 
Greiner Bio-One International GmbH, Kremsmünster, 
Austria 

Combitips advanced® (0.2 ml, 0.5 ml, 2.5 ml, 5 ml, 
10 ml) 

Eppendorf AG, Hamburg, Germany 

Coverslips Thermo Fisher Scientific Inc., Waltham, MA, USA 

Coverslips (round) for cultivation TH. Geyer GmbH & Co. KG, Renningen, Germany 

CryoPure tubes Sarstedt AG & Co., Nümbrecht, Germany 

Delicate task wipes Kimberly-Clark Europe Ltd., Surrey, UK 

Disposable needles (Sterican Ø 0.45 x 12 mm or Ø 
0.30 x 12 mm) 

B.Braun AG, Melsungen, Germany 

Disposable syringes (BD DiscarditTM II 1, 2, 10, 20, 
50 ml) 

BD Biosciences, San Jose, CA, USA 

Falcon® 4-well Culture Slide Corning Incorporated, New York City, NY, USA 

Filter tips (Biosphere® 20 µl, 100 µl, 200 µl, 1000 µl) Sarstedt AG & Co., Nümbrecht, Germany 

Flow Cytometry Tubes (5 ml, sterile) Sarstedt AG & Co., Nümbrecht, Germany 

Fluted filters Sartorius AG, Göttingen , Germany 
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Consumable Materials Supplier 

Folded filters  Sartorius AG, Göttingen, Germany 

Glassware Schott AG, Mainz, Germany 

Microscope slides & Superfrost® plus microscope 
slides 

Thermo Fisher Scientific Inc., Waltham, MA, USA 

Nunclon™ disposables for cell culture (10 cm cell 
culture dish, 96-well plate) 

Thermo Fisher Scientific Inc., Waltham, MA, USA 

Parafilm® laboratory film Bemis Company, Inc., Neenah, WI, USA 

Pasteur pipettes TH. Geyer GmbH & Co. KG, Renningen, Germany 

PCR tear-a-way plates & cap strips 4titude® Ltd., Surrey, UK 

Petri dishes  Ochs GmbH, Bovenden / Lenglern, Germany  

Pipette tips (20 μl, 200 µl, 1000 μl) Sarstedt AG & Co., Nümbrecht, Germany 

Reaction tubes (1.5 ml, 2 ml, 5 ml) Sarstedt AG & Co., Nümbrecht, Germany 

Safeseal microtubes (1.5 ml, 2 ml) Sarstedt AG & Co., Nümbrecht, Germany 

Serological pipettes (2 ml, 5 ml, 10 ml, 25 ml) Sarstedt AG & Co., Nümbrecht, Germany 

Softa-Man® hand disinfectant B.Braun AG, Melsungen, Germany 

Sterile filters (0.2 µm) Sartorius AG, Göttingen, Germany 

Sterile filter (Filtropur - 0.2 μm) Sarstedt AG & Co., Nümbrecht, Germany 

Surgical blades  Aesculap AG, Tuttlingen, Germany 

Weighing paper Macherey-Nagel GmbH & Co. KG, Düren, Germany 

Whatman® Blotting paper (GB 33 B003) 
Heinemann Labortechnik GmbH, Duderstadt, Ger-
many 

µ-Slide Chemotaxis Ibidi GmbH, Gräfelfing, Germany 

 

2.3. Reagents and chemicals  

Reagents and chemicals used are shown in Table 3.  

 

Table 3. Reagents and chemicals. 
Reagents and chemicals Supplier 

Agarose VWR International GmbH, Erlangen, Germany 

Agarose, low melting Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Ampicillin sodium salt Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Ampuwa H2O Fresnius Kabi Deutschland GmbH, Gemany 

Bovine serum albumin fraction V (BSA), protease 
free 

Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Calcium chloride dihydrate (CaCl2) Sigma-Aldrich Co., St. Louis, MO, USA 

Chloroform Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Deoxyribonucleotide triphosphates (dNTPs) Roche Diagnostics GmbH, Mannheim, Germany 

Dimethyl sulfoxide (DMSO) Thermo Fisher Scientific Inc., Waltham, MA, USA 

Dispase  Corning Incorporated, New York City, NY, USA 

Dithiothreitol (DTT) Thermo Fisher Scientific Inc., Waltham, MA, USA 

DNase/RNase-free distilled H2O  (ultrapure H2O)  Invitrogen, Carlsbad, CA, USA  

Ethanol (EtOH) 99 % J.T. Baker B.V., Deventer, Netherlands 

Ethanol 99 %, denatured TH. Geyer GmbH & Co. KG, Renningen, Germany 

Ethidium bromide (EtBr) 0.07 % 
Inno-Train Diagnostik GmbH, Kronberg im Taunus, 
Germany 

Ethylenediamine tetraacetic acid (EDTA) disodium 
salt dihydrate 

Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Forskolin Sigma-Aldrich Co., St. Louis, MO, USA 
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Reagents and chemicals Supplier 

GeneRuler DNA ladder (50 base pairs (bp), 100 bp 
plus, 1 kilobase (kb)) 

Thermo Fisher Scientific Inc., Waltham, MA, USA 

Hanks' Balanced Salt Solution (HBSS), no calcium, 
no magnesium 

Thermo Fisher Scientific Inc., Waltham, MA, USA 

HEPES buffer solution (1M in H2O) Sigma-Aldrich Co., St. Louis, MO, USA 

Hygromycin B (100 mg/ml) InvivoGen, Toulouse, France 

Hydrochloric acid (37 %) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Interleukin-1α, human recombinant, expressed in E. 
coli 

Sigma-Aldrich Co., St. Louis, MO, USA 

Isopropyl alcohol Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Kanamycin A Sigma-Aldrich Co., St. Louis, MO, USA 

Loading dye solution for DNA (6x) Thermo Fisher Scientific Inc., Waltham, MA, USA 

Mitomycin C from Streptomyces caespitosus Sigma-Aldrich Co., St. Louis, MO, USA 

MHC Tetramer Class II NIH Tetramer Core Facility, Atlanta, USA 

Paraformaldehyde (PFA) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich Co., St. Louis, MO, USA 

Phosphate buffered saline (PBS) Tab.ts Invitrogen, Carlsbad, CA, USA 

Primer “random” p(dN)6 Hexamer-oligonucleotides Roche Diagnostics GmbH, Mannheim, Germany 

ProLong Gold antifade mountant with 4′,6-diamidino-
2-phenylindole (DAPI) 

Thermo Fisher Scientific Inc., Waltham, MA, USA 

Puromycin dihydrochloride (10 mg/ml) Sigma-Aldrich Chemistry GmbH, Steinheim 

RNase-free H2O Invitrogen, Carlsbad, CA, USA 

RNaseZAP Sigma-Aldrich Co., St. Louis, MO, USA 

S.O.C. (Super optimal broth with catabolite repres-
sion) medium 

Invitrogen, Carlsbad, CA, USA 

Sodium hydroxide Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Triton™ X-100 Sigma-Aldrich Co., St. Louis, MO, USA 

Tumor Necrosis Factor-α, human, recombinant 
(TNFα) 

Sigma-Aldrich Co., St. Louis, MO, USA 

Versene solution Thermo Fisher Scientific Inc., Waltham, MA, USA 

ß-Mercaptoethanol  Sigma-Aldrich, Chemie GmbH, Steinheim 

 

2.4. Buffers and solutions 

Buffers and solutions used are shown in Table 4. 

 

Table 4. Buffers and solutions. 

Buffer / Solution Composition 

Casein (0.2 %) 
0.2 % (w/v) I-Block  
Dissolved in Tris-buffered saline (TBS) 

Cresol 
0.1 % (w/v) Cresol red  
Dissolved in saturated sucrose-solution 

dNTP-Mix 

10 mM dATP  
10 mM dCTP  
10 mM dGTP  
10 mM dTTP 

Lysogeny broth medium (LB medium)  
1 % (w/v) Bacto-tryptone  
1 % (w/v) NaCl (pH7.0)  
0.5 % (w/v) Yeast extract  

Lysogeny broth agar (LB agar)  
1.5 % (w/v) Agar  
Dissolved in LB medium  

Paraformaldehyde 4 % 
4 % (w/v) Paraformaldehyde  
Dissolved in PBS 



Materials and Methods: Kits and ready-to-use reaction systems  

21 
 

Buffer / Solution Composition 

10 x PBS; pH 7.4 

1.4 M NaCl  
65 mM Na2HPO4 
27 mM KCl  
15 mM KH2PO4 

TBS-Triton X-100 
0.1 % (v/v) Triton X-100  
Dissolved in TBS 

10 x Tris-boric acid-EDTA solution (TBE); pH 8.0 
890 mM Tris/HCl, pH 8.0 
730 mM boric acid  
12.5 mM EDTA 

10 x TBS; pH 7.4 
150 mM NaCl 
10 mM Tris/HCl, pH 8.0 

Trypan blue staining solution; pH 7.2 - 7.3  
0.4 % (w/v) Trypan blue  
Dissolved in PBS  

  

2.5. Kits and ready-to-use reaction systems 

All kits and ready-to-use systems are shown in Table 5.  

 

Table 5. Kits and ready-to-use reaction systems. 
Reactions system  Supplier 

BigDyeTM Terminator v3.1 Cycle Sequencing Kit  Thermo Fisher Scientific Inc., Waltham, MA, USA 

Cell proliferation Enzyme-linked immunosorbent as-
say (ELISA), BrdU chemiluminescent  

Roche Diagnostics GmbH, Mannheim, Germany  

Cyclic AMP XP ® Chemiluminescent Assay Kit Cell Signaling Technology, Danvers, MA, USA 

EasySep™ Mouse CD4+ T Cell Isolation Kit 
STEMCELL Technologies, Germany GmbH, Co-
logne, Germany 

MATra Starter Set (Universal Magnet Plate, 8x13 cm 
and MATra-A Reagent) 

IBA GmbH, Göttingen, Germany 

NEON Transfection kit Thermo Fisher Scientific Inc., Waltham, MA, USA 

NucleoSpin Gel and PCR Clean-up, Mini kit for gel 
extraction and PCR clean up 

Macherey-Nagel, Düren, Germany 

Platinum™ SYBR™ Green qPCR SuperMix-UDG 
w/ROX 

Invitrogen, Carlsbad, CA, USA 

PureLink®HiPure Plasmid Midiprep Kit Invitrogen, Carlsbad, CA, USA 

RNeasy Fibrous Tissue Mini Kit Qiagen GmbH, Hilden, Germany  

Tet-On® Advanced Inducible Gene Expression Sys-
tem 

Clontech Laboratories, Inc. A Takara Bio Company, 
Mountain View, CA, USA 

TRIzol® Reagent Life Technologies Co., Camarillo, CA, USA 

 

2.6. Enzymes  

Table 6 summarizes all enzymes used in the dissertation. The enzymes were stored 

at -20˚C and the reactions were performed according to manufacturer’s instructions. 

 

Table 6. Enzymes. 

Enzymes Supplier 

AseI New England Biolabs, Ipswich, MA, USA 

EcoRI New England Biolabs, Ipswich, MA, USA 

EcoRV New England Biolabs, Ipswich, MA, USA 

KpnI New England Biolabs, Ipswich, MA, USA 

MfeI New England Biolabs, Ipswich, MA, USA 

Q5 DNA Polymerase New England Biolabs, Ipswich, MA, USA 

RNase A Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
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Enzymes Supplier 

SalI New England Biolabs, Ipswich, MA, USA 

SspI New England Biolabs, Ipswich, MA, USA 

SuperScript™ II Reverse Transcriptase Thermo Fisher Scientific Inc., Waltham, MA, USA 

T4 DNA Ligase Invitrogen, Carlsbad, CA, USA  

Taq - Polymerase (MolTaq) Molzym GmbH & Co. KG, Bremen, Germany 

XbaI New England Biolabs, Ipswich, MA, USA 

 

2.7. Plasmids 

Commercially available plasmids, as well as plasmids created for this dissertation 

are listed in Table 7.  
 

Table 7. Commercially available and de novo-generated plasmids. 

Plasmid Application Selection Antibiotic Supplier  

pBluescript II SK (+) 
High copy plasmid, that ena-
bles blue/white screening of 
bacterial colonies 

Ampicillin 
Stratagene, San Diego, CA, 
USA 

pCR3.1 

Vector for transient transfec-
tion, contains a CMV-pro-
moter for high expression of 
downstream-cloned genes in 
mammalian cells 

Ampicillin 
Invitrogen, Carlsbad, CA, 
USA  

pCR3.1-CD4 

Transient transfection of this 
plasmid enables the transient 
expression of human CD4 in 
mammalian cells 

Ampicillin Generated in this work 

pEGFP-N1 

Transient transfection of this 
plasmid enables the transient 
expression of EGFP in mam-
malian cells, used as trans-
fection control and in co-
transfection experiments 

Kanamycin 
BD Bioscience Clontech, Hei-
delberg, Germany 

pTET-DualON 

Co-transfected with linear se-
lection marker (Hygromycin 
or Puromycin) for selecting 
the cells and creating a sta-
ble pTet-ON advanced cell 
line   

Hygromycin or Puro-
mycin 

Clontech Laboratories, Inc. A 
Takara Bio Company, Moun-
tain View, CA, USA 

pTre-Dual2-hCD4 

Co-transfected with linear se-
lection marker (Hygromycin 
or Puromycin) for selecting 
the cells from the stable 
pTet-ON advanced cell line 
and stably transfected cells 
that express high levels of 
CD4 in response to Doxycy-
cline treatment    

Hygromycin or Puro-
mycin 

Clontech Laboratories, Inc. A 
Takara Bio Company, Moun-
tain View, CA, USA 

 

2.8. Antibodies  

2.8.1. Antibodies for immunocytochemistry 

Table 8 lists all primary and secondary antibodies used for immunocytochemistry. 

  

  



Materials and Methods: Synthetic DNA-oligonucleotides  

23 
 

Table 8. Primary and secondary antibodies.  

Primary Antibodies 

Antibody 
Dilu-
tion 

Supplier/Clone 

pAb rabbit – anti K1  1:1000 
Covance Inc., Princeton, New Jersey, 
United States / Poly19056 

pAb rabbit – anti (human/mouse) K5  1:500 
BioLegend, San Diego, CA, United 
States / Poly19055 

pAb rabbit – anti (human) K10 1:500 
BioLegend, San Diego, CA, United 
States/Poly19054  

pAb mouse – anti K10 1:100 Abcam plc, Cambridge, UK / DE-K10 

mAb mouse – anti (human/mouse) K15 1:500 
Thermo Fisher Scientific Inc., Waltham, 
MA, USA / LHK15 

mAb mouse – anti (human) Ki67 1:50 
BD Pharmigen, Heidelberg, Germany / 
B56 

mAb mouse – anti p63 1:100 
Santa Cruz Biotechnology, Santa Cruz, 
USA / D-9 

mAb rabbit – anti CD4 1:50 
DCS Innovative Diagnostik-Systeme, 
Hamburg, Germany / SP35 

mAb mouse – anti CD29 1:35 Antikörper-online.de; / ABIN119209 

Secondary Antibodies 

Antibody 
Dilu-
tion 

Supllier  

pAb goat anti – mouse IgG Alexa Fluor 488 1:200 Invitrogen, Carlsbad, CA, USA 

pAb donkey anti – rabbit IgG CyTM3 1:400 
Jackson ImmunoResearch Europe Ltd., 
Cambridgeshire, Dianova, UK 

pAb donkey anti – mouse IgG Alexa Fluor 488 1:200 
Jackson ImmunoResearch Europe Ltd., 
Cambridgeshire, Dianova, UK 

mAb/pAb: monoclonal/polyclonal antibody; ICC: immunocytochemistry; Cy3: Cyanine Dye 3 

 

2.8.2. Antibodies for flow cytometry 

Fluorescent dye-labelled antibodies used for flow cytometry are listed in Table 9. 

 

Table 9. Antibodies and dyes used for flow cytometry. 

Name Fluorescent dye-labeling Method  Supplier / Clone  

Rat anti – mCD4 FITC Flowcytometry 
BD Pharmigen, Heidelberg, 
Germany/RM4-5 

Rat anti – mCD3 PE-CyTM7 Flowcytometry 
BD Pharmigen, Heidelberg, 
Germany/17A2 

FITC: Fluorescein isothiocyanate; Cy7: Cyanin Dye 7.  

 

2.9. Synthetic DNA-oligonucleotides 

DNA-oligonucleotides were purchased from Eurofins Scientific SE (Luxemburg, 

Luxembourg) and were kept at -80°C as 100 µM stock solutions dissolved in ul-

trapure H2O.  

 

2.9.1. DNA-oligonucleotides for polymerase chain reaction (PCR) 

The deoxyribonucleic acid (DNA) oligonucleotides used in polymerase chain reac-

tions (PCR) were designed using the Ensembl genome browser (https://www.en-

sembl.org). Primer concentrations, reaction components and PCR conditions are 

described in section 2.14.5. Used primers are listed in Table 10. 
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Table 10. PCR Primers. 

Primer Name  Sequence (5→3’ orientation) Amplicon size 

hCD4cloningF ATGAACCGGGGAGTCCCTTTTAGGCAC 
1377 bp 

hCD4cloningR TCAAATGGGGCTACATGTCTTCTGAAAC 

 

2.9.2. DNA-oligonucleotides for quantitative real-time PCR  

DNA-oligonucleotides used for quantitative real-time polymerase chain reaction 
(qRT-PCR) are listed in  

Table 11. 10 µM working solutions were applied in qRT-PCR. Primer concentrations 

and qRT-PCR cycling conditions are described in the respective 2.14.7 section.  

 
Table 11. qRT-PCR Primers.  

Transcript Name 
DNA-oligonuceotide sequence  

Location 
Amplicon     

size (5’3’ orientation) 

Primers for human sequences 

KRT1  
hsKRT1F.2 GCAGACATGGGGATAGTGTGAGAA Exon 6 

170 bp 
hsKRT1R.2 CTTGGCATCCTTGAGGGCAT Exon 7 

KRT10 
hsKRT10F.2 AGCCTCCTTGGCAGAAACAGA Exon 6 

214 bp 
hsKRT10R.2 GCCTCCGGAACTTCCCTCT Exon 6/7 

KRT15 
hKRT15-F GATGTCGAGGCCTGGTTCTTC Exon 6 

114 bp 
hKRT15-R CATCGTGCGTCTCAGGTCTGT Exon 7 

IVL 
hsIVOF.2 CTGCCTCAGCCTTACTGTGAGTCT Exon 1 

192 bp 
hsIVOR.2 CGACAGGCACCTTCTGGCAT Exon 2 

CD4 
hCD4 qRT-F1 GCAGCCACTCAGGGAAAGAAAG Exon 3 

186 bp 
hCD4 qRT-R1 TGAGTCAGCGCGATCATTCAG Exon 4 

KRT6 
hKRT6F GAGATCGACCACGTCAAGAAGC Exon 8 

123 bp 
hKRT6R TGACTTGTCCAACGCCTTCG Exon 9 

S100A7 
hS100A7F TGCTGACGATGATGAAGGAG Exon 2 

82 bp 
hS100A7R AAGACATCGGCGAGGTAATTT Exon 3 

Primers for murine sequences 

Krt1 
mK1-F TCAACGTTGAGGTTGACCCTC Exon 1 

232 bp 
mK1-R ACCTTCCTTCTGAGGATGCTG Exon 2 

Krt10 
mK10-F2 GTCACAGTGCTGGAAGTGG  Exon 7 

106 bp 
mK10-R2 GTGTCACCTCCTCAATAATCG Exon 8 

Krt15 
mKrt15-F GTAGAGGCCTGGTTCTTC Exon 4 

114 bp 
mKrt15-R CTGCAGGGTCCGTCTCA Exon 5 

Lor 
Lor-F1 CACTCATCTTCCCTGGTGCTTC Exon 1 

103 bp 
Lor-R1 GTCTTTCCACAACCCACAGGAG Exon 2 

Ivl 
Ivl-1-F2 GACTCTGCTGGAAGCCTCTGCC  Exon 1 

154 bp 
Ivl-1-R2 TGCTGGATATGATCTGGAGAAC  Exon 2 

Primers for human and murine sequences 

KRT5 human, Krt5 mu-
rine 

h+m KRT5-F CATGAAGATGTTCTTTGATGCG Exon 4 

126 bp 

h+m KRT5-R GCCTTGACCTCAGCGATG Exon 5 

human and murine 18S  18S-fwd CGCAAATTACCCACTCCCG Exon 1 81 bp 
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The forward (F) and reverse (R) primers used in qRT-PCR reactions were designed 
using the Ensembl genome browser and none of the primer sequences showed 
genomic cross reactivity with other genes in a Primer-BLAST search analysis. The 
web addresses of these online software tools are shown in section 2.12.   
 

2.9.3. DNA-oligonucleotides for Sanger sequencing 

DNA oligonucleotides used for Sanger sequencing (Table 12) were purchased from 

Addgene (Watertown, Massachusetts, United States). 10 µM working solutions 

were applied in Sanger sequencing reactions. Primer concentrations, reaction com-

ponents and cycling conditions are described in section 2.14.9. 

 

Table 12. Primers used for Sanger sequencing. 

DNA-Oligonucleotide  Sequence (5’3’ orientation) 

T3 GCAATTAACCCTCACTAAAGG 

T7 TAATACGACTCACTATAGGG 

  

2.10. Cell cultivation media and reagents 

2.10.1. Media and reagents for the cultivation of prokaryotic cells 

Bacterial cells were cultured either in lysogeny broth (LB) medium or on LB agar 

plates. After preparing the LB medium (Table 4) in double-distilled H2O (ddH2O), it 

was autoclaved and stored at 4°C until use. Transformed cells were selected 

through addition of the suitable antibiotic (100 μg/ml ampicillin or 50 μg/ml kanamy-

cin) to the LB medium.  

To generate LB agar plates, 1.5 % (w/v) agar was dissolved in LB medium and the 

solution was autoclaved and allowed to cool to 55ºC. At this point, the suitable se-

lection antibiotic (100 μg/ml ampicillin or 50 μg/ml kanamycin) was added and the 

LB agar was poured into 10 cm Petri dishes. After the agar had solidified, the plates 

were placed in sterile plastic bags and stored at 4°C until use. 

 

2.10.2. Media and reagents for cultivation of eukaryotic cells 

All media and reagents used to cultivate eukaryotic cells are listed in Table 13. 

 

Table 13. Media and reagents required for eukaryotic cell cultivation. 

Media / Reagent Supplier 

CaCl2  Sigma-Aldrich Co., St. Louis, MO, USA 

Chelex - 100 Resin Bio-Rad Laboratories, Inc., Hercules,California, USA 

DMSO Sigma-Aldrich Co., St. Louis, MO, USA 

Dulbecco’s Modified Eagle Medium supplemented 
with 4500 mg/L Glucose, without L-Glutamine, So-
dium Pyruvate, Calcium (DMEM---) 

Life Technologies, Europe, BV, Bleiswijk, Nether-
lands 

Dulbecco’s Modified Eagle Medium supplemented 
with 4500 mg/L Glucose, L-Glutamine, Sodium Py-
ruvate (DMEM+++) 

Life Technologies, Europe, BV, Bleiswijk, Nether-
lands 

Fetal calf serum (FCS) Invitrogen, Carlsbad, CA, USA 

L-Glutamine (200 mM) 
Life Technologies, Europe, BV, Bleiswijk, Nether-
lands 
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Media / Reagent Supplier 

PBS Tab.ts for cell culture (1 Tab.t dissolved in 500 
ml ddH2O, autoclaved before use) 

Invitrogen, Carlsbad, CA, USA 

Penicillin (10.000 U/ml) and Streptomycin (10 mg/ml) 
(P/S) 

Thermo Fisher Scientific Inc., Waltham, MA, USA 

RPMI 1640 Medium, GlutaMAX™ Supplement Thermo Fisher Scientific Inc., Waltham, MA, USA 

Sodium Pyruvate (100 mM) 
Life Technologies, Europe, BV, Bleiswijk, Nether-
lands 

TrypLE Express 
Life Technologies, Europe, BV, Bleiswijk, Nether-
lands 

 

Some of the eukaryotic cells were grown in medium containing heat-inactivated, 

chelexed fetal calf serum (cFCS). Briefly, 500 ml fetal calf serum (FCS) was heat-

inactivated for 30 min at 56°C (hiFCS). Free Ca2+ ions of hiFCS were removed by 

incubation with a chelating agent. In particular, 100 g of Chelex - 100 resin was 

slurred with 450 ml ddH2O and the pH was adjusted to 7.4 with 1 M NaOH while 

stirring. The solution was filtered through a Whatman filter and the remaining resin 

was added to 500 ml hiFCS, which was then stirred overnight at 4 °C. Next the 

chelated hiFCS was filtered through a Whatman filter, the resin was discarded, the 

chelated hiFCS was sterile-filtered with a Filtropur filter (0.2 μm pore size), aliquoted 

and stored at -20°C until use.  

Media with a defined calcium concentration were generated by adding specific 

amounts of CaCl2. In particular, CaCl2 was added to ddH2O and stirred until dis-

solved and then filter-sterilized through a 0.2 μm sterile filter to prepare a 0.1 M 

stock solution. 

 

2.11. Biological materials  

2.11.1. Bacterial strains 

The chemically competent Escherichia coli (E. coli) strain DH5α (Invitrogen GmbH, 

Karlsruhe) was used for plasmid DNA (pDNA) transformation and amplification. The 

bacteria were stored in 50 μl aliquots at -80°C until use.  

 

2.11.2. Eukaryotic cell lines 

Eukaryotic cell lines used in this thesis are summarized in Table 14. The cells were 

cultured in appropriate cell culture media under constant conditions (37°C, 5 % CO2, 

humidified atmosphere) in a CO2-incubator.  

 

Table 14. Eukaryotic cell lines. 
Cell Line 

Species Description 
Reference and/or Supllier 

(ATCC Number) 

C5N Murine Non-tumorigenic murine keratinocyte cell line  Zoumpourlis et al. (2003) 

HaCaT  Human  
Stable human keratinocyte cell line isolated 
from histologically normal skin 

Boukamp et al. (1988) 

HL-60 Human  Acute promyelocytic leukemia cell line  ATCC® CCL-240™ 
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2.11.3. Mouse strains 

For some experiments, splenic cells from wildtype 129/SV WT (breeding in the ani-

mal house of the Institute for Human Genetics, University of Göttingen) and 

C57BL/6N (B6N) (Charles River Laboratories, Inc., Wilmington, USA) were used.  

2.11.4. Patient (human) samples 

The use of human skin samples was approved by the Ethical Committee of the 

Medical University in Göttingen, Germany on 29.01.2016. The Application Number 

is 3/19/4 and the study title is “Characterization of human CD4+ stem cell like epi-

dermal cells and their role in tumorigenesis and HIV-infection” (Brandes 2021).  

 

2.12. Software and databases  

A summary of all proprietary and open-source software and databases used in this 

thesis is shown in Table 15.  

 

Table 15. Software and databases.  

Software  Developer 

Adobe Photoshop CS5 
Adobe Systems Incorporated, San Jose, USA 
(https://www.adobe.com/de) 

BioRender 
BioRender, Toronto, Canada                     
(https://biorender.com/) 

Chemotaxis and Migration Tool 
Ibidi GmbH, Gräfelfing, Germany 
(https://ibidi.com/chemotaxis-analysis/171-chemo-
taxis-and-migration-tool.html) 

CellProfiler 
McQuin et al. (2018)                                    
(https://cellprofiler.org/) 

Endnote X5 
Thomson ISI ResearchSoft, Carlsbad, CA, USA 
(https://endnote.com) 

FIJI V2.1.0/1.53c 
Open-source software for biological image analysis      
(Schindelin et al. 2012) (https://fiji.sc) 

GraphPad Prism 6 
GraphPad Software, Inc., La Jolla, CA, USA 
(https://www.graphpad.com/scientific-software/prism) 

Inkscape V1.1.2 
Inkscape Community                                     
(https://inkscape.org/) 

Microsoft Office 2016 
Microsoft Co., Redmond, WA, USA   
(https://www.microsoft.com) 

NanoDrop 800 V2.3 Thermo Fisher Scientific Inc., Waltham, MA, USA 

INTAS GDS 3.39 software 
INTAS Science Imaging Instruments GmbH, Göttin-
gen, Germany 

SDS 2.2 software Applied Biosystems, Waltham, MA, USA  

SnapGene Viewer 
GSL Biotech LLC, San Diego, USA  
(https://www.snapgene.com/snapgene-viewer/) 

TrackMate 
Tinevez et al. (2017) 
(https://imagej.net/TrackMate) 

Databases Web site/ Source/ Internet Link 

Basic Local Alignment Search Tool (BLAST)  https://blast.ncbi.nlm.nih.gov/Blast.cgi  

Ensembl genome browser  https://www.ensembl.org/index.html  

Online Mendelian Inheritance in Man (OMIM)  https://www.omim.org/  

Primer-BLAST  https://www.ncbi.nlm.nih.gov/tools/primer-blast/  

 

2.13. Cell biology methods  

The entire cell culture work was conducted in a laminar flow hood ensuring aseptic 

conditions, while using the appropriate sterile equipment. Cell morphology (shape 
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and appearance), confluency and adhesion, as well as possible cell contamination 

were monitored with regular microscopic observations.  

 

2.13.1. Cultivation of eukaryotic cell lines  

Eukaryotic cell lines (Table 14) were seeded in 10 cm-diameter culture plates in 

their respective media and grown in an incubator at 37°C, 5 % CO2 and 95 % at-

mospheric humidity. The cell culture medium was exchanged every third day and 

the cells were passaged at 60 - 70 % confluence.  

 

2.13.2. Passaging of eukaryotic cell lines  

To passage cells, the cell culture medium was discarded and 5 ml TrypLE™ Ex-

press, a recombinant enzyme used for dissociation of wide range of adherent cells, 

were added and allowed to incubate for 5 - 10 min inside the cell culture incubator. 

The cells were observed under a microscope to confirm their detachment from the 

culture plate. The resulting cell suspension was collected, transferred into tubes (15 

or 50 ml), which were then centrifuged at 4 °C, at 300 x g for 5 min. The supernatant 

was aspirated and the cell pellet resuspended in the respective, fresh growth me-

dium. A sample of this suspension was used to establish the cell concentration (sec-

tion 2.13.4), after which the cell suspension was diluted to seeding density and 

plated onto new culture dishes containing the appropriate media and supplements. 

 

2.13.3. Cryopreservation and thawing of eukaryotic cells  

Cells were frozen in liquid nitrogen for long-term storage and preservation. First, the 

cells were detached and centrifuged (section 2.13.2) and the resulting cell pellet 

resuspended in the corresponding cell culture medium containing 5 % (v/v) DMSO. 

1 ml cell suspension was aliquoted into CryoPure tubes and placed into a Mr. Frosty 

freezing container (filled with 100 % isopropyl alcohol) ensuring a slow, gradual 

(1°C/min), overnight freezing process down to -80°C, after which they were placed 

into a liquid nitrogen tank. 

Cells were thawed by retrieving the frozen cell aliquots from the liquid nitrogen stor-

age tank and quickly warming them up to room temperature (RT). After diluting the 

thawed cells in their respective cell culture medium and subsequent centrifugation 

at 4°C at 300 x g for 5 min, the DMSO-containing supernatants were discarded and 

the resulting pellets resuspended in fresh, appropriate cell culture medium. The cells 

were seeded in culture plates and placed in the incubator. The medium was re-

freshed the next day to further ensure removal of any potentially remaining DMSO.   

2.13.4. Cell counting 

To determine the number of viable cells we used a Neubauer counting chamber. 

First, the chamber and coverslip were cleaned with 70 % ethanol and allowed to dry 

and affix to each other. Proper coverslip adhesion was verified by the appearance 

of Newton's refraction rings at the coverslip-chamber interface. After cell detach-

ment (section 2.13.2), a small sample from the prepared single-cell suspension was 

mixed with 0.04 % trypan blue (in 1x PBS) in a ratio of 1:1. As trypan blue is unable 

to penetrate through the cell membrane of live, intact cells, it is used to quantify 
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viable cells by labeling dead cells exclusively. Next, 10 µl trypan blue-treated cell 

suspension were applied slowly under the coverslip. Afterwards, the chamber was 

positioned on an inverted microscope above a 10x objective, equipped with phase 

contrast optics and the cells were counted manually using a hand tally counter. Only 

live, unstained cells were counted in the 4 largest quadrants of the Neubauer cham-

ber. The number of the counted cells in one set of 16 small squares is equivalent to 

the number of cells x 104 /ml. The total cell number was calculated according to 

Equation 1: 

Total Cells ∗ 104

𝑚𝑙
= Total Cells Counted ∗ (

Dilution Factor

Number of Squares Counted
) 

Equation 1. Neubauer chamber-based total cell number calculation. 

 

After counting, the appropriate number of cells for the respective experiment were 

seeded (Table 16).  

 

Table 16. Number of cells seeded for different in vitro assays. 

Experimental setup  
Cultivation vessel 

Seeding density  
Total volume of me-

dium (Plate format)  

Chemotaxis assay µ-slide  2,5 × 103 cells / chamber 6 μl in observation area 

Immunocytochemistry 
4-chambers per slide / or 
cover slips in 24 well cell 
plate 

2 x 104 cells / chamber  500 µl / chamber or well 

Magnet Assisted Trans-
fection 

6-well plate 2 x 105 cells / well 2 ml / well 

Proliferation assay (BrdU 
assay) 

96 well plate black 5 × 103 cells/well 100 μl / well 

RNA isolation 6-well plate 2 x 105 cells / well 2 ml / well 

Transfection with electro-
poration 

6-well plate 2 x 105 cells / well 2 ml / well 

 

2.13.5. Cell proliferation assay  

The cell proliferation was quantified with a ready-to-use ELISA kit (Table 5), which 

is based on the detection of 5-bromo-2´-deoxyuridine (BrdU) incorporated into the 

genomic DNA of proliferating cells. Shortly, 5 x 103  cells were seeded in 96-well 

culture microplates in the respective medium. After cell attachment (24h), the culture 

medium was replaced with 100 µl culture medium containing 10 µM BrdU. As a 

negative control, cells without BrdU labeling were used. Following variable incuba-

tion time (for specification of the respective incubation time please see the respec-

tive experiments), the BrdU-containing medium was removed and the cells were 

fixed while simultaneously denaturing their DNA by adding 200 µl / well FixDenat 

Solution for 30 min at RT. After FixDenat removal, 100 µl of an anti-BrdU-POD an-

tibody solution (1:100) were added and incubated for 1h at RT, during which the 

anti-BrdU-POD antibody bound to the BrdU incorporated into the newly synthesized 

cellular DNA. The antibody solution was discarded and the cells were washed three 

times with the provided 1x washing buffer, followed by addition of a peroxidase sub-
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strate solution and subsequent luminescence measurement of the immune com-

plexes with a microplate reader (SynergyMx). Data were analyzed using Microsoft 

Excel and GraphPad Prism 6 software.  

 

2.13.6. Transfection 

 Electroporation 

pDNA was introduced into the cells by means of electroporation. The electrical pulse 

applied during this method generates temporary pores in the cell membrane through 

which pDNA present in the transfection solution may pass (Potter 2003). All cell 

types were transfected using the Neon Transfection System and Kit (Table 1, Table 

5) according to manufacturer instructions. The cells were seeded (Table 16) and 

allowed to reach 70 % confluence 24 – 48 h prior to electroporation. On the day of 

the electroporation, the cells were detached and centrifuged (section 2.13.2), after 

which the resulting pellet was resuspended in DMEM--- (Table 13). After the cell 

concentration was determined (section 2.13.4), the corresponding cell suspension 

volume was transferred into 15 ml tubes and centrifuged at 4°C, 300 x g for 5 min. 

The pellet was resuspended in resuspension buffer R and supplemented with 

pDNA, resulting in a final volume of 110 μl. The Neon®Pipette containing the solu-

tion in the Neon® Tip was inserted into the Neon®Tube containing 3 ml electrolytic 

buffer and the electroporation was conducted. The amounts and cell types, plas-

mids, as well as the electroporation conditions used in the respective experiments 

are listed in Table 17. After electroporation, the cells were seeded in 6-well plates 

containing 2 ml of the respective medium. Prior to performing further experiments, 

all cells were allowed to attach for at least 24 – 26 h. Control electroporations were 

conducted with the pEGFP-N1 plasmid or without pDNA. 

 

Table 17. Cell type and number, plasmid amount and electroporation conditions.  

Cell Type Number of cells 
Plasmid 
amount 

Voltage (V) 
Pulse length 

(ms) 
Pulse width 

HaCaT 1,000,000 1,000 ng 1,3 30 2 

dd HaCaT 1,000,000 1,000 ng 1 30 2 

ddHaCaT: dedifferentiated HaCaT cells 

 

The transfection conditions for different experimental approaches were established 

by varying the pEGFP-N1 amount, the electroporation conditions and cell number. 

Typically, transfection efficiency was monitored 24 – 48 h after transfection. 

 Magnet-assisted transfection 

For some experiments pDNA was transferred into HaCaT cells with magnet assisted 

transfection (MATra), an efficient and gentle method to transfect adherent cells in 

culture. In particular, HaCaT cells were seeded (Table 16) and grown to 30 – 60 % 

confluency 24 – 26 h prior to transfection. On the day of the transfection, 2 μg pDNA 

were diluted in 200 μl DMEM---. Next, the nanoparticles provided by the manufac-

turer (MATra-A) were vortexed shortly, added to the medium containing pDNA in a 

1:1 ratio (µlMATra-A : µgDNA) and the solution was incubated at RT for 20 min, 

during which the cell medium was refreshed. After the incubation, the pDNA-bound 
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nanoparticles were added directly to the cells, gently mixed and placed for 15 min 

on a strong magnet (MATra Starter Set, Table 5) inside a cell culture incubator. 

Next, the plate was gently removed from the magnet and placed back into the incu-

bator for the next 48 h. 4 – 6 h after the transfection, the medium of the transfected 

cells was exchanged with fresh, nanoparticle-free cell culture medium. MATra con-

ditions were established by varying pEGFP-N1 concentration, cell number and na-

noparticle concentration. Typically, transfection efficiency was monitored 48 h after 

transfection. 

 

2.13.7. Passaging of transfected cells  

Cell detachment during passaging was performed with dispase and HBSS (Table 3) 

to avoid cleavage of the expressed CD4 protein in transfected cells. 200 µl dispase 

and 1800 µl HBSS were added to every well of a 6-well plate containing the trans-

fected cells. After 5 – 7 min incubation in a CO2-incubator, the cells were collected 

and added to a Falcon tube containing additional 2 ml HBSS, centrifuged at 4˚C and 

300 x g for 5 min. The supernatant was discarded, the pellet was resuspended into 

fresh medium and the cells were seeded for further experiments. The protocol for 

splitting and passaging of the transfected cells was established using different dis-

sociation reagents (e.g. Versene solution) and the transfected cells were checked 

for CD4 presence using immunocytochemistry.  

 

2.13.8. Determination of cAMP levels in cells 

An enzyme-linked immunoassay ready-to-use kit (Table 5) was used to determine 

cellular cyclic adenosine monophosphate (cAMP) levels. In this assay, the cAMP of 

samples to be analyzed compete with a fixed amount of HRP (horseradish peroxi-

dase)-linked cAMP for binding to an anti-cAMP rabbit mAb immobilized onto a 96-

well plate. In particular, following the experimental treatment of the adherent cells, 

the respective medium was aspirated and the cells were washed with 1x PBS to 

remove residual medium. Next, 200 µl lysis buffer containing 1 mM PMSF were 

added to each well of the 6-well plate, which was then incubated on ice for 5 min. 

The cells were scraped off, transferred in 2 ml tubes and snap-frozen in liquid nitro-

gen. Subsequently, the samples were placed on ice for approximately 30 min and 

allowed to thaw completely. After a 10 min centrifugation at 14,000 x g and 4ºC, the 

supernatants were used for cAMP level measurement. Lysate preparation for the 

non-adherent cells was done as follows: after the experimental treatment, the cells 

were transferred into tubes and centrifuged at 300 x g, 4ºC for 4 min. The pellet was 

resuspended in 1x PBS and the cells were centrifuged once more with the same 

conditions. Next, 200 μl of 1x lysis buffer with 1 mM PMSF were added and the 

samples were incubated on ice for 10 min with intermittent, short vortexing. The 

samples were then snap frozen in liquid nitrogen and left on ice until thawed. Su-

pernatants were collected for cAMP level measurement after a 10 min, 14000 x g 

centrifugation of the samples at 4ºC. Afterwards the respective sample lysate or the 

cAMP standard (cAMP concentrations 80, 26.7, 8.9, 3.0, 1.0, 0.3 and 0 nM) provided 

with the kit was added (15 µl/well) and mixed with an equal volume of the HRP-
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linked cAMP solution, Then the covered plate was incubated at RT for 3 hours on a 

horizontal plate shaker. Next, the plate content was discarded and the wells were 

washed 4 times with 200 µl/well of 1x washing buffer. Subsequently, 50 µl/well of 

the Luminol/enhancer solution (Luminol/enhancer solution and stable peroxide 

buffer) were added. Within the next 10 min, the plate was read twice on a lumines-

cence-detecting microplate reader (SynergyMx).  

Underlying the quantitative cAMP measurement is the inverse proportional relation-

ship between the ensuing relative light intensity units (RLUs) and the cAMP concen-

tration. Thus, the absolute cAMP content in the samples of interest was calculated 

by utilizing measurements originating from the cAMP standards. Data were ana-

lyzed using Microsoft Excel and GraphPad Prism 6 software.  

 

2.13.9. Inactivation of the cell proliferation by mitomycin C treatment 

To exclude the influence of cell proliferation during the cell migration experiments 

we used mitomycin C treated cells. Mitomycin C is a cytostatic drug that prevents 

further cell proliferation by inducing DNA interstrand crosslinks that block the DNA 

unwinding.  

Dedifferentiated HaCaT cells (ddHaCaT) were seeded in 10 cm plates in the re-

spective medium and grown until approx. 70% confluence (2.13.1). After three 

washing steps, the cells with 5 ml 1x PBS the cells were treated with 10 µg/ml mito-

mycin C dissolved in the respective medium and incubated in a cell culture incubator 

for a period of 2.5 hours. Afterwards, the mitomycin C-containing medium was dis-

carded, the cells were washed with 1x PBS and the inactivated cells were either 

further used for migration studies (section 2.13.10) or cryopreserved (section 2.13.3) 

for later usage. To confirm the mitotic inactivation, the mitomycin C treated cells 

were cultured at the same density and conditions as untreated cells for a period of 

7 days. Afterwards, the cell numbers of treated and untreated cells on day 1 and on 

day 7 were compared. 

 

2.13.10. Chemotaxis  

Cell migration analyses were performed using 2D chemotaxis µ-slides (Ibidi GmbH, 

Germany), each of which contains three chambers for analyzing simultaneously per-

formed assays that enable the performance of reproducible chemotaxis assays with 

a defined chemotactic gradient. A detailed view of the chamber, as well as its cross 

section are shown in Figure 6.   
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Figure 6: Chemotaxis assay chamber. The chemotaxis chamber is composed of two 
large reservoirs (2 and 3) connected by a small gap (1), which is the observation area for 
the microscope recording. Cells are placed into the observation area using the filling ports 
A and B. The large reservoirs are filled through filling ports E, F and C, D. If the large res-
ervoirs contain different chemoattractant concentrations, then a linear concentration gradi-
ent (pink-blue gradient) is formed inside the observation area, which enable the monitoring 
of the cell movement. C100 is max. concentration in stable gradient equilibrium; C0 is solution 
without chemoattractant. Modified from Ibidi GmbH.  

 

One day prior to the experiment, cells were transfected (section 2.13.6.1), seeded 

on 10 cm plates in the respective media and incubated in a cell culture incubator for 

26 h. In parallel, the respective culture medium, the µ-slide and the plugs were 

placed in the CO2-incubator to allow them to achieve gas equilibrium, which ulti-

mately prevented air bubble formation in the chemotaxis slide during the experi-

ment. On the day of the experiment, the slide was placed in a 10 cm Petri dish 

surrounded by wet paper tissue to prevent evaporation. The transfected cells were 

detached (section 2.13.7) and a 6 µl suspension containing 25,000 cells (section 

2.13.4) was applied into filling port A, while the remaining ports were closed off with 

plugs. The air was then gently aspirated through port B, thereby pulling the cells into 

the imaging channel in which they settled in a homogenous fashion. After removing 

the plugs, the slide was incubated for 6 h to allow cell attachment. The attachment 

process and cell morphology were controlled with regular observations under a mi-

croscope during the initial incubation process. After 6 h, the non-adherent, dead 

cells, as well as the seeding medium were removed with a washing procedure. In 

particular, all filling ports, except A and B, were again closed and a cell-free medium 

was filled through port A and gently aspirated through port B. The washing proce-

dure was performed twice. Next, both reservoirs (2 and 3) were filled with 65 µl 

medium, respectively, while keeping all ports of the opposing reservoir and imaging 

channel closed. After filling the chambers, cell attachment and morphology were 

again monitored with a microscope. 30 µl of the chemoattractant were added to one 

side of the slide resulting in the establishment of a stable chemotactic gradient de-

termined to be stable for 48 h. After applying the chemoattractant, multi-position 

time lapse imaging of the slides was conducted with a Nikon Eclipse Ti2 inverted 

microscope equipped with an Okolab incubation chamber for 24 h with a 10 minutes 

time-lapse interval. Cell movement was analyzed with a workflow based on the FIJI 
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(Schindelin et al. 2012), TrackMate (Tinevez et al. 2017) and the Chemotaxis and 

Migration Tool (Ibidi GmbH) software packages. 

  

2.13.11. Isolation of CD4+ T cells from mouse spleen 

For isolation of splenic cells, the spleen of wild type 129sv or C57BL6/N mice was 

dissected and meshed through a cell strainer in a 10 cm plate filled with 10 ml 1x 

PBS. The cell suspension was passed several times through syringe equipped with 

a 30 G x ½’’ single-use needle and centrifuged at 300 x g, 4ᵒC for 4 min. The pellet 

was resuspended in 10 ml 1x PBS and the cells were counted as described (section 

2.13.4). Then, 2 x 105 unselected cells were transferred into a new sterile reaction 

tube and preserved on ice for later use. The remaining cells were used for negative 

selection of CD4+ cells using the EasySepTM Mouse CD4+ T Cell Isolation Kit (Table 

5). Briefly, the cells were centrifuged at 300 x g, 4ᵒC for 4 min and the pellet was 

resuspended in 1x PBS containing 2 % FCS and 1 mM EDTA within the volume 

range of 0.25 to 2 ml (1 x 108 cells / ml final concentration). After adding 50 µl rat 

serum per ml sample, the cells were transferred into 5 ml polystyrene round-bottom 

tubes supplied with the kit, 50 µl isolation cocktail per ml sample were added and 

the suspension was incubated at RT for 10 min. Then 75 µl RapidSpheresTM per ml 

sample were added and the suspension was incubated at RT for 2.5 min. Subse-

quently, 1x PBS containing 2 % FCS and 1 mM EDTA was supplemented up to 2.5 

ml, gently mixed by pipetting and the tube was placed into the EasySep™ Magnet 

and incubated for 5 min. The supernatant was transferred into a new tube and the 

ready-to-use isolated cells were labeled as CD4+ cells, while the remaining cells 

from the tube in the magnet were resuspended with 1x PBS and labeled as CD4- 

cells. Further confirmation of the cell identity was performed by flow cytometry (sec-

tion 2.16.2). The isolated CD4+ T mouse splenocytes were cultured in RPMI 1640 

Medium, containing GlutaMAX™ supplement with 1% P/S, for further experiments.  

 

2.14. Molecular biology methods 

2.14.1. Restriction enzyme hydrolysis  

Restriction enzyme hydrolysis of pDNA was performed for plasmid analysis and ver-

ification, as well as for the generation of new plasmids. Based on the experiment, 

one or two restriction endonucleases were chosen according to the plasmid se-

quence. To verify the plasmid identity, restriction hydrolysis reaction was performed 

using 2-3 units of restriction enzyme per 1 µg of DNA, together with the optimal re-

striction buffer (supplied by the manufacturer) in a total volume of 10 µl. The re-

striction hydrolysis reaction was performed for 1 h at the optimal temperature for the 

respective enzyme. If needed, the enzymes were afterwards heat inactivated. At the 

end, the sample separation was performed with agarose gel electrophoresis 

(2.14.8).   

 

2.14.2. Plasmid ligation 

New pDNA plasmids were generated by ligating pDNA endonuclease restricted 

fragments with T4 - ligase according to the manufacturer recommendations. For this 
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purpose, endonuclease restricted pDNA (50 – 200 ng) was mixed with T4 DNA lig-

ase (400 U / 1 µl), 1x ligation buffer provided by the manufacturer and ultrapure H2O 

in a total volume of 20 µl. The ligation reaction was performed overnight at 16°C and 

the resulting plasmid was used for E. coli transformation (section 2.14.4).   

 

2.14.3. Cloning of the pCR3.1-hCD4 expression plasmid and the pTRE-

Dual2-hCD4 plasmid for generating a Tet-On® Advanced Inducible 

Gene Expression System 

For the transient overexpression of the human CD4 protein in keratinocytes the hu-

man CD4 cDNA (complementary DNA) was cloned into a pCR3.1 plasmid under the 

control of a CMV promoter for efficient expression in mammalian cells (pCR3.1-

hCD4). For this purpose, the forward and reverse primers listed in Table 10 and a 

reversely transcribed volunteer’s RNA (section 2.14.6) were used for the amplifica-

tion of the human CD4 cDNA. Subsequently, the 1377 bp CD4 cDNA amplification 

product was verified by agarose gel electrophoresis (section 2.14.8) followed by ex-

traction and purification from the agarose gel (section 2.15.3). Finally, it was ligated 

into an EcoRV-opened pBluescript II SK (+) plasmid (section 2.14.2). The resulting 

plasmid was named pBluescript II SK (+)-hCD4 (see Figure 7A). Several restriction 

enzyme hydrolyses followed by agarose gel electrophoresis were performed to ver-

ify the identity of the pBluescript II SK (+)-hCD4 plasmid. First, the plasmid was 

analyzed after EcoRI-hydrolysis, which revealed the expected total plasmid size of 

4335 bp (2961 bp of the pBluescript II SK (+) and 1376 bp of the human CD4 insert). 

Secondly, XbaI/SalI- and XbaI/KpnI-hydrolyses verified the identity of the plasmid 

by resulting in fragment sizes of 1434 bp and 2901 bp or 1451 bp and 2884 bp, 

respectively.  

For generating the pCR3.1-hCD4 plasmid the 1451 bp long CD4 fragment of the 

XbaI/KpnI-hydrolysed pBluescript II SK (+)-hCD4 plasmid was ligated into a 

XbaI/KpnI-opened pCR3.1 vector (see Figure 7B).  
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Figure 7: Plasmids for generating a Tet-On® Advanced Inducible Gene Expression 
System. (A) pBluescript II SK (+)-hCD4 obtained by ligating human 1377 bp CD4 cDNA 
amplification product into an EcoRV-opened pBluescript II SK (+) plasmid. (B) pCR3.1-
hCD4 created by ligating the 1451 bp long CD4 fragment of the XbaI/KpnI-hydrolysed 
pBluescript II SK (+)-hCD4 plasmid into a XbaI/KpnI-opened pCR3.1 vector. (C) pTRE-
Dual2-hCD4 created by ligating the 1434 bp long CD4 fragment of the XbaI/SalI-hydrolysed 
pBluescript II SK (+)-hCD4 plasmid into a XbaI/SalI-opened pTRE-Dual2 vector. For more 
details see the main text. The plasmid maps were created using the SnapGene Viewer 
(GSL Biotech LLC, San Diego, USA) software.  

 

For generation of the pTRE-Dual2-hCD4 plasmid that was used for establishing a 

cell line in which the expression of CD4 can be controlled by Tet-On® Advanced 

Inducible Gene Expression System the 1434 bp long CD4 fragment of the XbaI/SalI-

hydrolysed pBluescript II SK (+)-hCD4 plasmid was ligated into a XbaI/SalI-opened 

pTRE-Dual2 vector (see Figure 7C). The identity of the plasmids was verified by 

means of different restriction enzyme hydrolyses (data not shown). 
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2.14.4. Transformation of E.coli with plasmid DNA 

The DH5α chemically competent E. coli strain was transformed with the respective 

pDNA (Table 7) or pDNA ligation mix (2.14.2). In particular, 50 µl of E. coli aliquots 

were thawed on ice and gently mixed with 1 µl of pDNA or 5 µl of a ligation reaction. 

The plasmid-bacteria mixture was incubated for 20 min on ice and afterwards ex-

posed to a heat shock at 42°C for 45 sec. Next, the bacteria were cooled down on 

ice for 2 min and 500 μl of S.O.C. medium (Table 3) were added. Afterwards, the 

suspension was incubated on a shaker at 700 rpm at 37°C for 1 h. Subsequently, 

an appropriate volume of the mixture containing transformed bacteria (usually 20 to 

200 μl) was plated onto LB agar plates containing the adequate selection antibiotic 

(section 2.10.1) and incubated overnight upside down in a 37°C incubator. The next 

day single colonies were chosen and inoculated into 100 ml LB medium containing 

suitable selection antibiotic and the bacteria were grown overnight on a shaker at 

155 rpm, 37°C for subsequent pDNA isolation and amplification (sections 2.15.1 

and 2.15.2). All utilized equipment was previously sterilized either in an autoclave 

or with a gas flame before use.  

 

2.14.5. Polymerase chain reaction (PCR)  
pDNA and cDNA were amplified with PCR in a total reaction volume of 10 µl con-

taining 0.2 mM dNTPs, 1x polymerase buffer, 0.018 mM MgCl2, 0.5 µM forward 

primer, 0.5 µM reverse primer, 10 % (v/v) cresol, 0.05 U/µl MolTaq polymerase, 1.25 

ng / µl template DNA and filled with ultrapure H2O to 10 µl. Samples were incubated 

in a PCR thermocycler under the cycling conditions summarized in Table 18.  

For the generation of a plasmid that utilizes an ectopic expression of CD4 in mam-

malian cells, the CD4 cDNA sequence was amplified from human blood cDNA by 

using specific forward and reverse primer. The PCR reaction contained 0.2 mM 

dNTPs, 1x Q5 Reaction Buffer, 0.5 µM forward primer, 0.5 µM reverse primer, 20 

U/ml Q5 High-Fidelity DNA Polymerase, 2 ng/µl template DNA and up to 25 µl ul-

trapure H2O. The cycling conditions for human CD4 amplification are shown in Table 

19. 

 

Table 18. PCR cycling conditions 

Step Tempera-
ture 

Time Cycles 

First  
denaturation 

95°C 4 min 1x 

Amplification 

95°C 15 sec 

40x 60°C 30 sec 

72°C 30 sec 

Final extension 72°C 5 min  1x 

 

Table 19. PCR conditions for amplifying 

hCD4 

Step Tempera-
ture 

Time Cycles 

First  
denaturation 

98°C 30 sec 1x 

Amplification 

98°C 10 sec 

35x 55-65°C 30 sec 

72°C 
1 min 
45 sec 

Final extension 72°C 2 min  1x 
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2.14.6. Reverse transcription of RNA 

The SuperScript™ II Reverse Transcriptase kit was used for cDNA synthesis. The 

samples were kept on ice the entire time unless stated otherwise and all equipment 

and surfaces were kept RNAse-free with RNAseZap. First, 2 μg of previously iso-

lated total RNA (section 2.15.4) were diluted in ultrapure H2O in a total volume of 7 

μl. Afterwards, 250 ng of random hexamer oligonucleotides (in 5 µl H2O) were added 

to the RNA samples and incubated for 10 min at 70°C. After spinning the samples 

down, 7 μl from a mixture of 5x first strand buffer (4 μl), 0.1 M DTT (2 μl) and 10 mM 

dNTPs (1 μl) were added to the samples and incubated for 10 min at RT. The mix-

tures were then pre-warmed for 2 min at 42°C, and 1 μl of SuperScript II enzyme 

(200 U/μl) was added and the cDNA synthesis was performed at 42°C for 1 h. The 

synthesis was stopped by heat inactivation for 10 min at 70°C. The samples were 

spun down and stored at -20°C. Assuming a reaction efficiency of 50 %, the final 

cDNA concentration theoretically was 50 ng/μl. 

 

2.14.7. Quantitative real time PCR  

Gene expression levels were determined with qRT-PCR using the Platinum SYBR 

Green qPCR Super Mix (Invitrogen) with conditions shown in Table 20. For qRT-

PCR reactions, 2 µl of diluted cDNA were mixed with 5 µl SYBR Green, 0.4 µM 

forward primer, 0.4µM reverse primer and 2.2 µl H2O, in a total volume of 10 µl and 

pipetted in every well of a black 384 well plate in triplicates. The DNA-oligonucleo-

tides used for qRT-PCR are summarized in Table 11. qRT-PCR was performed on 

the 7900 HT Fast Real-Time PCR System using the SDS software.  

 
Table 20. qRT-PCR cycling conditions. 

Invitrogen (SYBR Green) 

Temperature Duration Cycles 

50 °C 2 min 1x 

95 °C 2 min 1x 

95 °C 30 sec 
40 x 

60 °C 2 min 

Dissociation stage 

95 °C:15 sec; 60 °C:15 sec; 95 °C:15 sec 

 

The standard curve method was used to calculate the gene expression values. As 

part of this workflow, 5-fold serial dilutions from tissue or cells known to express the 

target gene, starting with 20 ng/2µl cDNA (gene of interest) or with 250 pg/2µl (18S 

rRNA) were prepared and amplified by qRT-PCR. For each gene of interest, one 

standard curve with cDNA from a source that is known to express the gene of inter-

est was generated. The standards used for each gene of interest are shown in Table 

21. The standard curve was generated by plotting the logarithmic values of the cal-

culated cDNA concentrations from the dilution series against the corresponding 

measured cycle threshold (CT) from the same sample. After that, regression analy-

sis was applied to calculate the gene-specific cDNA concentration in the samples of 
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interest. These values were normalized to the corresponding values of the house-

keeper gene (18S rRNA). If applicable, the obtained results were normalized to ex-

perimental control samples, e.g. solvent treated cells. The results were further ana-

lyzed using Microsoft Excel and GraphPad Prism 6 software.  

 

Table 21. Genes of interest and standards for qRT-PCR. 

Human genes 

Gene of interest Standard (cDNA from) Sample dilution 

18S rRNA E12.5 1:13.500 

CD4 HL-60 1:10 

KRT5 Human skin 1:10 

KRT15 Human skin 1:10 

KRT1 Human skin 1:10 

KRT10 Human skin 1:10 

IVL HaCaT 1:20 

S100A7 HaCaT 1:20 

Mouse genes 

18S rRNA E12.5 1:13.500 

Krt5 Mouse tail 1:10 

Ivl C5N 1:10 

 

2.14.8. Agarose gel electrophoresis with ethidium bromide 

DNA fragments were separated by size with agarose gel electrophoresis. Depend-

ing on the expected size of the DNA fragment, agarose gels containing 0.5 to 2 % 

(w/v) agarose in 1 x TBE buffer (Table 4) were prepared by boiling for 1 – 2 min at 

1000 W in a microwave in order to dissolve the agarose. After cooling down, a few 

droplets of ethidium bromide (0.07 %) were added to the solution, which was poured 

into trays and into which differently sized combs were placed to generate wells. After 

solidification and comb removal, the gels were placed in an electrophoresis chamber 

and covered with 1x TBE buffer. Prior to their loading, the samples were either di-

luted with 10 x Cresol or 6 x loading dye to obtain a final 1 x concentration. For the 

determination of the fragment size, a lane of the gel was reserved for the appropriate 

DNA ladder. After the samples and ladder were loaded, an electric field was applied 

(80– 120 V, 500 mA) for a time period from 30 min to 2.5 hours. The visualization of 

the fragments was accomplished with a UV transilluminator and documented using 

the INTAS GDS 3.39 software. 
 

2.14.9. Sanger sequencing  

Sanger sequencing was used to determine the DNA sequence with a ready-to-use 

kit (Table 5). The reactions were carried out in a total volume of 10 µl, whose com-

ponents are shown in Table 22.  
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Table 22. Sanger sequencing reaction components. 
Components Volume / concentration 

BigDye™ Terminator v1.1 & v3.1 5x Sequencing Buffer 2 μl of 1x 

BigDye® Terminator v3.1 Ready Reaction Mix 1 µl 

DNA oligonucleotide for Sanger sequencing (Table 11) 1 µl 

DNase/RNase-free distilled H2O  (ultrapure H2O) 1 µl 

pDNA  5 μl of 50 ng/μl 

Every reaction was afterwards incubated in a PCR thermocycler under conditions 

summarized in Table 23.  

 

Table 23. Cycling conditions for DNA amplification for Sanger sequencing. 
Temperature Duration Cycles 

95°C 1 min   

95°C 30 sec 30x 

60°C 2 min 20 sec 30x 

60°C 5 min   

 

Next, 10 µl ultrapure H2O were added to every reaction and the Sanger sequencing 

was analyzed on a 3500xL genetic analyzer at the Institute of Human Genetics, 

Göttingen, at the Molecular Diagnostics Laboratory. For data analysis, the 

SnapGene Viewer (GSL Biotech LLC, San Diego, USA) software was used. 

 

2.15. Isolation and purification of nucleic acids  

2.15.1. Medium-scale isolation of plasmid DNA and purification  

Medium-scale, pDNA isolation was performed using the PureLink ® HiPure Plasmid 

Midiprep kit according to the manufacturer’s instructions. Shortly, the HiPure Midi 

Column was washed with 10 ml Equilibration Buffer and allowed to drain by gravity 

flow. The bacterial overnight culture grown in 100 ml LB medium supplemented with 

a selection antibiotic (section 2.14.4) was transferred into 50 ml tubes and centri-

fuged at 10,000 x g for 10 min at 4°C. The resulting bacterial cell pellet was carefully 

and completely resuspended in 4 ml of resuspension buffer (R7), which was sup-

plemented with RNase A. Next, the bacteria were lysed through the addition of 4 ml 

lysis buffer (L7) and by gentle inversion of the capped tube for five times. The tube 

was incubated for 5 min at RT. For protein denaturation, 4 ml of the precipitation 

buffer (N3) were added and the solution was immediately mixed again by inverting. 

The lysates were centrifuged at 10,000 x g for 10 min at 4°C and the supernatant 

was loaded onto the column and allowed to drain by gravity flow. After draining, the 

column was washed two times with 10 ml wash buffer (W8). The column was then 

transferred into a new tube and 5 ml elution buffer (E4) were added and left to drain 

by gravity flow. The eluate, which contains the purified pDNA was redistributed in 

five, 2 ml reaction tubes containing 1 ml 100 % isopropanol. To precipitate the 

pDNA, the tubes were incubated at -20°C overnight or for 20 min at -80°C. After the 

precipitation, the pDNA was pelleted by centrifugation at 13,000 rpm, at 4°C for 30 
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min. The supernatant was discarded and 200 μl 70 % ethanol were added for wash-

ing the pDNA and again centrifuged for 10 min at 13,000 rpm, at 4°C. After super-

natant removal, the pDNA was dried at 55°C for 5 min and resuspended in ultrapure 

H2O in an appropriate volume (20 μl total volume) for 10 min at 42°C and 1,100 rpm 

on a heating block. At the end, all isolated pDNA was pooled in one reaction tube 

with the final volume of 100 µl. Plasmid stocks were stored at -20°C. 

 

2.15.2. Small-scale isolation of plasmid DNA and purification 

For small-scale DNA plasmid purification, components of the PureLink®HiPure 

Plasmid Midiprep kit were used. Approximately 1.3 ml of a bacterial overnight culture 

(section 2.14.4) were transferred to a 1.5 ml reaction tube and the cells were pel-

leted by centrifugation for 5 sec at 13,000 rpm. After supernatant removal, 200 μl 

resuspension buffer (R7) supplemented with RNase A were added to the pellet and 

vortexed with short pulses until visibly homogeneous. Subsequently, 200 μl lysis 

buffer (L7) were added to the sample and the tube was gently inverted, after which 

200 μl of precipitation buffer (N3) were added and the sample was once again in-

verted. The sample was pelleted by centrifugation at 13,000 rpm, at 4°C for 10 min 

and approximately 480 μl of the supernatant were transferred to a new 1.5 ml reac-

tion tube containing 1 ml 99 % ethanol. The DNA was precipitated at -20°C for 1 h 

or at -80°C for 20 min and pelleted by centrifugation at 13,000 rpm, at 4°C for 30 

min. The supernatant was discarded and 300 μl 70 % ethanol were added to the 

pellet and again centrifuged for 10 min at 13,000 rpm, at 4°C. After throwing out the 

supernatant, the pellet was dried at 55°C for 10 min and resuspended in ultrapure 

H2O in an appropriate volume (50 – 100 μl) for 10 min at 42°C at 1000 rpm on a 

heating block. Plasmid stocks were stored at -20°C. 

 

2.15.3. Isolation of DNA fragments from agarose gel 

The extraction and purification of the DNA fragments from agarose gel was per-

formed with a gel extraction Mini kit and followed up by PCR clean up (Table 5). 

DNA fragments were excised from the agarose gel under UV light with a sterile sur-

gical blade, transferred in a tube and weighed. 200 µl of binding buffer (NTI) were 

added for each 100 mg of < 2 % agarose gel and were doubled for gels containing 

more than 2 % agarose. The samples were incubated for 8 min with NTI buffer on 

a heating block shaker set to 50°C and 500 rpm. After placing the NucleoSpin® Gel 

and PCR clean-up column into a 2 ml collection tube, 700 µl of the sample were 

loaded and centrifuged for 30 sec at 11,000 rpm. The flow through was discarded 

and 700 µl washing buffer (NT3) were added to the collection tube with the Nucleo-

Spin® Gel and PCR clean-up column and the tube was centrifuged for 30 sec at 

11,000 rpm. The flow through was discarded and this washing step was repeated 

twice. The column was additionally centrifuged for 1 min at 11,000 rpm to completely 

remove the NT3 and to dry the silica membrane. Next, the column was placed into 

a new sterile 1.5 ml tube and 15 – 30 µl of eluate buffer (NE) were added to the 

center of the column. After 1 min incubation at RT the tube was centrifuged for 1 
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min at 11,000 rpm and the flow through was pipetted back into the column and cen-

trifuged again for 1 min at 11,000 rpm. The concentration of the isolated DNA frag-

ment was measured as explained in section 2.15.6 and the samples were stored at 

-20°C until further use.  

 

2.15.4. RNA Isolation from cell culture 

Total RNA isolation was performed on ice and all applied equipment and surfaces 

were RNase-free. First, the cultured cells were washed twice with ice-cold 1x PBS 

and 1 ml TRIzol was added to each well of the 6-well culture plate. The cells were 

detached by repeated pipetting of the TRIzol-cell mixure, transferred into 2 ml reac-

tion tubes, vortexed for 2 min at the highest setting and incubated for 5 min at RT. 

After addition of 200 μl of chloroform, each sample was again vortexed for 15 sec 

and incubated for 3 min at RT. Phase separation of the solution was achieved by 10 

min centrifugation at 12,000 rpm at 4°C. The upper phase (500-600 μl) was placed 

in a new 2 ml reaction tube containing 700 μl of cooled isopropanol and the solution 

was gently inverted once. The precipitation was performed overnight at -20°C. The 

next day, the samples were centrifuged at 12,000 rpm at 4°C for 30 min. The super-

natant was discarded, 700 μl of cooled 70 % ethanol were added and again centri-

fuged at 12,000 rpm, 4°C for 10 min. After the repetition of the last washing step, 

the pellets were dried at RT for approximately 1 hour. Finally, the pellets were re-

suspended in 20 μl ultrapure H2O while shaking at 900 rpm for 10 min at 56°C on a 

heating block. The concentration of the isolated RNA was measured as explained 

in section 2.15.6 and the samples were stored at -80°C until further use. 

 

2.15.5. RNA isolation from fibrous tissue 

To isolate RNA from mouse tail skin (wild type C57BL6/N) and human skin samples 

(Patient No. 22) the RNeasy Fibrous Tissue Mini Kit (Table 5) was used. Briefly, 30 

mg of tissue sample were added in 300 µl RLT-β-mercaptoethanol-buffer in 2 ml 

reaction tubes. The tissue was homogenized for 1 – 1.5 min. The homogenizer was 

disassembled and washed thoroughly with RLT-β-mercaptoethanol-buffer after 

every homogenization cycle. Next, 590 µl ultrapure H2O and 10 µl proteinase K were 

added to the lysates and mixed thoroughly by pipetting. Afterward, the lysates were 

incubated for 10 min at 55°C and 350 rpm on a heating block shaker and centrifuged 

at 12,000 rpm for 3 min at RT. The supernatant (approx. 900 µl) was transferred into 

a new 2 ml tube, 450 µl 99 % ethanol were added and thoroughly mixed. 700 µl of 

the sample were transferred to an RNeasy Mini spin column that were placed in a 2 

ml collection tube and centrifuged twice at 10,000 rpm at RT for 15 sec with discard-

ing the flow-through between centrifuging. Next, 350 µl RW1 buffer were added to 

the column and the sample was centrifuged at 10,000 rpm at RT for 15 sec with 

discarding the flow-through. Then 70 µl RDD buffer and 10 µl DNase I were added 

onto the center of the column and the column was incubated at RT for 17 min. Next, 

350 µl RW1 buffer were added, the column was centrifuged at 10,000 rpm at RT for 

15 sec and the flow-through was discarded. The column was transferred in a new 2 

ml collection tube supplied by the kit, 500 µl RPE buffer were added and the sample 
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was centrifuged at 10,000 rpm at RT for 15 sec with discarding the flow-through. 

Again, 500 µl RPE buffer were added and the column was centrifuged at 10,000 

rpm at RT for 2 min with discarding the flow-through. After one more centrifugation 

at 12,000 rpm for 1 min the column was transferred to a new 1.5 ml collection tube, 

30 µl ultrapure H2O were added to the column and incubated for 1 to 3 min at RT. 

Then, the column was again centrifuged at 10,000 rpm for 1 min at RT. The last step 

was repeated twice to ensure high RNA concentration. The concentration of the 

isolated RNA was measured as explained in section 2.15.6 and the samples were 

stored at -80°C until further use. 

 

2.15.6. Photometric quantification of nucleic acids 

DNA and RNA concentration and purity measurements were performed with a 

Thermo Scientific NanoDrop 8000 Spectrophotometer. The DNA or RNA concen-

trations were determined by loading 1 µl of the sample and then measuring its opti-

cal density (OD) at 260 nm. An OD at 260 nm of 1.0 refers to 50 ng/µl pure dsDNA 

and 40 ng/µl pure RNA. The concentration of isolated nucleic acids was calculated 

by multiplying the measured values for OD at 260 nm with 50 (for DNA) or 40 (for 

RNA). Additionally, the OD at 230 nm (concentration of sugars and salts), 280 nm 

(concentration of proteins) and 340 nm (measure background signals) were deter-

mined for each sample. The purity of the isolated DNA or RNA samples was deter-

mined by calculating the optical density ratio of 260 and 280 nm (260 / 280) and 

also of 260 and 230 nm (260 / 230). The generally accepted 260 / 280 ratios for 

“pure” DNA and RNA are 1.8 and 2.0, and the 260 / 230 ratios should be between 

1.8 and 2.2, respectively.  

 

2.16. Immunohistochemical stainings 

2.16.1. Immunocytochemistry 

For immunocytochemistry, eukaryotic cells were seeded in 4-well chamber slides or 

directly on coverslips in 24-well plates, containing 500 µl of the respective growth 

medium. Following removal of the cell culture medium, the cells grown either in the 

slides or the coverslips were fixed by applying 500 µl 4 % PFA for 10 min at RT. The 

cells were then washed three times with 500 µl 1x PBS and incubated for 30 min at 

RT with 500 µl 0.5 % Triton X-100 dissolved in 1x TBS. Again, the cells were washed 

three times with 500 µl 1x PBS. Unspecific antigens were blocked by adding 500 µl 

0.2 % I-Block in 1x TBS for 30 min at RT. Next, the cells were incubated with the 

primary antibody dissolved in 1x TBS (Table 8) at 4ºC overnight. Therefore, co-

verslips with attached cells were inverted and incubated on top of 20 µl, antibody-

containing droplets on parafilm, while cells grown in the 4-well chambers were incu-

bated in 100 µl antibody solution. Next, the coverslips and the 4-well chambers were 

washed three times with 1% Triton X-100 dissolved in 1x TBS. Afterwards, the cells 

were incubated in a dark environment for 1 h at RT with 200 µl 1x TBS solution 

containing the secondary, fluorescently-labeled antibody (Table 8). Unbound sec-

ondary antibodies were washed away with 1 % Triton X-100 dissolved in 1x TBS. 

Afterwards, DAPI-containing mounting media was applied onto the chamber slides. 
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In the case of coverslips, mounting medium droplets were applied onto a micro-

scope slide on top of which the coverslips were mounted (cells facing the mounting 

medium).  

2.16.2. Flow cytometry 

Flow cytometry was applied to confirm the isolation of CD4+ mouse splenocytes 

(section 2.13.11). 2 x 105 cells from input, CD4+ and CD4- cells were stained with 1 

μl CD4-FITC and 1 μl CD3-PE-Cy7 (Table 9) in 1ml 1x PBS for 30 min on ice at RT 

in dark. Afterwards the samples were washed with 1 ml 1x PBS and centrifuged at 

300 x g, 4°C for 4 min, the supernatants were discarded and 500 µl 1x PBS were 

added. The samples were kept on ice until analysis on a BD™ LSR II flow cytometer 

(BD Biosciences, San Jose, CA, USA). The results are shown in Figure 8.  

 

 

Figure 8: Flow cytometric analysis of CD4+ splenocytes isolated using EasySepTM 
Mouse CD4+ T Cell Isolation Kit. Side vs. forward scatter plots of input spleenocytes, CD4- 
and CD4+ T cells revealed two immune cell populations, both of which were selected for 
further analysis (freehand selection in top row). Subsequent frequency distribution histo-
grams of FITC intensity of the freehand selected populations identified CD4- and CD4+ cells 
in all samples (bottom row). Based on the applied intensity gates, 10.3%, 38.6% or 89.3 % 
of the cells were CD4+. 
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3. Results  
The results section of this dissertation is divided into three parts: First, the results of 

in vitro differentiation and dedifferentiation experiments on human and murine 

keratinocyte cell lines are presented. Particular emphasis is placed on the dediffer-

entiation process itself and its verification. The second part describes the results of 

the attempt to create an inducible, stably transfected dedifferentiated keratinocyte 

cell line. The third part summarizes data from the analysis of transient transfection 

experiments to analyze the CD4 protein function in dedifferentiated basal keratino-

cytes. 

 

3.1. Development of basal cell-like keratinocyte cell lines  

3.1.1. Generation of a human and a murine basal cell-like, dedifferentiated 

keratinocyte cell line 

To study CD4 protein function in basal cell-like keratinocytes in vitro, the human 

immortalized keratinocyte cell line HaCaT (Boukamp et al. 1988) and the murine 

keratinocyte cell line C5N (Zoumpourlis et al. 2003) were dedifferentiated by apply-

ing a culturing protocol adopted from Deyrieux and Wilson (2007) (Figure 9). 

 

 

Figure 9: Experimental setup for the generation of basal cell-like dedifferentiated hu-
man HaCaT and murine C5N cells. (A) Compilation of the cell lines and the respective 
media used for cell culturing during the 3-week dedifferentiation period. (B) Timeline of the 
experimental dedifferentiation protocol. On day 1, cells were seeded in a 24-well plate (2 x 
105 cells per well) and were transferred into 6-well plates on day 3. On day 5, the cells were 
transferred into 10 cm dishes and cultured for a total of 3 weeks in the respective medium 
(A). Pictures were taken on day 5, 8, 10, 12, 15, 17, 19 and 22 post-seeding. 

In short, HaCaT and C5N cells were seeded in DMEM without L-glutamine, sodium 

pyruvate and CaCl2 medium (DMEM ---) supplemented with 200 mM L-glutamine, 

100 mM sodium pyruvate, 1 % P/S and 10 % (A1 medium) or 2 % cFCS (A2 me-

dium), respectively, as well as defined CaCl2 concentrations (1.8, 0.5 and 0.03 mM) 

(Figure 9A). As controls (CTRL), HaCaT and C5N cells were grown in DMEM+++ 

supplemented with 1 % P/S and 10 % FCS suitable to maintain HaCaT and C5N 

cells, but also contains CaCl2 of a sufficient concentration to induce the expression 

of keratinocyte differentiation markers (e.g. Fujisaki et al. (2018)). 

Initially, HaCaT and C5N cells maintained in CTRL medium were seeded in a 24-

well plate in A1 (containing 10 % cFCS) or A2 medium (containing 2 % cFCS) at a 

rate of 2 x 105 cells per well and then transferred to 6-well plates on day 3. On day 

5, the cells were passaged into 10 cm dishes (section 2.13.2). Cell morphology was 
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documented by phase-contrast microscopy recordings on day 5, 8, 10, 12, 15, 17, 

19 and 22 (Figure 9B). The medium was exchanged every third day and the cells 

were split at 60 - 70 % confluency (see sections 2.13.1 and 2.13.2).  

The cellular morphology of both HaCaT (Figure 10) and C5N (Figure 11) cells 

changed upon 3-week culturing in A1 or A2 medium compared to culture in CTRL 

medium. In particular, on day 5 HaCaT cells grow under all conditions with similar 

morphology as the cells were roundish, flat with higher cell-to-cell packaging (Figure 

10, yellow arrows). However, beginning at day 22, HaCaT cells grown in medium 

supplemented with 0.03 mM CaCl2 began to show morphological changes. They 

changed from the roundish, flattened to a spindle-shaped morphology, with an over-

all loose arrangement with their neighboring cells, accompanied by a reduction of 

cell-cell tight junctions (Figure 10, yellow arrows). HaCaT cells grown in CTRL me-

dia, A1 or A2 media supplemented with 1.8 and 0.5 mM CaCl2 did not change their 

morphology in a similar manner. However, these analyses further revealed that on 

day 22, the low, 2 % cFCS amount in A2 media containing 1.8, 0.5 or 0.03 mM 

CaCl2, respectively, lead to a reduction in cell proliferation rate. Similarly, at day 5 

of the culture period, C5N cells grown in CTRL medium and in media containing 2 

or 10 % cFCS and defined CaCl2 concentrations (1.8, 0.5 and 0.03 mM) did not 

obviously differ in their cubical, flat morphology and their tightly arranged growth 

appearance (Figure 11, yellow arrows). However, and similar to HaCaT cells, C5N 

cells cultured for at least 22 days in A1 media containing 10 % cFCS and 0.03 mM 

CaCl2, changed their morphology and their growth behavior to a more spindle 

shaped form and a less compact growth (Figure 11, yellow arrows). Nevertheless, 

C5N cells grown in CTRL media or in A1 media with 10 % cFCS and 1.8 or 0.5 mM 

CaCl2, respectively, did not differ in their morphological appearance. C5N cells kept 

in A2 media with only 2 % cFCS and 0.5 or 0.03 mM CaCl2 did not proliferate well 

and were discarded at day 8 or day 22, respectively.  

Taken together, these results show that culture of HaCaT and C5N cells in media 

containing low [Ca2+] concentrations induce morphological changes resembling a 

basal cell-like phenotype. However, both HaCaT and C5N cells do not proliferate 

well in A2 media containing low cFCS amounts. Thus, for subsequent experiments 

the cells were grown in 10 % cFCS containing A1 medium with defined CaCl2 con-

centrations (1.8, 0.5 and 0.03 mM).   
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Figure 10: Morphological changes in HaCaT cells upon culture in low [Ca2+] concen-
tration medium. Phase contrast microscopy acquisitions of HaCaT cells grown in CTRL 
medium (DMEM+++, 10 % FCS; top) or in media containing 2 or 10 % cFCS (bottom) with 
defined [Ca2+] levels ranging from 1.8, 0.5 and 0.03 mM CaCl2 for 5 (left) or 22 days (right), 
respectively. Cell morphology changes to a more spindle shaped form under low [Ca2+] 
conditions (yellow arrows) and upon increased culture period. Furthermore, cells cultured 
for 22 days show less cell-cell tight junctions then cells cultured only for 5 days in low [Ca2+] 
concertation medium or in CTRL medium. Scale bars: 30 µm.  
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Figure 11: Morphological changes in C5N cells upon culture in medium with low 
[Ca2+] concentrations. Phase contrast microscopy acquisitions of C5N cells grown in 
CTRL medium (DMEM+++, 10 % FCS; top) or in media containing 2 or 10 % cFCS (bottom) 
with defined [Ca2+] levels ranging from 1.8, 0.5 and 0.03 mM for 5 (left) or 22 days (right), 
respectively. Cell morphology changes to a more spindle shaped form under low [Ca2+] 
conditions (yellow arrows) and upon increased culture period. C5N cells kept in A2 media 
(2 % cFCS) with [Ca2+] levels of 0.03 mM did not proliferate well and were discarded at day 
8. Scale bars: 30 µm. 
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3.1.2. Characterization of the basal cell-like, dedifferentiated keratinocyte cell 

lines 

 Analysis of keratinocyte differentiation status by immunofluores-

cence antibody staining 

In addition to morphological changes, the differentiation status of HaCaT and C5N 

cells cultured in media with different [Ca2+] concentrations was investigated by im-

munofluorescence antibody staining against different keratins, whose expression is 

tightly regulated during keratinocyte cell differentiation (section 1.2.2).  

For this purpose, HaCaT and C5N cells cultured in CTRL medium or in A1 media 

supplemented with different [Ca2+] levels (1.8, 0.5 and 0.03 mM CaCl2) were cultured 

in 4-chamber slides for 3 days. Subsequently, the cells were fixed and stained with 

antibodies against keratinocyte marker proteins. 
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Figure 12: Low [Ca2+] concentrations increase expression of the basal marker K5 and 
decrease the expression of differentiation marker K10 but does not impact prolifera-
tive activity of HaCaT cells. (A) Schematic representation of the epidermal differentiation 
and respective molecular markers of human skin. Red boxes indicate the marker keratins 
analyzed by immunofluorescent antibody staining. (B-D) Representative immunofluores-
cence antibody staining against the basal cell marker K5 (red, B1-4), the spinous cell marker 
K10 (red, C1-4) as well as K5 (red) and proliferation marker Ki67 (green, D1-4) of HaCaT 
cells cultured in CTRL medium (B1, C1, D1 all passage 8), in A1 medium containing 1.8 
mM CaCl2 (B2, C2, D2 all passage 4), in 0.5 mM CaCl2 (B3, C3, D3 all passage 7) or 0.03 
mM CaCl2 (B4, C4, D4 all passage 8). Nuclei were counterstained with DAPI. Scale bar: 30 
µm. For details regarding the immunocytochemistry and the used antibodies see section 
2.16.1 and Table 8, respectively. 

 

The immunofluorescence antibody staining revealed that HaCaT cells cultured in 

medium containing low [Ca2+] concentrations increased the expression of the basal 

cell marker K5 (Figure 12B) and reduced the expression of the differentiation marker 

K10 (Figure 12C). Moreover, based on the constantly high expression of the prolif-

eration marker Ki67 (Figure 12, D1-D4) the results furthermore indicated that the 

different media did not affect the proliferative activity of the HaCaT cells. Similarly, 

the immunofluorescence staining of C5N cells showed that culture in low [Ca2+] con-

centrations media increases the K5 expression in comparison to culture in CTRL 

medium or in media with high [Ca2+] concentrations (Figure 13).  

 

 

Figure 13: Culture of C5N cells in medium containing low [Ca2+] concentrations in-
duce the expression of the basal cell marker K5. (A) Schematic representation of the 
epidermal differentiation and respective molecular markers of murine skin. Red box marks 
the basal cell marker analyzed by immunofluorescence antibody staining. (B-E) Repre-
sentative immunofluorescence antibody staining against the basal cell marker K5 (red) of 
C5N cells cultured in in CTRL medium (B; passage 7), in A1 medium containing 1.8 mM 
CaCl2 (C, passage 7), in 0.5 mM CaCl2  (D, passage 6) or 0.03 mM CaCl2 (E, passage 4). 
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Nuclei were counterstained with DAPI. Scale bar: 30 µm. For details regarding the immuno-
cytochemistry and the used antibodies see section 2.16.1 and Table 8, respectively. 

Together, these results confirmed the previously made observation that low [Ca2+] 

levels induce a dedifferentiation of HaCaT and C5N cells to a more basal cell-like 

phenotype. Thus, in the following text, HaCaT and C5N cells cultured for a period 

of at least 3 weeks in medium containing low [Ca2+] concentrations are named de-

differentiated HaCaT (ddHaCaT) or dedifferentiated C5N (ddC5N) cells.  

According to Deyrieux and Wilson (2007), the differentiation potential of ddHaCaT 

cells need to be verified. For this purpose, ddHaCaT cells (cultured in A1 medium 

containing 0.03 mM CaCl2, passage 7) were transferred and cultured for 72 h in high 

[Ca2+] levels medium (DMEM--- medium containing 200mM L-glutamine, 100 mM 

sodium pyruvate, 1% P/S, 10 % cFCS and 2.8 mM CaCl2) (Deyrieux and Wilson 

2007) (Figure 14A). Subsequently the cells were fixed and stained with antibodies 

against K5, K10 and Ki67. As a control also ddHaCaT cells cultured in A1 medium 

with low [Ca2+] concentration (0.03 mM CaCl2) were simultaneously analyzed. As 

shown in Figure 14C-E, ddHaCaT cells grown in medium containing low [Ca2+] con-

centration continue to express high levels of the basal layer marker K5 (Figure 

14C1) whereas ddHaCaT cells grown in 2.8 mM CaCl2 containing medium (Figure 

14C2) showed a reduced K5 expression indicating that high [Ca2+] levels suppress 

the basal cell-like phenotype of ddHaCaT cells efficiently. Moreover, ddHaCaT cells 

grown in high [Ca2+] concentration medium showed an increased expression of the 

spinous cell marker K10 (Figure 14D1-D2). However, the proliferative activity of 

ddHaCaT cells did not differ between culture in low and high [Ca2+] levels medium 

(Figure 14E1-E2).       
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Figure 14: Phenotype switch of ddHaCaT cells upon culture in high [Ca2+] concentra-
tion medium. (A) Schematic representation of the experimental setup for analyzing the 
effect of high [Ca2+] concentration upon ddHaCaT cells: ddHaCaT cells were cultivated for 
72 h in high [Ca2+] concentration media (2.8 mM CaCl2), fixed and stained against K5, K10 
or K5/Ki67. (B) Schematic representation of the epidermal differentiation and respective 
molecular markers of human skin. Red boxes mark the cell markers analyzed by immuno-
fluorescent antibody staining. (C-E) Representative immunofluorescent antibody staining 
against the basal cell markers K5 (red, C), K10 (red, D) and K5 (red) / Ki67 (green, E) of 
HaCaT cells cultured in A1 medium with low [Ca2+] concentration (0.03 mM CaCl2) (C1, D1, 
E1; all passage 7) and ddHaCaT cells cultured for 72 h in A1 medium with high [Ca2+] con-
centration (2.8 mM CaCl2) (C2, D2, E2; all passage 1). Nuclei were counterstained with 
DAPI. Scale bar: 30 µm. For details regarding the immunocytochemistry and the used anti-
bodies see section 2.16.1 and Table 8, respectively. 

 

These data confirmed our previous findings that HaCaT cells cultured in medium 

containing low [Ca2+] levels proliferate and show a basal cell-like phenotype with a 

high K5, but low K10 expression level. Beyond that, the results furthermore demon-

strate that high [Ca2+] levels induce a reduced K5 and an increased K10 expression 

in ddHaCaT cells and thus are able to switch from the basal cell-like phenotype to 

a more differentiated one.  
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 Analysis of the keratinocyte differentiation status by qRT-PCR 

Next, the differentiation status of ddHaCaT and ddC5N cells maintained in A1 me-

dium containing low [Ca2+] levels (0.03 mM CaCl2) and their phenotype switch upon 

culture to high [Ca2+] levels (2.8 mM CaCl2) was analyzed by qRT-PCR. For this 

purpose, ddHaCaT and ddC5N cells were cultured for 5 days in A1 medium con-

taining either 0.03 mM CaCl2 or 2.8 mM CaCl2, respectively. Subsequently, the RNA 

was isolated, cDNA was synthesized and keratinocyte marker expression was ana-

lyzed. HaCaT and C5N cells cultured in CTRL medium served as controls.  

Generally these analyses revealed, that ddHaCaT as well as C5N cells cultured in 

A1 medium supplemented with high [Ca2+] levels (2.8 mM CaCl2) showed a more 

differentiated expression profile than their counterparts cultured in low [Ca2+] level 

(0.03 mM CaCl2) containing medium (Figure 15 and Figure 16).  

Interestingly, the K5 expression levels were similarly low in ddHaCaT cells cultured 

in 0.03 mM CaCl2 containing medium as in ddHaCaT cells cultured in 2.8 mM CaCl2 

containing medium (Figure 15A). However, the generally high expression level of 

the basal cell marker K15 in ddHaCaT cells cultured in 0.03 mM CaCl2 containing 

medium significantly decreased upon switch to 2.8 mM CaCl2 containing medium 

(Figure 15A). Moreover, the expression levels of the keratinocyte differentiation 

markers K1 and K10, that are very low in ddHaCaT cells (Figure 15B), as well as 

Involucrin significantly increase upon culture in 2.8 mM CaCl2 containing medium 

(Figure 15B). 



Results: Development of basal cell-like keratinocyte cell lines  

54 
 

 

Figure 15: Culture of ddHaCaT cells in medium containing high [Ca2+] concentrations  
induce a phenotype switch from a basal cell-like to a more differentiated expression 
profile. qRT-PCR-based quantification of K5 and K15 (A) and K1, K10 and Involucrin (B) 
mRNA expression levels of HaCaT cells cultured in CTRL medium (passage 18) or 
ddHaCaT cells cultured in A1 medium supplemented with 0.03 mM (passage 13) or 2.8 mM 
CaCl2 (passage 1), respectively. Gene expression levels were measured in technical tripli-
cates. Keratinocyte marker expression was normalized to 18S rRNA expression level. Nor-
malized expression levels of HaCaT cells cultured in CTRL medium were subsequently set 
to one. Statistical analyses were performed by a non-parametric Mann-Whitney t-test. 
**p<0.01, ***p<0.001****p< 0.0001. 

Similarly to HaCaT, ddC5N cells cultured in A1 medium supplemented with high 

[Ca2+] levels (2.8 mM CaCl2) led to a significant decreased expression of the basal 

cell marker K5 (Figure 16A) and to a significant increased expression of the differ-

entiation marker Involucrin (Figure 16B) compared to cells cultured in 0.03 mM 

CaCl2 containing A1 medium or/and in CTRL medium, respectively.  
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Figure 16: Culture of ddC5N cells in medium containing high [Ca2+] concentrations 
induce a phenotype switch from a basal cell-like to a more differentiated expression 
profile. qRT-PCR-based quantification of K5 (A) and Involucrin (B) mRNA expression lev-
els of C5N cells cultured in CTRL medium (passage 26) or ddC5N cells cultured in A1 me-
dium supplemented with 0.03 mM (passage 8) or 2.8 mM CaCl2 (passage 1), respectively. 
Gene expression levels were measured in technical triplicates. Keratinocyte marker expres-
sion was normalized to 18S rRNA expression level. Normalized expression levels of C5N 
cells cultured in CTRL medium were subsequently set to one. Statistical analyses were 
performed by a non-parametric Mann-Whitney t-test. ****p< 0.0001.  

Taken together, these results confirmed that ddHaCaT and ddC5N cells lose their 

basal cell-like phenotype and start to differentiate upon culture in medium supple-

mented with high [Ca2+] concentrations. 

 

 Analysis of the keratinocyte differentiation status via immunofluo-

rescent-based quantification of protein expression  

For further verification of the keratinocyte differentiation status quantitative analyses 

of anti-K5 and anti-K10 antibody stained HaCaT cells cultured in CTRL medium or 

ddHaCaT cells cultured in A1 medium containing 0.03 mM or 2.8 mM CaCl2 were 

performed. For this purpose, the cells were cultured in the respective medium for 3 

days in 4 well-chamber slides. Subsequently, the cells were fixed and stained 

against the basal cell marker K5 and the keratinocyte differentiation marker K10. 

Finally, images of the respective staining were acquired and analyzed with an auto-

mated image analysis workflow to quantify the K5 and K10 protein expression lev-

els. For this purpose, multichannel, confocal images of the stained cells were ac-

quired with a fully automated, inverted Nikon Eclipse Ti microscope equipped with 
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a Yokogawa CSU W1 spinning disk unit. The same acquisition settings were used 

to acquire 10 fields of view within each well (Figure 17).  

 

 

Figure 17: Panoramic pictures of immunofluorescent anti-K5/anti-K10 antibody 
stained HaCaT and ddHaCaT cells. 10 visual fields of anti-K5 (red)/anti-K10 (green) im-
munofluorescent antibody stainings of HaCaT cells grown in CTRL medium (passage 12, 
top) and ddHaCaT cells grown in A1 medium supplemented with 0.03 mM (passage 10, 
middle) or 2.8 mM CaCl2 (passage 1, bottom), respectively, were merged to the respective 
panoramic pictures. Nuclei were counterstained with DAPI (blue). Scale bar: 500 µm. The 
applied Nikon Plan Apo 20x/0.75 NA air objective and the Andor iXon Ultra 888 camera 
resulted in images sized 668.03 x 668.03 µm (0.65 µm/pixel). 

 

For this purpose, the fluorescent emissions of the DAPI, Cy3 and Alexa Fluor 488 

fluorophores for visualization of the nuclei and the anti-K5 or anti-K10 antibody stain-

ing, respectively, were acquired sequentially. To reduce artefacts, the identical ob-

jective-to-cell distance was kept at each position through application of the hardware 

autofocus (Nikon Perfect Focus). Additionally, intensity measurements on previ-

ously acquired time series for each fluorophore were used to optimize acquisition 

settings so that bleaching levels were kept below 0.5 %. The Cy3 and Alexa Fluor 

488 mean intensities were extracted automatically on a per cell basis with the Cell-

ProfilerTM image analysis software (https://cellprofiler.org/). In particular, a custom-

made CellProfilerTM pipeline separated the three acquired emission channels and 

used the DAPI channel as a basis for the segmentation of each cell nucleus (Figure 

18). Cells whose nuclei were located at the edge of the field of view were excluded. 

Afterwards, a mask resembling a perinuclear ring was generated automatically for 

each nucleus (Figure 18C). The same perinuclear mask was then applied to meas-

ure the respective, mean anti-K5 (Cy3) and anti-K10 antibody (Alexa Fluor 488) 

fluorescence intensity (Figure 18D, E). 

 

 

Figure 18: Image analysis workflow for the quantification of the K5 and K10 protein 
expression level analysis. (A) Representative three-channel image of HaCaT cells. The 
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automated image analysis workflow extracts the DAPI-stained nuclei channel (B) from the 
three-channel image and generates the corresponding perinuclear masks (C) that were ap-
plied to the Cy3 (D) and the Alexa Fluor 488 (E) channels to obtain the respective mean 
fluorescence intensity of the anti-K5 and the anti-K10 antibody staining on a per cell basis. 
Scale bar: 100 µm. 

 

Background values were defined as being lower than the lower quartile of the re-

spective channel and excluded from final quantifications. The relative fluorescence 

intensities were then extracted from fluorescence images and were afterwards an-

alyzed by GraphPad Prism 6 software.  

Figure 19 summarizes the results of the automated immunofluorescent-based quan-

tification of K5 and K10 protein expression. In particular, ddHaCaT cells cultured in 

A1 medium supplemented with 0.03 mM CaCl2 showed significantly higher levels of 

K5 protein expression than cells cultured in 2.8 mM CaCl2 containing A1 medium 

(Figure 19A). Furthermore, the expression of K10 which was significantly lower in 

ddHaCaT cultured in 0.03 mM CaCl2 containing medium and increased significantly 

upon medium switch to 2.8 mM CaCl2 containing medium (Figure 19B).  

 

Figure 19: Culture of ddHaCaT cells in medium containing high [Ca2+] concentrations 
induce a phenotype switch from a basal cell-like to a more differentiated protein ex-
pression profile. Immunofluorescence-based quantification of the (A) K5 and (B) K10 pro-
tein expression levels of HaCaT cells cultured in CTRL medium (passage 10) or ddHaCaT 
cells cultured in A1 medium supplemented with 0.03 mM (passage 10) or 2.8 mM CaCl2 
(passage 1), respectively. Relative fluorescence intensities of two independent biological 
replicates were measured. Keratinocyte marker expression of HaCaT cells cultured in CTRL 
medium was set to one. Statistical analyses were performed by a non-parametric Mann 
Whitney t-test. ***p<0.001, ****p<0.0001. For details to the automated image analysis work-
flow, please see main text. 

 

Together these data confirm our previous findings that the culture of ddHaCaT cells 

in medium containing high [Ca2+] levels is sufficient to induce a phenotype switch 

from a basal cell-like to a more differentiated expression profile. 
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 Analysis of the proliferative behavior  

To compare the proliferative behavior of ddHaCaT cells cultured in medium with low 

and high [Ca2+] concentrations the cells were grown for 3 days in 4 well-chamber 

slides in A1 medium containing 0.03 mM or 2.8 mM CaCl2. Afterwards, the cells 

were fixed and stained with antibodies against the basal cell marker K5 and the 

proliferation marker p63 (Truong et al. 2006; Wu N et al. 2012). This approach re-

vealed that ddHaCaT cells grown in media with low (Figure 20A) or high (Figure 

20B) [Ca2+] levels show comparably strong p63 staining pattern. Similarly to the 

previously made observation, where the Ki67 staining pattern of ddHaCaT cells cul-

tured in A1 medium containing 0.03 mM and 2.8 mM CaCl2 does not differ grossly 

(Figure 12 and Figure 14), the p63 immunofluorescence staining substantiates the 

finding that although high [Ca2+] concentrations induces a more differentiated phe-

notype in ddHaCaT cells (see chapter 3.1.2), it has no obvious influence on the 

highly proliferative activity of these cells.  

 

Figure 20: The p63 expression pattern of ddHaCaT cells is not influenced by culture 
in high [Ca2+] level medium. Representative immunofluorescence staining of ddHaCaT 
cells cultured in (A) 0.03 mM (passage 10) and (B) 2.8 mM (passage 1) CaCl2-containing 
A1 medium with antibodies against the basal cell marker K5 and proliferation marker p63. 
Nuclei were counterstained with DAPI. Scale bar: 100 µm. For details regarding the im-
munocytochemistry see section 2.16.1 and for details regarding the used antibodies see 
Table 8.  

 

To quantify the proliferative activity of ddHaCaT and ddC5N cells cultured in differ-

ent CaCl2 levels-containing media, BrdU incorporation assays were performed. For 

this purpose, HaCaT and C5N cells grown in CTRL medium and ddHaCaT, ddC5N 

cells cultured in 0.03 mM or 2.8 mM CaCl2-containing A1 medium were pulsed with 

BrdU for 22 h before analysis. 70 h and 94 h after seeding, the cellular proliferation 

rates of the last 22 h of the culture period were determined (Figure 21A). This re-

vealed that independently on the analyzed time point, ddHaCaT and ddC5N cells 

cultured in 0.03 mM or 2.8 mM CaCl2-containing A1 medium proliferate significantly 

less compared to HaCaT or C5N cells cultured in CTRL medium, respectively (Fig-

ure 21B,C). Except for the proliferation rate of ddHaCaT grown in 2.8 mM CaCl2-

containing A1 medium measured 94 h after seeding, both ddHaCaT and ddC5N 
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cells cultured in 2.8 mM CaCl2-containing A1 medium proliferate less than cells cul-

tured in 0.03 mM CaCl2-containing A1 medium irrespectively of the analyzed time 

point. However, the proliferation rate of ddHaCaT and ddC5N cells cultured for 94 

h was either higher (Figure 21B) or lower (Figure 21C), respectively, when com-

pared to that of the respective 70 h culture period. Taken together these results 

demonstrate that the proliferation rate of ddHaCaT and ddC5N cells is generally 

lower than those of HaCaT and C5N cells grown in CTRL medium and that both cell 

lines proliferate less in culture medium containing high [Ca2+] levels compared to 

low [Ca2+]-containing media.  

 

Figure 21: The proliferation rate of ddHaCaT and ddC5N cells is reduced compared 
to HaCaT and C5N CTRL cells and decreases further upon culture in high [Ca2+]-con-
taining medium. (A) Schematic representation of the experimental setup: cells were 
seeded and cultivated for 48h and 72h in CTRL, low [Ca2+] concentration (0.03 mM CaCl2) 
or high [Ca2+] concentration (2.8 mM CaCl2) A1 media, respectively. After 48 h and 72 h the 
cells were pulsed with BrdU for 22 h and the proliferative activity was analyzed. (B-C) Per-
centual proliferation rate of (B) ddHaCaT and (C) ddC5N cells cultured in A1 medium sup-
plemented with 0.03 mM (ddHaCaT cells, passage 15; ddC5N cells, passage 18; light grey 
boxes) or 2.8 mM CaCl2 (ddHaCaT cells, passage 1; ddC5N cells, passage 1; dark grey 
boxes) respectively, measured by means of BrdU-incorporation assays. BrdU-incorporation 
was measured in technical triplicates and the depicted proliferation rates were normalized 
to that of simultaneously analyzed HaCaT or C5N cells, respectively, cultured in CTRL me-
dium that were set to 100% (HaCaT cells, passage 18; C5N cells, passage 40). Statistical 
analyses were performed by a non-parametric Mann Whitney t-test. *p<0.05, ***p<0.001, 
****p<0.0001.  
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3.2. Generation of an in vitro system for inducible expression of hu-

man CD4  

After establishment of ddHaCaT and ddC5N keratinocyte cell lines with a basal cell-

like phenotype, the cells were used to stably transfect a plasmid containing an in-

ducible CD4-expression system allowing for the study of CD4 function in these cells. 

Due to lack of sufficient data in the literature concerning C5N cells, the further ex-

periments were only performed in HaCaT cells. 

For the generation of the stably transfected keratinocytes, the Tet-On® Advanced 

Inducible Gene Expression System from Clontech (Table 5) was utilized, which has 

been described as a tightly regulated and highly responsive system for the doxycy-

cline (Dox)-inducible robust expression of a gene of interest (GOI) in target cells. 

The components and the mechanism of the system are depicted in Figure 22. The 

Tet-ON Advanced protein (Figure 22, grey circle) is based on tetracycline-regulated 

transcriptional transactivators (Gossen and Bujard 1992; Gossen et al. 1995) but 

with optimized sensitivity and expression in mammalian cells (Urlinger et al. 2000). 

It consists of a mutant E. coli tetracycline repressor protein (reverse TetR, rTetR) 

fused to three minimal "F”-type activation domains derived from the Herpes simplex 

virus VP16 protein (Baron et al. 1997; Triezenberg et al. 1988). In the presence of 

Dox, the Tet-On Advanced protein binds to the PTight promoter (Figure 22), consist-

ing of a modified tetracycline response element (TREmod) with seven repeats of the 

Escherichia coli tetracycline operator sequence upstream of a minimal CMV pro-

moter sequence (CMVmin), and activates the transcription of the downstream GOI 

(Figure 22) (Baron and Bujard 2000).  

 

 

Figure 22: Inducible expression of a gene of interest (GOI) using the Tet-On Advanced 
System from Clontech. The Tet-On advanced system is composed of a transactivator 
protein (grey circle) consisting of the reverse tetracycline repressor protein from Escherichia 
coli (rTetR) combined with activation domains (AD, yellow boxes) from the Herpes simplex 
virus VP16 protein (VP16-HSV). In presence of doxycycline (Dox, blue triangle) the Tet-On 
Advanced protein binds to the modified tetracycline response element (TREmod, dark gray 
box) of the PTight promoter and induces the expression of the downstream cloned GOI (red 
arrow). (Scheme adapted from Clontech (2012)). 

 

To establish a cell line in which the expression of a GOI can be controlled by Tet-

On® Advanced Inducible Gene Expression System the plasmid encoding the Tet-

On advanced protein (pTet-DualON) and the plasmid containing the GOI controlled 

by the PTight promoter (customized pTRE-Dual2-GOI, here pTRE-Dual2-hCD4) have 
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to be consecutively transfected into the cells followed by an antibiotic selection of 

cells that stably integrated the respective plasmid (Figure 23, step 1 and 3). After 

picking, expanding and analyzing independent clones (Figure 23, step 2 and 4) ei-

ther the second plasmid can be transfected into the best clone (Figure 23, step 3) 

or the best double-transfected clone can be used for further analysis (Figure 23, 

step 4), respectively.  

 

 

Figure 23: Schematic representation of the generation of a cell line harboring the Tet-
On® Advanced Inducible Gene Expression System. HaCaT cells, stably transfected with 
the doxycycline (Dox)-inducible expression of a gene of interest (GOI), were generated with 
consecutive transfections, each of which was followed by an antibiotic selection step. For 
this purpose, the cells are simultaneously transfected with a plasmid encoding the Tet-ON 
Advanced protein (pTet-DualON) and a linear selection marker (hygromycin or purmoycin) 
(step 1). After selection of stably transfected cells, independent clones are picked, ex-
panded and analyzed for their expression of the Tet-ON Advanced protein or rather of the 
green fluorescent protein ZsGreen1, which is simultaneously expressed with the Tet-ON 
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Advanced protein, since both genes are linked via an internal ribosomal entry site 2 (IRES2) 
(step 2). Secondly, the Tet-ON Advanced protein-expressing cell line is simultaneously 
transfected with a plasmid containing the GOI (here the human CD4 gene, hCD4) controlled 
by the PTight promoter (pTRE-Dual2-hCD4) and a linear antibiotic selection marker (hygro-
mycin or purmoycin) (step 3). After selection, picking and expansion, the cells are analyzed 
for their Dox-inducible expression of the red fluorescent protein mCherry and of the IRES2-
linked GOI (step 4). The resulting cell line can then be used for further experiments. 
(Scheme adapted from Clontech (2012)). 

 

Here the target cell line HaCaT was transfected with the pTet-DualON plasmid 

which is supplied with the Tet-On® Advanced Inducible Gene Expression System 

(Table 5, Figure 23, step 1). The transfection conditions, number of cells used and 

plasmid quantities are described in section 2.13.6. Since the pTet-DualON plasmid 

encodes for the cytomegalovirus (CMV) promoter-driven expression of the Tet-On 

Advanced protein and the internal ribosomal entry site 2 (IRES2)-linked green fluo-

rescent protein ZsGreen1 (Matz et al. 1999), the ZsGreen1 expression serves as 

an indicator of transfection and expression efficiency of the pTet-DualON plasmid 

(Figure 23, step 1). The ColE1 origin of replication and the ampicillin resistance 

(AmpR) cassette enables the selection and isolation of high amounts of the pTet-

DualON plasmid in E. coli. For the selection of HaCaT cells that stably integrated 

the pTet-DualON plasmid into their genome, a linear double-stranded DNA encod-

ing for antibiotic selection marker (either hygromycin or puromycin) was cotrans-

fected in a vector-to-marker molar ratio of 20:1. After a 4 to 7 day antibiotic selection 

period, depending on the transfected linear marker and its maintenance in the cells, 

colonies expressing ZsGreen1 and thus the Tet-On Advanced protein were selected 

(Figure 23, step 1). Next, >30 green fluorescent colonies should be picked, ex-

panded and screened for ZsGreen1/Tet-On Advanced protein expression level (Fig-

ure 23, step 2). The best clones should be chosen for the transfection with the cus-

tomized pTRE-Dual2-GOI plasmid (here pTRE-Dual2-hCD4) and a linear double-

stranded DNA encoding for different antibiotic selection marker used for the first 

selection (either hygromycin or puromycin, see above) (Figure 23, step 3). After 

antibiotic selection for 4 to 7 days, depending on the transfected linear marker and 

its maintenance in the cells, colonies should appear (Figure 23, step 3). The pTRE-

Dual2-GOI plasmid used in this work encodes for the expression of the red fluores-

cent protein mCherry and an IRES2-linked CD4 gene under the control of the PTight 

promotor (Figure 23, step 3; pTRE-Dual2-hCD4; for details about the generation of 

the pTRE-Dual2-hCD4 plasmid please see section 2.14.3), which enables the use 

of mCherry expression as an indicator for the CD4-expression upon Dox-treatment. 

Thus, for screening of clones the mCherry/GOI protein expression level after Dox-

treatment should be analyzed (Figure 23, step 4). Afterwards the best clones should 

be used for further experiments (Figure 23, step 4). Similarly to the pTet-DualON 

also pTRE-Dual2-hCD4 plasmid can be also selected and isolated in high amounts 

in Escherichia coli by its ColE1 origin of replication and AmpR cassette.  
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3.2.1. Generating of HaCaT cells with stable expression of Tet-ON Advanced 

protein 

For the generation of a HaCaT cell line stably expressing the Tet-ON Advanced 

protein (see Figure 23), ddHaCaT cells cultured in A1 medium containing 0.03 mM 

CaCl2 and HaCaT cells cultured in CTRL medium were transfected with the pTet-

DualON plasmid and one of the provided linear selection markers (hygromycin or 

puromycin) in a vector-to-marker molar ratio of 20:1 by electroporation or magnet-

assisted transfection. For details of the method, conditions of transfection, number 

of cells and plasmid quantities please see section 2.13.6. Subsequently, the cells 

were seeded in 10 cm dishes in complete culture medium without selective antibi-

otics and kept under constant conditions (37°C, 5 % CO2, humidified atmosphere) 

in a CO2-incubator for a period of 48 h. Afterwards, the media of the transfected 

ddHaCaT and HaCaT cells were switched to A1 medium containing 0.03 mM CaCl2 

or CTRL medium, respectively, supplemented with high concentration (selection 

concentration, see Table 24) of either puromycin or hygromycin, dependent on the 

respective transfected marker. The antibiotic concentrations were determined by 

dose response experiments in which the cells were subjected to increasing amounts 

of the respective antibiotic to define the lowest antibiotic concentration that kills all 

cells in a specific time period (for the puromycin 4 days, for hygromycin 7 days). The 

antibiotic selection using high antibiotic levels was performed for 4-7 days, while 

refreshing the culture medium every 2 days to remove dead cells. The cells were 

not passaged during the antibiotic selection period. Following the initial selection 

with high antibiotic concentration, the cells were further cultured in their respective 

media supplemented with lower concentrations of the respective antibiotic (see Ta-

ble 24) for an additional 2-3 weeks, within which resistant colonies expressing 

ZsGreen1 should have grown. However, neither the use of the puromycin nor the 

hygromycin resistance marker generated ZsGreen1+ ddHaCaT or ZsGreen1+ Ha-

CaT colonies (data not shown).  

 
Table 24. Antibiotic concentrations for selection and maintenance of ddHaCaT and 
HaCaT cells after transfection with linear selection markers for hygromycin or puro-
mycin resistance. 

Cell type 

Puromycin Hygromycin 

Selection                 
concentration 

Maintenance                        
concentration 

Selection                 
concentration 

Maintenance                        
concentration 

dd HaCaT 0.5 µg/ml 0.25 µg/ml 80 µg/ml 20 µg/ml 

HaCaT 2.5 µg/ml 1.0 µg/ml 100 µg/ml 50 µg/ml 

 

The transfection of HaCaT cells with circular plasmids is known to be difficult and 

the efficiency only reaches 20-30 %, maximal 50 % (Deyrieux and Wilson 2007; 

Deyrieux et al. 2007; Wang et al. 2015). Moreover, as shown by Deyrieux et al. 

(2007) and by our own experiments (data now shown), the transfection efficiency 

and survival rate after transfection of ddHaCaT is even lower than that of HaCaT 

cells. Thus, we assumed that the failed establishment of stable ZsGreen1 expres-
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sion or Tet-ON Advanced expressing colonies is due to the low ddHaCaT and Ha-

CaT cell transfection rate with circular plasmids using the transfection and selection 

strategy described above. 

To optimize the transfection efficiency as well as the probability of genomic integra-

tion of transfected DNA, the AseI-linearized pTet-DualON plasmid was cotranfected 

with one of the linear hygromycin selection markers into HaCaT cells (passage 55) 

by electroporation (see section 2.13.6). The experiments using ddHaCaT were sus-

pended due to the low survival rate after transfection. 48 h after transfection, the 

cells were cultured in 100 µg/ml hygromycin containing CTRL medium (see Table 

24) for 7 days. After passaging, the cells were then cultured for an additional 2 

weeks in CTRL medium supplemented with 50 µg/ml hygromycin (see Table 24). 

The analysis of the remaining cells via brightfield and fluorescence microscopy re-

vealed that approximately 40-50% of one colony consisted of ZsGreen1-expressing 

HaCaT cells (Figure 24), indicative of the TetON-Advanced protein expression in 

these cells (see section 3.2). However, the analyzed colony also contained many 

ZsGreen1neg HaCaT cells (Figure 24) which presumably harbored only the linear 

hygromycin resistance marker but not the pTet-DualON plasmid and thus were re-

sistant against the hygromycin selection without expressing ZsGreen1 or the Te-

tON-Advanced protein. Moreover, the transfection efficiency of the ddHaCaT cells 

with the pTet-DualON plasmid fallen short of expectations since it only yielded 10 – 

20 % ZsGreen1+ cells after transfection, even when using more gentle transfection 

protocols like magnet-assisted transfection (data not shown).  

 

 

Figure 24: Generation of TetON-Advanced protein-expressing HaCaT cells. (A) Bright-
field and (B) fluorescence microscopy-based analysis of HaCaT cells (passage 55) trans-
fected with AseI-linearized pTet-DualON plasmid and a linear hygromycin resistance 
marker (vector-to-marker molar ratio of 20:1) after antibiotic selection, passaging and addi-
tional 2 weeks culture in CTRL medium supplemented with hygromycin, as described in the 
main text. (C) Overlay of the images shown in (A) and (B). Black-framed box indicates the 
zoom-in area of the higher magnification shown in the in upper right corner. Green arrow in 
the inset (C) marks a ZsGreen1+ cell, white arrow marks a ZsGreen1neg cell. ZsGreen1 
expression is indicative for the presence of the pTet-DualOn sequence in the cells and for 
the expression of the TetON-Advanced protein (see main text for details). Scale bar: 100µm. 

 

3.2.2. Isolation and establishment of a homogeneous HaCaT cell line with sta-

ble expression of Tet-ON Advanced protein  

Due to the observation that the used strategy for generation of Tet-ON Advanced-

expressing HaCaT cells failed to result in a homogeneous ZsGreen1+ population 
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(see Figure 24), next ZsGreen1+ cells of HaCaT cells transfected with AseI-linear-

ized pTet-DualON plasmid and a linear hygromycin resistance marker were picked 

4 weeks after transfection and subsequently expanded with the attempt to establish 

a homogeneous ZsGreen1/Tet-ON Advanced-expressing HaCaT cell line. For this 

purpose, three picking strategies were performed.  

First, ZsGreen1+ colonies were scraped-off the petri dish with a glass Pasteur pi-

pette, whose tip was transformed to a tiny “hook” (Cerbini et al. 2015). Each colony 

was transferred into a well of a 96-well plate containing 100 µl CTRL medium sup-

plemented with 50 µg/ml hygromycin (see Table 24). The cells were cultured until 

reaching 60-70 % confluency with media exchange every 2nd to 3rd day.  

In a second approach ZsGreen1+ colonies were picked using trypsin for enzymatic 

detachment of the cells as described previously  (Strukov and Belmont 2008). For 

this purpose, the cell culture medium was discarded, the cells were washed with 

PBS and the excess liquid was removed. Then, sterilized circular filter papers were 

dipped into TrypLE Express (Table 13) and were incubated atop on ZsGreen1+ col-

onies for 3-5 min at 37°C. Subsequently, the filter papers were gently deducted and 

individually transferred into wells of a 96-well plate containing 100 µl CTRL medium 

supplemented with 50 µg/ml hygromycin (see Table 24). After 48 h, the filter papers 

were removed from the wells and the cells were further cultured until reaching 60-

70 % confluency.  

Third, ZsGreen1+ colonies were isolated by using agarose gel. For this purpose, the 

cell culture medium was discarded, the cells were washed with PBS, excess liquid 

was removed and the plate was poured with a hand-warm agarose/medium mixture 

consisting of 1 part of 2 % agarose gel in a sterile water and one part CTRL medium. 

After gel hardening, ZsGreen1+ colonies were picked using truncated pipette tips 

and individually transferred into wells of a 24-well plate 500 µl of CTRL medium 

supplemented with 50 µg/ml hygromycin (see Table 24) by up-and-down pipetting. 

Subsequently, the cells were cultured for 1 week. 

Unfortunately, none of the applied colony picking techniques was sufficient for es-

tablishing a homogeneous ZsGreen1/Tet-ON Advanced-expressing HaCaT cell 

line. Instead, the colonies grown from the picked cells were still ZsGreen+ or 

ZsGreenneg (data not shown), respectively, indicating that all techniques isolated a 

mixture of ZsGreen+ and ZsGreenneg cells. Moreover, ZsGreenneg cells overgrow 

ZsGreen+ cells and thus seem to have a higher proliferative rate than the latter ones. 

However, these results furthermore substantiate the previously made observation 

that the Tet-On® Advanced Inducible Gene Expression System from Clontech gen-

erates cells harboring the pTet-DualON plasmid and a linear hygromycin resistance 

marker, as well as cells that only harbor the linear hygromycin resistance marker. 

This obstacle may be resolved in the future by transfecting a plasmid that combines 

the Tet-ON Advanced-encoding sequence and an antibiotic resistance cassette for 

clone selection. 
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3.3. Analyzing the function of CD4 in ddHaCaT cells 

The rational for generation of Tet-ON Advanced-expressing ddHaCaT or HaCaT 

cells (see section 3.2) was to investigate the function of CD4 in these cells upon 

induction of CD4-expression in virtually every cell. However, the generation of Tet-

ON Advanced-expressing HaCaT cells by transfecting the pTet-DualON plasmid to-

gether with a linear resistance marker failed (see section 3.2) and sufficient time 

was lacking to implement alternative strategies for establishing HaCaT cells stably 

expressing CD4 in an inducible manner. Therefore, in order to gain a first impression 

of CD4 function in keratinocytes, the cAMP levels after MHCII stimulation, the pro-

liferation rate after MHCII and IL1-treatment, CD4-expression upon IL1-treat-

ment and the influence of TNF on the migration of ddHaCaT cells after transient 

transfection with the pCR3.1-hCD4 vector, were investigated. 

3.3.1. MHCII treatment decreases cAMP levels of CD4-expressing ddHaCaT 

cells 

Based on the role of CD4 in MHCII-stimulated TCR/CD3neg immune cells (see sec-

tion 1.3.2 and Figure 4), activation of the CD4 signaling pathway was hypothesized 

upon MHCII ligation in basal cell-like cells (Figure 4). As a consequence, the MHCII 

treatment of CD4-expressing ddHaCaT cells should result in decreased cAMP lev-

els (see Figure 4B). To evaluate this hypothesis, changes in cAMP levels over time 

were analyzed in CD4-expressing ddHaCaT (transient pCR3.1-hCD4 transfected, 

Figure 25) cells cultured in presence of MHCII molecules in 0.03 mM CaCl2-contain-

ing A1 medium. 

For this purpose, pCR3.1-hCD4 transfected cells (section 2.13.6) were seeded in 6-

well plates containing A1 medium supplemented with 0.03 mM CaCl2. 26 h after 

transfection, A1 medium supplemented with 0.03 mM CaCl2 and 1 µg/ml MHCII (Ta-

ble 3) was applied to the cells which were then harvested at specific time points 

after MHCII stimulation (30, 120, 180, 240, 300, 360, 1080 and 1440 min or 0.5, 2, 

3, 4, 5, 6, 18 and 24 h, Figure 25). Finally, the cAMP levels of the cell lysates were 

analyzed by using the Cyclic AMP XP® Chemiluminescent Assay Kit (see section 

2.13.8.). Untransfected cells and cells transfected with empty pCR3.1 vector served 

as baseline controls. Untransfected ddHaCaT cells stimulated with 10 µM forskolin 

in A1 medium containing 0.03 mM CaCl2 for 30 min served as a positive control 

(Mammone et al. 1998). cAMP levels in murine CD4+ T cells (section 2.13.11) 

treated either with or without 1 µg/ml MHCII molecules for 30 min served as an 

assay control experiment (Baroja et al. 1999; Conche et al. 2009). The experiment 

was performed two times each in biological duplicates and measured in technical 

duplicates.  
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Figure 25: cAMP levels of CD4-expressing ddHaCaT cells decrease 180 minutes after 
MHCII stimulation. ELISA-based analyses of cAMP levels of murine splenic T cells stimu-
lated for 30 min with 1 µg/ml MHCII (dark green), of untransfected ddHaCaT cells stimulated 
for 30 minutes with 10 µM forskolin (light green) or untransfected or transiently pCR3.1 
(dotted black) or pCR3.1-hCD4 (red) transfected ddHaCaT cells stimulated with 1 µg/ml 
MHCII for 30, 120, 180, 240, 300, 360, 1080 and 1440 minutes. cAMP levels were normal-
ized to respective unstimulated or vehicle-treated cells (dotted horizontal line). Represented 
data summarize two independent experiments each performed in biological duplicates and 
measured in technical duplicates shown as mean +/- SEM. Statistical analyses were per-
formed by using unpaired t-test according to the Holm-Sidak-method. ***, p<0.001. 

 

As shown in Figure 25, both, MHCII-stimulation of murine splenic T cells and for-

skolin-treatment of ddHaCaT cells resulted in cAMP increase compared to the re-

spective untreated cells (1.7- or 4.1-fold, respectively). This verified that the used 

MHCII concentration and treatment protocol resulted in increased cAMP levels in T 

cell response as a response to MHCII ligation with the TCR/CD3/CD4 complex. On 

the other hand, it also confirmed that cAMP levels of HaCaT cells can be modulated 

upon treatment with small molecules, e.g. foskolin, an adenyl cyclase activator that 

induces increase in the cAMP levels (Mammone et al. 1998). The cAMP levels of 

ddHaCaT cells treated with MCHII molecules remained similar to each other and to 

the respective baseline cAMP levels (dotted horizontal line in Figure 25) within al-

most every analyzed treatment period (except after 1440 minutes) regardless of the 

transfected plasmid (Figure 25). However, one exception of this trend was observed 

upon 180 minutes MHCII-treatment, when CD4-expressing ddHaCaT cells showed 

significantly less cAMP levels compared to untransfected or control vector trans-

fected ddHaCaT cell (Figure 25). This result indicates that similar to monocytes (see 
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Figure 4, (Zhen et al. 2014)) also in basal-like keratinocytes MHCII/CD4-ligation 

leads to reduced cAMP levels. 

  

3.3.2. MHCII treatment decreases the proliferation rate of CD4-expressing 

ddHaCaT cells  

The decreased cAMP levels in MHCII-stimulated CD4-expressing ddHaCaT cells 

suggested a role of MHCII/CD4-ligation in basal-like keratinocytes comparable to 

monocytes. To study whether CD4 activation via MHCII molecules might further-

more impact the proliferation rate in keratinocytes we next employed BrdU-incorpo-

ration assays. First it was investigated whether MHCII molecules influence the gen-

eral proliferative behavior of (CD4neg) ddHaCaT and HaCaT cells. In particular, 

ddHaCaT cultured in A1 medium containing 0.03 mM CaCl2 (passage 19) and Ha-

CaT cells cultured in CTRL medium (passage 17) were treated with 1 µg/ml MHCII 

for 6, 10, 12 and 24 h. Untreated cells served as baseline controls. As shown in 

Figure 26A, the proliferation of the keratinocyte cell lines was almost not influenced 

by MHCII treatment with exception of HaCaT cells treated for 10 h whose prolifera-

tion rate dropped significantly below the control baseline (Figure 26A right panel). 

Next, the effect of MHCII on the proliferative behavior of CD4-expressing ddHaCaT 

cells was assessed. For this purpose, ddHaCaT cells were transfected with the 

pCR3.1-hCD4 plasmid (for details about the transfection method and created 

pCR3.1-hCD4 vector see sections 2.14.3 and 2.13.6) and cultured in A1 medium 

containing 0.03 mM CaCl2 for 26 h. The cells were then treated with 1 µg/ml MHCII 

molecules for 24 or 48 h with a BrdU pulse for the last 22 h of the respective end 

point analysis. Untreated ddHaCaT cells, that were either only electro-pulsed, trans-

fected with pCR3.1 empty vector or the pCR3.1-hCD4 plasmid served as controls. 

Figure 26B shows that in contrast to the previous experiment, the MHCII-treatment 

this time significantly increased the general proliferation rate of ddHaCaT cells irre-

spectively of the transfection status of the cells (electro-pulsed, pCR3.1 or pCR3.1-

hCD4 transfected ddHaCaT). However, the proliferation rate of CD4-expressing 

ddHaCaT cells significantly decreased upon 48 h MHCII-treatment in comparison to 

control vector transfected MHCII-treated ddHaCaT cells (Figure 26B). These data 

suggest that MHCII/CD4-ligation result in decreased proliferation of basal cell-like 

keratinocytes.  
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Figure 26: MHCII-treatment decreases the proliferation rate of CD4-expressing 
ddHaCaT cells. (A, B) BrdU-incorporation assay-based analyses of the proliferation rate 
(A) of ddHaCaT (left) and HaCaT cells (right) after 6,10,12 and 24 h MHCII-treatment and 
(B) of electro-pulsed (grey circles, pulsed), pCR3.1 (blue circles) and pCR3.1-hCD4-trans-
fected ddHaCaT (red circles, pCD4) 24 and 48 h after MHCII-treatment. Values of untrans-
fected (A), electro-pulsed, pCR3.1 and pCR3.1-hCD4-transfected ddHaCaT without MHCII-
treatment (B, left) or electro-pulsed and pCR3.1-transfected ddHaCaT cells with MHCII-
treatment (B, right), respectively, were set to one (dotted horizontal lines). Represented 
data summarize one experiment performed in biological hexaplicates shown as mean +/- 
SEM. Statistical analyses were performed by using unpaired t-test according to the Holm-
Sidak-method. **, p<0.01; ***, p<0.001; ****, p<0.0001. 

 

3.3.3. The influence of IL-1 and TNF on basal cell-like keratinocytes in vitro 

The mobilization of resident stem/progenitor cells and the promotion of epidermal 

cell proliferation and differentiation during telogen-to-anagen transition (Lee P et al. 

2017; Wang X et al. 2017), epidermal wound healing (Larouche et al. 2018) and 

formation of psoriatic plaques and acanthosis of the skin (Albanesi et al. 2018; 

Benhadou et al. 2019; Bocheńska et al. 2017; Rendon and Schäkel 2019) are reg-

ulated by the proinflammatory cytokines IL-1 and TNF. Besides, IL-1 also in-

duces the expression of CD4 in microglia (Yu et al. 1998). Thus, it is likely that IL-

1 and/or TNF are involved in proliferation, CD4-expression or migration of basal 

cell-like keratinocytes. To investigate these hypotheses, we next analyzed the pro-

liferative rate and the CD4-expression level of IL-1-treated ddHaCaT cells (see 

section 3.3.3.1) and the migration of CD4-expressing ddHaCaT cells in the presence 

of TNF (see section 3.3.3.2). 
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 IL-1 does not impact the proliferation rate but decreases the CD4- 

expression of ddHaCaT cells 

IL-1 has been shown to induce the proliferation of keratinocyte stem cells 

(Larouche et al. 2018; Lee P et al. 2017; Wang X et al. 2017) and also the CD4-

expression in microglia (Yu et al. 1998). To investigate whether IL-1 also influences 

the proliferation rate and CD4-expression in basal cell-like ddHaCaT cells, BrdU-

incorporation assays and CD4-expression analyses of ddHaCaT cells after IL-1-

treatment were conducted. For this purpose, ddHaCaT cells cultured in A1 medium 

supplemented with 0.03 mM CaCl2 (passage 19) and HaCaT cells cultured in CTRL 

medium (passage 17) were treated with 1 ng/ml IL-1 (dissolved in 1xPBS contain-

ing 1 % BSA)After 6, 10, 12 and 24 h, as well as 6 and 24 h, the proliferation rate 

and the CD4-exression were assessed, respectively. Untreated cells were used as 

controls.  

As shown in Figure 27, the IL-1 treatment did not impact the proliferation rate of 

ddHaCaT or HaCaT cells over a time period of 24 h. Moreover, albeit IL-1-treat-

ment significantly increases the expression of S100A7 (Yano et al. 2008) it did not 

increase the expression of CD4 mRNA. Instead, IL-1-treatment decreased CD4-

expression (Figure 28). Together these data rebut the hypothesis, that IL-1 induces 

the proliferation and CD4-expression of basal cell-like keratinocytes (e.g. ddHaCaT 

cells) in vitro. 

 

 
 

Figure 27: IL-1-treatment does not impact the proliferation rate of ddHaCaT and Ha-
CaT cells. BrdU-incorporation assay-based analyses of the proliferation rate of ddHaCaT 

(left) and HaCaT cells (right) after 6, 10, 12 and 24 h IL-1-treatment. Values of untreated 
ddHaCaT or HaCaT cells, respectively, were set to one (dotted horizontal lines). Repre-
sented data summarize one experiment performed in biological hexaplicates shown as 
mean +/- SEM. Statistical analyses were performed by using unpaired t-test according to 
the Holm-Sidak-method. 
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Figure 28: IL-1 reduces CD4-expression in ddHaCaT cells. qRT-PCR-based S100A7 

and CD4-expression analyses of ddHaCaT after 6 and 24 h IL-1-treatment. Gene expres-
sion values were normalized to 18S rRNA expression levels. Values of untreated ddHaCaT 
cells were set to one (dotted horizontal lines). Represented data summarize two independ-
ent experiments performed in biological duplicates and measured in technical triplicates 
shown as mean +/- SEM. Statistical analyses were performed by using unpaired t-test ac-
cording to the Holm-Sidak-method. **, p<0.01; ***, p<0.001; ****, p<0.0001. 

 

 TNF influences the cellular migration of CD4-expressing ddHaCaT 

cells 

Due to the known role TNF plays in the migration of epidermal stem/progenitor 

cells (Albanesi et al. 2018; Benhadou et al. 2019; Bocheńska et al. 2017; Larouche 

et al. 2018; Rendon and Schäkel 2019; Wang X et al. 2017), we hypothesized that 

this proinflammatory cytokine may influence the migration of CD4-expressing basal 

cell-like keratinocytes in vitro. To investigate this issue, the migration of single CD4-

expressing ddHaCaT cells was tracked using 2D chemotaxis µ-slide (Ibidi GmbH, 

Germany) as described in chapter 2.13.10.  

First, the co-transfection of ddHaCaT cells with pCR3.1-hCD4 and pEGFP-N1 plas-

mid by electroporation was established to enable the tracking of CD4+ EGFP+ cells. 

For this purpose, ddHaCaT cells (passage 36) cultured in A1 medium supplemented 

with 0.03 mM CaCl2 were co-transfected with 1 µg pCR3.1-hCD4 and either 400 ng 

or 500 ng pEGFP-N1. Then the cells were seeded on coverslips in 6-well plates 

containing A1 medium supplemented with 0.03 mM CaCl2. 26 h after seeding the 

cells were fixed, stained with antibodies against CD4 and the number of EGFP-

/CD4-co-expressing cell was determined. 

This approach revealed that co-transfection of 1 µg pCR3.1-hCD4 with 400 ng 

pEGFP-N1 yielded only an efficiency of 50% CD4/EGFP-co-expression (Figure 29, 

left panel), whereas using 1 µg pCR3.1-hCD4 and 500 ng pEGFP-N1 resulted in 70 

% CD4/EGFP-co-expression (Figure 29, right). Since these results showed that 

EGFP+ ddHaCaT cells co-transfected with 1 µg pCR3.1-hCD4 and 500 ng pEGFP-

N1 also express CD4 with a probability of 70%, the following chemotaxis experi-

ments were performed using ddHaCaT cells co-transfected with these conditions to 

efficiently track EGFP+ and thus primarily CD4+ cells.  
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Figure 29: Co-transfection of ddHaCaT cells with pCR3.1-hCD4 and pEGFP-N1. Im-
muno- fluorescence analyses of ddHaCaT cells 26 h after electroporation-based co-trans-
fection of 1 µg pCR3.1-hCD4 and either 400 ng (left) or 500 ng pEGFP-N1 (right) and fol-
lowing anti-CD4 antibody staining (red). Co-expressing CD4+ EGFP+ cells are marked with 
yellow arrow heads, single CD4-expressing or EGFP-expressing cells are indicated with 
red or green arrow heads, respectively. For details regarding the immunocytochemistry re-
fer to section 2.16.1 and Table 8 for details regarding the antibodies used. Scale bars: 30 
µm.  

 

Next, it was assessed whether pCR3.1-hCD4-transfected ddHaCaT cells overex-

press CD4 during the entire period of the chemotaxis experiment. For this purpose, 

pCR3.1-hCD4-transfected ddHaCaT cells (passage 34) were seeded on coverslips 

in 6-well plates containing A1 medium supplemented with 0.03 mM CaCl2. 26, 32 

and 56 h after seeding, the cells were fixed and stained with antibodies against CD4 

(Figure 30A shows the typical CD4-expression pattern of a ddHaCaT cell) and the 

basal cell marker CD29. The analyzed end points correspond to the initial CD4-

expression 26 h post transfection and to the analysis times of the chemotaxis ex-

periments at 6 h (32 h post transfection) and 30 h (56 h post transfection) post seed-

ing in the chemotaxis µ-slide (summarized in Figure 30B). As shown in Figure 30C, 

pCR3.1-hCD4-transfected ddHaCaT cells overexpress CD4 at all analyzed time 

points. Thus, the chemotaxis experiments were performed next by subsequent au-

tomated tracking of EGFP+ pCR3.1-hCD4/pEGFP-N1-co-transfected ddHaCaT 

cells (see experimental setup in Figure 30B).  
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Figure 30: Immunofluorescence analysis of CD4-expression in pCR3.1-hCD4-trans-
fected ddHaCaT cells within the time schedule of the migration experiment. Shown in 
(A) is an anti-CD4 antibody-stained pCR3.1-hCD4-transfected ddHaCaT cell. The experi-
mental setup for analyzing CD4-expression in ddHaCaT cells after pCR3.1-hCD4-transfec-
tion and of the following migration experiment is shown in B. Representative examples of 
immunofluorescent anti-CD4/anti-CD29 antibody stainings of ddHaCaT cells 26, 32 and 56 
h post pCR3.1-hCD4-transfection are shown in C. White arrows in (A) mark morphological 
features of cellular CD4-expression pattern. For details regarding the immunocytochemistry 
refer to section 2.16.1 and for details regarding the used antibodies see Table 8. Scale bars: 
3,3 µm.  
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For this purpose, first the mitotic activity of ddHaCaT cells was blocked with mito-

mycin C treatment (2.13.9) to avoid excess proliferation during the migration exper-

iment. Then the cells were co-transfected with pCR3.1-hCD4 and pEGFP-N1 and 

seeded in 6-well plates as described above. After 26 h, the cells were detached (see 

section 2.13.7), seeded in chemotaxis µ-slide chambers in A1 medium containing 

0.03 mM CaCl2 and incubated for an additional 6 h to allow them to attach to the 

slide. Thereafter, the medium of the cells was refreshed by exchanging it with ex-

perimental medium (DMEM --- supplemented with 200 mM L-glutamine, 100 mM 

sodium pyruvate, 1 % P/S, 10mM HEPES buffer, 0.03 mM CaCl2) and the chemo-

attractant was added in one reservoir to establish the stable chemotactic gradient 

(see Figure 31). Afterwards, the migration of EGFP+ cells was acquired over a pe-

riod of 24 h and then quantified via automated tracking (see section 2.13.10). As 

negative and positive controls, the migration was quantified in ddHaCaT cells co-

transfected with pCR3.1-hCD4 and pEGFP-N1 cultured in experimental medium ei-

ther without chemoattractant or by adding 20% FCS to one reservoir of a µ-slide, 

respectively (Figure 31A). FCS is known to efficiently induce migration of different 

cell types due to its composition of enzymes, hormones and growth factors (Bagati 

et al. 2015; Brennan et al. 2008). To establish whether CD4-expressing ddHaCaT 

cells migrate towards a TNF gradient, as it is described for keratinocytes in vivo 

(Albanesi et al. 2018; Benhadou et al. 2019; Bocheńska et al. 2017; Larouche et al. 

2018; Rendon and Schäkel 2019; Wang X et al. 2017), both reservoirs of a µ-slide 

were filled with experimental medium with or without 2 % FCS, respectively (Figure 

31A),  and 50 ng/ml TNF were added into one reservoir as a chemoattractant (Fig-

ure 31A). Since all µ-slides were only filled in one reservoir with a chemoattractant 

gradient (positive control or TNFFigure 31A) the second reservoir without chem-

oattractant served as an internal negative control. After applying the chemoattract-

ant, automated, multi-position time lapse imaging of the slides was conducted using 

a Nikon Eclipse Ti2 inverted microscope equipped with an Okolab incubation cham-

ber (37°C, 5 % CO2, humidified atmosphere) for 24 h with a 10 min time-lapse in-

terval. Cell movement was analyzed with a workflow based on the FIJI (Schindelin 

et al. 2012), TrackMate (Tinevez et al. 2017) and the Chemotaxis and Migration 

Tool (Ibidi GmbH) software packages. All experiments were performed in biological 

triplicates. 
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Figure 31: CD4-expressing ddHaCaT cells migrate towards a TNF gradient.Sche-
matic representation of the experimental setup of the µ-slide migration analysis of CD4-
expressing ddHaCaT cells (top) and of the analyzed single cell-tracking parameters (bot-
tom). Top: Each of the 4 graphs represent one µ-slide filled either with experimental me-
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dium only in both reservoirs (left) or with experimental medium containing 20 % FCS (mid-

dle-left), TNF(middle-right) in experimental medium without cFCS or TNF in experi-
mental medium with 2 % cFCS (right) in the left reservoir and experimental medium without 
chemoattractant in the right reservoirs. Bottom: Graphical scheme showcasing the tracked 
features of each cell and the respective parameters describing its movement behavior (left), 
as well as the description and associated formulas for determining the respective parame-
ters analyzed (right). (B) Visualization of the automated tracking (similar arrangement as 
shown in top row of (A)), total distance traveled (C), maximal distance traveled (D), track 
displacement (E), confinement ratio (F), mean straight line speed (G) and linearity of for-
ward progression (H) of single cell-tracked EGFP+ pCR3.1-hCD4/pEGFP-N1-co-trans-

fected ddHaCaT cells in presence of 50 ng/ml TNF or 50 ng/ml TNF in experimental 
medium with 2 % cFCS, respectively. Experimental medium with 2 % cFCS without chem-
oattractant served as negative control, 20 % FCS gradient served as positive control. Cell 
movement was analyzed with a workflow based on the FIJI (Schindelin et al. 2012), Track-
Mate (Tinevez et al. 2017) and the Chemotaxis and Migration Tool (Ibidi GmbH) software 
packages. All experiments were performed in biological triplicates. Statistical analyses was 
performed using a non-parametric 1way ANOVA (Kruskal-Wallis test). *, p<0.05; *** 
p<0.001; ****, p<0.0001. 

 

Figure 31A-H summarizes the results of the chemotaxis of single cell-tracked EGFP+ 

pCR3.1-hCD4/pEGFP-N1-co-transfected ddHaCaT cells in presence of 50 ng/ml 

TNF or 50 ng/ml TNF in experimental medium with 2 % cFCS, respectively, in 

comparison to the positive (20 % FCS gradient) and the negative (no chemoattract-

ant) controls. For this purpose, the distances travelled by the cells throughout the 

recording time were investigated by computing the total distance travelled (Figure 

31C), the maximum distance travelled (Figure 31D), as well as the track displace-

ment which measures the distance between the first and the last tracked position 

(Figure 31E). The analysis of these parameters showed that EGFP+ pCR3.1-

hCD4/pEGFP-N1-co-transfected ddHaCaT cells significantly move to the applied 

gradients (Figure 31C – E). In particular, all three distance measurements were sig-

nificantly higher when 20% FCS, TNF or TNF in experimental medium containing 

2 % cFCS was applied to one reservoir in comparison to the negative control (Figure 

31C – E). In addition, the total distance travelled by TNF-treated cells was even 

significantly higher than those of 20 % FCS-treated cells (Figure 31C). However, the 

track displacement, which measures the absolute distance travelled towards the 

gradient, was significantly lower in TNF-treated cells compared to 20 % FCS- and 

to TNF-treated cells cultured in 2 % cFCS containing experimental medium (Figure 

31E). Further analysis demonstrated that only 20 % FCS- and TNF-treated cells 

cultured in 2 % cFCS containing experimental medium, but not TNF-treated cells, 

showed significantly higher confinement ratio values compared to the negative con-

trol (Figure 31F). Since this parameter is an indicator for the “efficiency” of the cell 

movement away from its starting point these data suggest that only cells treated 

with 20 % FCS and TNFin experimental medium containing 2 % cFCS move to-

ward the gradients with a constant orientation. Finally, the mean straight line speed 

and the linearity of forward progression were analyzed (Figure 31G, H). The first 

mentioned value represents the mean speed of a cell that moves at a constant 

speed along a straight line from the first to the last spot of the track (Figure 31A). 
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The linearity of forward progression is calculated as the ratio of the mean straight 

line speed and the track mean speed. Thus, if the track is linear and if the time 

interval between two spots is always the same, its value is equal to the confinement 

ratio value (Figure 31A). As shown in Figure 31G the mean straight line speed was 

significantly higher in EGFP+ cells moving towards the 20 % FCS- and the TNF-

gradient in 2 % cFCS containing experimental medium, whereas the TNF-gradient 

in experimental medium without cFCS did not induce significant changes in mean 

straight line speed compared to the negative control. Moreover, the results of the 

linearity of forward progression analyses were similar to the confinement ratio val-

ues, showing that the EGFP+ ddHaCaT cells moved in a linear track towards the 

gradient of 20 % FCS (positive control) and TNFin experimental medium with 2 % 

cFCS, but not in the TNF-only gradient (Figure 31H).  

Altogether, these data demonstrate that EGFP+ and thus to large parts (app. 70 %, 

see Figure 29) CD4-expressing ddHaCaT cells move straight forward toward the 20 

% FCS gradient. In a similar fashion, the cells cultured in experimental medium con-

taining 2 % cFCS also travelled to the TNFgradient, but due to the very high track 

displacement values (Figure 31E) in a more circuitous route. In contrast, the TNF-

gradient induced a high cellular motility comparable to that of the positive control 

(Figure 31C, D) but without a comparable constant orientation (Figure 31F) or a 

comparable constant straight line speed (Figure 31G, H). This shows that although 

the cells move significantly more when a TNF-gradient is added, this movement is 

not as straight as the movement of cells to the positive control or to the TNF in 

experimental medium with 2 % cFCS. 
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4. Discussion 

4.1. Generation of dedifferentiated, stable keratinocyte cell lines  

Several protocols for the isolation and cultivation of human primary keratinocytes 

have been established in the past (Ścieżyńska et al. 2019). However, it is well-

known that human primary keratinocytes have a limited lifespan and low division 

rates under in vitro culture conditions (Gragnani et al. 2007). Interestingly, the same 

protocol for isolation of primary human keratinocytes has been found to result in 

successful (McHeik et al. 2010) or failed experiments (Orazizadeh et al. 2015). In 

addition, the isolation and growth conditions for primary isolated human keratinocyte 

stem cells are very complex requiring special feeder layers, as well as a large num-

ber of supplementary growth factors, such as hydrocortisone, human epidermal 

growth factor, bovine pituitary extract and others (Papini et al. 2003). Another limi-

tation is that the induction of differentiation in primary keratinocytes leads to their 

terminal differentiation and rapid cell death, leaving only several days to perform 

experiments (Johansen 2017; Pincelli and Marconi 2010). Because of these special 

requirements and limitations for culture of primary, isolated human keratinocytes, 

we chose stable keratinocyte cell lines to establish basal cell-like cells with a rela-

tively easy access to high cell numbers along with simple culture requirements. The 

human HaCaT (Ha = human, Ca = calcium, T = temperature – origin and initial cul-

ture conditions) cells represent a spontaneously immortalized keratinocyte cell line, 

which was developed through long-term culture of normal, adult skin keratinocytes. 

In contrast to primary human keratinocytes, HaCaT cells can be grown in conven-

tional media and maintained in culture for long time periods (> 140 passages) 

(Boukamp et al. 1988). Moreover, even though it is known that these cells possess 

mutations in both alleles of the p53 gene (Lehman et al. 1993) typical for UV-radia-

tion-induced mutations (Brash et al. 1991), HaCaT cells, in contrast to virally trans-

formed keratinocytes, maintain a constant balance of the genetic material and are 

non-tumorigenic (Boukamp et al. 1997). The cell line was initially established in a 

modified, minimum essential growth medium containing 15 % heat-inactivated FCS 

and other supplements such as antibiotics, vitamins and amino acids (Boukamp et 

al. 1988). Using these culture conditions, HaCaT cells proliferate (Boukamp et al. 

1988) and have a highly conserved differentiation capacity, leading to epidermal 

organization (Schoop et al. 1999). Moreover, they can form an epidermis when 

transplanted into athymic (nude) mice (Breitkreutz et al. 1998). All these features 

and the large body of HaCaT-related literature make this cell line a good experi-

mental model to study human keratinocyte cell differentiation and dedifferentiation. 

Parallel to HaCaT, the murine, immortalized non-tumorigenic keratinocyte C5N cell 

line was used in this work as well. The C5N cells have been shown to grow with wild 

type keratinocyte, epithelial morphology, with a cuboidal shape and a cobblestone 

growth pattern, do not harbor any mutations in the H-ras gene or p53 and express 

keratins (Zoumpourlis et al. 2003).   

In vivo, basal keratinocytes of the skin are subjected to low [Ca2+] concentrations in 

contrast to differentiated keratinocytes in the upper layers of the epidermis, which 

are maintained by a vertical gradient of increasing [Ca2+] concentrations (Menon 
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and Eliam 1985). In vitro, changes from low to high [Ca2+] concentration cause ter-

minal differentiation of the basal cell-like keratinocytes (Hennings H. et al. 1980). 

However, HaCaT, as well as C5N cells (as shown in this work) can revert from dif-

ferentiated to a basal cell-like shape upon lowering the growth media [Ca2+] concen-

tration down to 0.03 mM (Wilson 2013). Because of these characteristics, HaCaT 

cells are most often used as an in vitro model for studying differentiation processes, 

as well as for analyzing keratinocyte function. However, the conditions for differen-

tiation and dedifferentiation of the keratinocytes in culture in terms of [Ca2+] concen-

trations and other nourishing substances vary in the literature (Hennings H. et al. 

1980; Micallef et al. 2009; Wilson 2013). To address this paradigm systematically, 

different [Ca2+] concentrations were used to generate ddHaCaT and ddC5N cells. 

We adopted a protocol from Deyrieux and Wilson (2007) and Deyrieux et al. (2007), 

according to which we maintained HaCaT and C5N cells for a period of three weeks 

in defined [Ca2+] level-containing media. The cells were passaged at 60-70 % con-

fluence, as it is known that they respond to higher cell density environment (Wilson 

2013) which can act as a differentiation stimulus (Colombo et al. 2017). Deyrieux 

and Wilson (2007) reported that 3 weeks after switching HaCaT cells from conven-

tional medium (CTRL) to low [Ca2+] level medium (0.03 mM CaCl2), the cell shape 

and morphology changed to that of basal keratinocytes. The same observations 

were made in our experiments, wherein HaCaT cells changed their morphology to 

a more basal cell-like morphology when cultured in media with low [Ca2+] concen-

tration (Figure 10). In particular, cells cultured under low [Ca2+] conditions were spin-

dle shaped and loosely packed, while cells cultured in CTRL medium exhibited a 

more cuboidal shape and were more tightly arranged. The same findings were ob-

served for C5N cells (Figure 11). As resembled by the number of plates and pas-

sage number after finishing the experiment C5N and HaCaT cells did not proliferate 

and grow well in the A2 medium containing 2 % cFCS. Due to this observation ex-

periments based on the A2 media were discontinued and further analyses were 

conducted by culturing the cells in A1 medium containing 10 % cFCS.  

As explained in the introduction section, different epidermal layers express different 

keratins in a differentiation-dependent manner (see Figure 2). Thus, in addition to 

the morphological changes of ddHaCaT and ddC5N cells, we furthermore analyzed 

the dedifferentiation process by immunocytochemical stainings visualizing the ker-

atin expression pattern. In particular, in the skin, proliferative active cells of the basal 

cell layer express high levels of K5 and K14, whereas the expression of these 

keratins is down-regulated during the differentiation process in suprabasal layers 

(Fuchs and Green 1980; Moll et al. 1982). Our immunofluorescence analyses veri-

fied the findings that ddHaCaT cells express higher levels of the basal cell marker 

K5 compared to HaCaT cells. Beyond that, these analyses also demonstrated that 

the cultured ddHaCaT cells show a low expression of K10, which is typically ex-

pressed in keratinocytes of the spinous cell layer. Analysis of the Ki67 expression 

profile (Figure 12D) furthermore revealed that low [Ca2+] levels in the culture me-

dium had no effect on the proliferative activity of the ddHaCaT cells although the 
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expression of this proliferation marker protein is regulated within differentiation pro-

cesses in the skin (Ando et al. 1990; Heenen et al. 1998). However, primary human 

keratinocytes and HaCaT cells have been shown to oppositely react to culture in 

low [Ca2+] level media (Micallef et al. 2009; Walker et al. 2006). In particular, primary 

keratinocytes proliferate more when cultured in media with low [Ca2+] concentrations 

(0.09 mM CaCl2) than with high [Ca2+] concentrations (1.2 mM CaCl2), whereas Ha-

CaT cells proliferate less when cultured in media containing low [Ca2+] concentra-

tions compared to high [Ca2+]-containing medium (Micallef et al. 2009). Walker et 

al. (2006) reported the same findings for primary keratinocytes and HaCaT cells 

cultured in media with low [Ca2+] concentrations (0.09 mM CaCl2) and high [Ca2+] 

concentrations (2 mM CaCl2). Similar results were also obtained by our BrdU-incor-

poration analyses (see below) which more precisely measure the proliferative activ-

ity of cells than immunofluorescence anti-p63 or anti-Ki67 antibody staining that ra-

ther reflect the general proliferative activity than the real quantification of proliferative 

active cells. Similar to HaCaT cells, our results showed that also the culture of C5N 

cells in low [Ca2+]-containing medium increase the expression of the basal cell 

marker K5 (Figure 13).  

In addition and in line with previous studies by Micallef et al. (2009), Walker et al. 

(2006) and Deyrieux and Wilson (2007), ddHaCaT cell differentiation was confirmed 

by immunofluorescence staining, which showed a reduction in basal cell marker K5 

expression in cells cultured in high [Ca2+] concentration (2.8 mM CaCl2). Further 

qRT-PCR analyses validated the finding that ddHaCaT and ddC5N cells represent 

a more basal cell-like phenotype than the control cells and that they differentiate 

upon culture in high [Ca2+] level medium. Unexpectedly, the mRNA K5 expression 

level was significantly lower in ddHaCaT cells compared to HaCaT CTRL cells. In 

the skin K5 is expressed in mitotically active basal layer cells and its expression is 

downregulated with the onset of the differentiation process (see section 1.2.2). Alam 

et al. (2011) suggested that K5 plays a role in supporting the cell proliferation po-

tential in the basal cell layer of stratified epithelia. Thus, hypothetically HaCaT cells 

grown in CTRL medium express high K5 levels in order to keep their proliferation 

potential and to maintain their long life which has been shown to last for up to 300 

passages (Schürer et al. 1993). Moreover, high K5 expression level may also be 

associated with a generally lower passage number of HaCaT cells than ddHaCaT 

cells, since the latter were established by passaging for 12 to 15 times of the original 

HaCaT cells in A1 medium.  

The culture of ddHaCaT cells in high [Ca2+] level medium significantly reduced the 

K5 and K15 expression, while their K1, K10 and Involucrin expression levels signif-

icantly increased. Similarly, ddC5N cells express significantly decreased K5 and 

significantly increased Involucrin levels when cultured in high [Ca2+]-containing me-

dium compared to the cells maintained in CTRL or low [Ca2+]-containing medium, 

respectively. A further validation of the results that the culture of HaCaT cells in low 

[Ca2+] level medium induces cellular dedifferentiation and a subsequent switch to 

high [Ca2+]-containing medium results in differentiation process was conducted by 

a microscopy-based quantification of the K5 and K10 protein expression.  
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As stated above, Micallef et al. (2009) and Walker et al. (2006) showed that the 

proliferative activity of HaCaT cells is correlated to the [Ca2+] concentrations of the 

culture medium. Thus, the proliferation of HaCaT cells increases when cultured in 

media containing high [Ca2+] levels compared to low [Ca2+]-containing medium 

(Micallef et al. 2009; Walker et al. 2006). This is in contrast to primary human 

keratinocytes which proliferate more when cultured in medium with low [Ca2+] levels, 

whereas exposure to high [Ca2+] concentrations causes increased differentiation 

and reduced proliferation of these cells (Huang et al. 2006; Matsui et al. 1992). 

Moreover, physiological [Ca2+] levels (1 to 1.5 mM) causes an increase of intracel-

lular [Ca2+] concentrations in primary human keratinocytes that result in phosphory-

lation and nuclear translocation of S100C/A11 and finally in a reduced cellular pro-

liferation (Sakaguchi et al. 2003). Contrary to this, for the induction of a reduced 

proliferation rate in HaCaT cells, extracellular [Ca2+] concentration of 5 to 10 mM 

are required (Sakaguchi et al. 2003). Thus, it was hypothesized that during their 

spontaneous transformation and immortalization, HaCaT cells changed their re-

sponse to extracellular [Ca2+] levels and thus developed an insensitivity to [Ca2+]-

induced inhibition of proliferation (Sakaguchi et al. 2003). Unfortunately, for C5N 

cells similar information is not available due to very limited data sets. Thus, the data 

presented in this thesis are the first results ever reported in this regard and can only 

be discussed in reference to available data for the human HaCaT cell line. However, 

since our immunohistological anti-p63 and anti-Ki67 analyses were not sufficient to 

verify these findings, also the proliferative activity of ddHaCaT and ddC5N cultured 

in low and high [Ca2+]-containing media in comparison to HaCaT and C5N cells was 

analyzed via BrdU-incorporation assays. Remarkably, this approach showed that 

the culture of ddHaCaT and ddC5N cells in high [Ca2+]-containing medium reduced 

the proliferative activity compared to the maintenance of the cells in low [Ca2+]-con-

taining medium. These data do not recapitulate the findings of Micallef et al. (2009) 

and Walker et al. (2006). However, this discrepancy may be due to the fact that 

ddHaCaT and ddC5N cells were cultured in medium containing 2.8 mM CaCl2 in our 

experiment, compared to 1.2 mM CaCl2 in the study from Micallef et al. (2009) or 2 

mM CaCl2 in the study from Walker et al. (2006). Moreover, and in contrast to study 

of Micallef et al. (2009) and Walker et al. (2006), we analyzed the proliferation rate 

of short term-cultured cells (e.g. 70 and 94 h), whereas Micallef et al. (2009) moni-

tored the proliferative activity of cells cultured for 13 days and Walker et al. (2006) 

of cells cultured for 12 days.  

However, our data demonstrate that the newly established ddHaCaT cell line prolif-

erates and grows stably in low [Ca2+]-containing medium, possesses a basal cell-

like phenotype and differentiates upon short-term culture in high [Ca2+]-containing 

medium. Beyond that, also a murine counterpart to ddHaCaT cells was established, 

which however was discarded after finishing the experiments. Nevertheless, 

ddHaCaT cells may be an advantageous tool for basic research concerning 

keratinocyte differentiation and proliferation, which are crucial for epidermal barrier 

maintenance (Wikramanayake et al. 2014) and whose disturbance can lead to var-



Discussion: Generation of an inducible in vitro CD4-expression system  

82 
 

ious skin pathologies. For example, psoriasis, as a chronic inflammatory skin dis-

ease with a presumed hereditary condition (O'Rielly and Rahman 2015) is charac-

terized by keratinocyte hyperproliferation. It also involves a complex immune system 

activation cascade and infiltration by immune cells into the dermis and epidermis 

(Armstrong and Read 2020; Ogawa et al. 2018). Keratinocytes have been verified 

as psoriasis triggers and executors that control the development of that disease 

(Benhadou et al. 2019; Ni and Lai 2020). Furthermore, interaction and interplay of 

the keratinocytes and the immune system are crucial for psoriasis. Thereby, the 

immune system involvement is very complex (Lee MR and Cooper 2006; Nickoloff 

et al. 2007) and involves interactions of the innate and adaptive immunity (Schön 

2019).  

The balance between the proliferation and differentiation of epidermal keratinocytes 

is significantly controlled by the Wnt signaling pathway and is thus important in dur-

ing development, normal homeostasis and disease of the skin (Reya and Clevers 

2005; Teo and Kahn 2010). In fact, several studies demonstrated that altered Wnt 

signaling in psoriatic skin with a substantially role of Wnt5a (Dou et al. 2017; 

Gudjonsson et al. 2010; Reischl et al. 2007). Moreover, Wnt5a/β-catenin signaling 

induces the [Ca2+] gradient-mediated differentiation of primary keratinocytes (Popp 

et al. 2014) and knockdown of Wnt5a suppresses proliferation and initiates apopto-

sis in HaCaT cells and primary keratinocytes (Zhang et al. 2015). However, an over-

expression of Wnt5a in the murine epidermis does not result in psoriasis develop-

ment (Zhu X et al. 2014). Despite various different approaches to date, no good 

psoriatic mouse model is available (Schön et al. 2021). Thus, analyses of HaCaT-

like cell lines may help to understand the complex and the still not elucidated role of 

Wnt5a in keratinocyte proliferation and differentiation.  

 

4.2. Generation of an inducible in vitro CD4-expression system 

For the generation of a keratinocyte cell line with inducible CD4-overexpression, we 

chose a commercially-available, tetracycline-regulated expression system (TetON) 

to stably transfect HaCaT cells. In general, TetON systems are powerful tools for 

the protein function studies, since they provide for the possibility to control the re-

spective protein at the gene expression level. This feature is of special importance 

in case of CD4 overexpression, since the CD4 protein most likely is involved in dif-

ferentiation processes of basal cell-like cells of the skin and thus it’s continuous 

expression (e.g. under the control of a CMV promoter) may lead to end-differentia-

tion and cells death, which in turn would make it impossible to maintain CD4-over-

expressing keratinocytes in vitro (Dale et al. 1997; Presland et al. 2001).  

As already stated, the Tet-ON Advanced System is based on Tc regulated transcrip-

tional transactivators (Gossen and Bujard 1992), but is characterized by some major 

improvements to the original system. Thus, the Tet-ON Advanced protein harbors 

amino acid substitutions that enhance its Dox-sensitivity to a minimum of 10-fold 

compared to the originally developed system (Urlinger et al. 2000). Furthermore, 

inserted mutations in the activation domains of the VP16 protein reduce its cross-

reactivity and cytotoxicity (Baron et al. 1997). Indeed, several studies analyzing the 
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advantages of the Tet-On Advanced System over other expression systems re-

ported that beside the expertly tight regulation of the system, there are no pleotropic 

effects (Harkin et al. 1999), a high inducibility, fast response time to Dox, low non-

toxic Dox levels (Gossen et al. 1993; Yarranton 1992) and high GOI expression 

levels (Yin and Schimke 1995). In addition, the Tet-ON Advanced System, as all 

Tet-On systems do, has the advantage that in comparison to Tet-Off systems the 

cells are not exposed to Dox for extended periods (e.g. throughout the selection 

process and in the non-inducing process) since GOI expression is induced upon 

Dox treatment (Das et al. 2016).  

For the establishment of ddHaCaT cells harboring the Tet-ON Advanced System for 

inducible CD4-overexpression the strategy shown in Figure 23 was chosen. How-

ever, the transfection efficiency of the ddHaCaT cells with the pTet-DualON plasmid 

fell short of expectations since it only yielded 10-20 % ZsGreen1+ cells after trans-

fection, even when using more gentle transfection protocols, such as magnet-as-

sisted transfection. Since we furthermore observed that ddHaCaT cells show very 

low survival rates and transfection efficiency than the HaCaT cells (Deyrieux and 

Wilson 2007) (also from our data) we focused on the generation of stably transfected 

HaCaT cells by adjusting the transfection conditions for these cells and planned to 

dedifferentiate the final cell line. In fact, the HaCaT Tet-ON Advanced cells were 

successfully created during this work, although Wang et al. (2015) reported that 

HaCaT cells are generally difficult to transfect, especially when using large plas-

mids. Unfortunately, all three different isolation protocols for picking ZsGreen+ Ha-

CaT cells failed to establish a homogeneous HaCaT Tet-ON Advanced cell line with-

out contamination of HaCaT only harboring the antibiotic selection marker. Several 

techniques were unsuccessfuly applied to isolate individual colonies from a mixture 

of ZsGreen+ and ZsGreenneg cells, indicating that cells harboring the pTet-DualON 

plasmid and a linear antibiotic resistance marker and cells that only harbor the linear 

antibiotic resistance marker are generated by the Tet-On® Advanced Inducible Gene 

Expression System from Clontech. Due to lack of time, clonal HaCaT cells harboring 

the Tet-ON Advanced System were not established . However, the transfection ef-

ficiency most likely does not represent the limiting factor for this result since 

ZsGreen+ HaCaT colonies were successfully generated in this work. More likely, the 

usage of the linear antibiotic selection marker may be the critical point since 

ZsGreenneg cells that were resistant to the antibiotic selection overgrew ZsGreen+ 

HaCaT cells. Therefore, as part of future work, Tet-ON Advanced plasmids contain-

ing antibiotic resistant cassettes (e.g. the pTet-DualON vector containing the antibi-

otic selection marker) should be generated and used for a new attempt to establish 

a Tet-On Advanced System for Dox-inducible CD4-overexpression in HaCaT cell. 

 

4.3. Analyses of the putative function of CD4 in ddHaCaT cells 

4.3.1. MHCII treatment decreases cAMP levels and the proliferation rate of 

CD4-expressing ddHaCaT cells  

The intracellular signaling molecule and second messenger cAMP is released in 

response to exposure to extracellular signaling molecules (Kodis et al. 2012). cAMP 
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is largely produced by cellular adenylyl cyclase (AC) and signals further by binding 

to specific effectors like protein kinase A (PKA), exchange protein activated by 

cAMP (EPAC) 1 and cyclic nucleotide-gated ion channels (Biel and Michalakis 2009; 

Fu et al. 2014; Vitali et al. 2015). The release of cAMP triggers an intracellular signal 

transduction cascade inducing physiological changes at the cellular level such as 

proliferation and differentiation (Kodis et al. 2012; Lepski et al. 2013; Stork and 

Schmitt 2002). Furthermore, it has been shown that prolonged elevation of intracel-

lular cAMP levels have inhibitory effects on immune cells of the innate and adaptive 

immune system like neutrophils (Shishikura et al. 2016), macrophages (Aronoff et 

al. 2005), B cells (Minguet et al. 2005), and T cells (Vang AG et al. 2013). Addition-

ally, cAMP is also involved in immune cell functionality and homeostasis (Conche 

et al. 2009; Roper et al. 2002; Schnurr et al. 2005). Together the various effects 

elicited by cAMP most likely result from numerous factors such as the cell type, the 

cAMP level, the expression of different cAMP regulators and effectors, as well as 

the cAMP compartmentalization.  

As explained in section 1.3.1 and shown in Figure 4A, in T lymphocytes, TCR/CD3 

ligation to MHCII molecules induces a transient elevation of cAMP levels, which is 

probably triggered by segregation of stimulatory and inhibitory G proteins in the lipid 

rafts (Oh and Schnitzer 2001). The outcome, as well as the effects of this temporary 

rise in cAMP are mostly mediated by PKA (Conche et al. 2009) and is required for 

the T cell activation. After T cell activation, cAMP levels rise rapidly after only 1 

minute, are maintained at high levels for 20 minutes and return to normal levels 60 

minutes after T cell activation (Baroja et al. 1999; Conche et al. 2009). Opposite to 

T cell activation initiated with the transient rise in cAMP levels, a lasting cAMP level 

elevation induces suppression of the T cell activation (Vang T et al. 2001), T cell 

proliferation, progression and chemotaxis (Johnson et al. 1988; Tasken and Stokka 

2006). Thus, a strict control of the cAMP levels is essential for T cell activation. 

Moreover, after binding to the MHCII molecules the production of the cAMP is gen-

erated by AC, while the degradation is controlled by PDEs which inhibit further 

cAMP signaling by transforming cAMP to 5´-AMP (Houslay and Adams 2003). Fur-

thermore, the CD4 receptor in Th cells, acting as a co-receptor to the TCR/CD3 

complex is actively participating in thymic development and antigen recognition in 

the periphery (Janeway 1992). The CD4 receptor presence enhances T cell sensi-

tivity to antigens (Janeway et al. 1997; Madrenas et al. 1997; Marrack et al. 1983) 

and reduces the number of antigenic peptides on APCs required for sustained TCR 

signaling (Li QJ et al. 2004). Thus, CD4+ T cell activation can be enhanced by cou-

pled engagement of TCR/CD3 and CD4 receptor which further regulates the cAMP 

levels through differential activation of PDEs (Kammer et al. 1988). Moreover, it has 

been reported that the low concentrations of cAMP are able to enhance immune cell 

responses (Koh et al. 1995), as well as its role in the differentiation of the CD4+ T 

cells subsets and the immune system response mediated by these cells (Datta et 

al. 2010; Li X et al. 2012). Zhou and König (2003) have investigated the T cell stim-

ulation through CD4 signaling independent of T cell receptor-mediated signals. The 

study showed that TCR-independent dimerization of CD4 molecules or ligation of 
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CD4 with MHCII molecules in T cells cause increased intracellular Ca2+ and de-

creased intracellular cAMP levels. The decreased cAMP levels are obtained through 

the inhibition of the AC activity and activation of the PDE1 and 4, known to degrade 

cAMP to AMP (Bjørgo et al. 2011; Bjørgo et al. 2010). This TCR/CD3-independent 

CD4 signaling, its regulation of the intracellular calcium and cAMP levels and the 

fact that there are also numerous different immune cells that express CD4 but are 

TCR and/or CD3 negative (e.g. monocytes, macrophages and natural killer cells, 

dendritic cells, Langerhans cells, neutrophils, basophils and mast cells, eosinophils, 

megakaryocytes, neuronal cells), indicates that a TCR/CD3-independent CD4 func-

tion exists in these cells. Indeed, Zhen et al. (2014) demonstrated the possibility of 

a TCR/CD3-independent CD4 signaling and showed that CD4-MHCII ligation in 

TCR/CD3neg monocytes induces their differentiation to macrophages. However, the 

precise mechanisms of a TCR/CD3-independent CD4 signaling are not known com-

pletely. Moreover, the discovery of CD4+ epidermal cells that do not express CD3 

nor other immune markers (for details see section 1.3) suggests that CD4 signaling 

in these cells most likely also occurs in a TCR/CD3-independent manner. Therefore, 

we hypothesized that similarly to the CD4+ monocytes the MHCII ligation to CD4-

expressing basal cell-like keratinocytes (ddHaCaT cells) may also cause increased 

Ca2+ mobilization and decreased cAMP concentration leading to an increased pro-

liferation or differentiation rate (for details see Figure 4B).  

Our results showed that the intracellular cAMP levels in ddHaCaT cells stimulated 

with MHCII molecules for different time periods (for details see section 3.3.1) re-

mained similar to each other irresectable of the transfected plasmid (Figure 25). 

However, 180 minutes after MHCII stimulation CD4+ ddHaCaT cells showed signif-

icant less cAMP levels in comparison to the other ddHaCaT cells indicating that – 

similar to the findings from Zhen et al. (2014) – the MHCII/CD4-ligation leads to 

reduced cAMP levels in CD4-expressing basal cell-like keratinocytes. Since, a 

TCR/CD3-independent CD4 signaling in monocytes most probably is induced by 

decreased cAMP and increased Ca2+ mobilization (see above), our data strongly 

hints towards a similar regulative network in basal cell-like keratinocytes in which 

decreased cAMP levels may lead to proliferation and/or differentiation. However, 

experiments for proofing the hypothesis that TCR/CD3-independent CD4 signaling 

also in basal cell-like keratinocytes lead to changed intracellular Ca2+ levels and to 

Ca2+ mobilization should be analysed in the future. 

Besides, the data of this thesis also showed that MHCII does not affect the prolifer-

ation rate of ddHaCaT and HaCaT cells in one experiment, whereas in a second 

experiment MHCII treatment of ddHaCaT, CD4-overexpressing as well as control 

cells (pulsed and pCR3.1-transfected ddHaCaT) results in increased proliferation 

rate after 24 h, followed by a decrease after 48 h (Figure 26). This increased prolif-

eration rate caused by the MHCII treatment was observed in all analyzed cells of 

the second experiment, regardless of the CD4-expression. However, because of the 

possibility of low transfection efficiency the influence of CD4-MHCII interaction can-

not be completely excluded. Nevertheless, we can conclude that ddHaCaT cells 

responded to MHCII treatment with enhanced proliferation rate (after 24 h), followed 
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by a decrease after 48 h, which may be due to an increased differentiation rate. The 

obtained results are in correlation with the already explained effect of MHCII-CD4 

binding in CD4+ T cells and monocytes (see above), which results in increased pro-

liferation and enhanced differentiation of these cells (Luckheeram et al. 2012; Zhen 

et al. 2014). Thus, the development of an inducible in vitro CD4-expression system 

in ddHaCaT cells is crucial for further analyses and understanding of the impact of 

the MHCII-CD4 interaction on the proliferation rate in CD4-expressing ddHaCaT 

cells. Further experiments should include an evaluation and comparison of the CD4-

expression levels in ddHaCaT cells cultured in A1 medium containing low [Ca2+] 

concentration (0.03 mM CaCl2), A1 medium containing high [Ca2+] concentrations 

(2.8 mM CaCl2) and CTRL medium. Furthermore, MHCII-treated ddHaCaT cells 

should be analyzed for expression of differentiation markers like K1/K10, as well as 

the basal cell markers like K5 and K14  (Eckert et al. 1997b) via immunofluores-

cence and qRT-PCR analyses. 

 

4.3.2. The influence of IL-1 and TNF on basal cell-like keratinocytes in vitro 

Wound healing is one of the most complex processes in the human body and in-

volves the interplay between immune and non-immune cells as well as a variety of 

cytokines and growth factors (Barrientos et al. 2008; Robson et al. 2001). Addition-

ally directed cell migration towards an extracellular chemical gradient is crucial in 

wound repair (Grinnell 1992; Haugh 2006). Thereby epidermal keratinocytes move 

significantly slower and with more diffusive trajectories than fast-moving cells (e.g. 

leukocytes), that have a tendency to move relatively straightforward in the chemo-

attractant direction (Bear and Haugh 2014; Friedl and Bröcker 2000; Friedl and Wolf 

2010).  Immediately, after epidermal injury phagocytes and neutrophils are engaged 

to the wounded place by chemokine gradients (Singer and Clark 1999), which sig-

nifies the inflammatory phase. Next, the proliferative and remodeling phase, are 

specified by proliferation and migration of slow-moving cells (Singer and Clark 

1999). During the proliferative phase, the platelet-derived growth factor (PDGF) from 

the coagulating platelets recruits the fibroblasts, which together with other prolifer-

ating cells are responsible for granulation tissue formation (Deuel et al. 1991; Seppä 

et al. 1982). In the remodeling or re-epithelialization phase, there is a migration of 

the basal keratinocytes from the wound margins over the newly formed tissue and 

with this they are closing the gap and restoring the skin barrier integrity (Pastar et 

al. 2014). Basal keratinocyte migration is triggered after few hours following the in-

jury by numerous wound-initiated signals, as well as the mechanical stimuli such as 

the free edges of the wound margin (Klarlund and Block 2011), different tissue fac-

tors (Kirfel et al. 2003), as well as multiple growth factors (Martin and Nunan 2015; 

Seeger and Paller 2015). 

Within the process of wound healing both IL-1 and TNFplay significant roles 

(Larouche et al. 2018; Ritsu et al. 2017). In mice, IL-is responsible for increased 

proliferation of the epidermal stem cells upon wound healing (Lee P et al. 2017). 

However, it also plays an important role in skin homoeostasis (section 1.2.3.3) and 

abundant quantities of IL-1 seem to be associated with psoriasis (Albanesi et al. 
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2018; Rendon and Schäkel 2019). Nevertheless, the results of this thesis show that 

IL-1 does not impact the proliferation rate of ddHaCaT or HaCaT cells within 24 h 

and also did not increase the expression of CD4 as shown for microglia (Yu et al. 

1998). In contrast, the CD4-expression of ddHaCaT cells decreases upon 24 h IL-

1treatment (Figure 28). Albeit, these experiments should be repeated. The results 

suggest that IL-1 may induce an increased differentiation of the ddHaCaT cells 

since the expression of S100A7, which is as a marker of keratinocyte differentiation 

(Martinsson et al. 2005), strongly increases upon IL-1-treatment (this thesis) (Yano 

et al. 2008). Thus, if IL-1 indeed causes differentiation of ddHaCaT cells, a down-

regulated CD4-expression seems to be plausible at the beginning of differentiation 

(e.g. at 24 h IL-1-treatment) and to eventually rise again at an advanced differen-

tiation step (e.g. at > 24 h IL-1-treatment). In addition, repeated qRT-PCR-anal-

yses and CD4-mRNA expression should be also measured via RNAscope. Moreo-

ver, gene expression analyses of differentiation markers (e.g. K1/K10) would help 

to reveal a possible relationship between differentiation processes and CD4-expres-

sion.  

Immediately after disruption of the permeability barrier TNFincreases strongly in 

the murine and human epidermis (Grellner et al. 2000; Wood et al. 1992) which 

peaks after one day and decreases to the basal level 48 h after wounding (Ritsu et 

al. 2017). Interestingly, constant high TNF levels inhibit the differentiation of cal-

cium differentiated keratinocytes and thus delaying the skin barrier repair (Jensen 

JM et al. 1999; Kim et al. 2011), indicating that TNF is crucial during early wound 

healing. The fact, that TNF is furthermore known to be one of the key pro-inflam-

matory mediators in psoriasis skin lesions (Kristensen et al. 1993) further substan-

tiates this conclusion. However, during the inflammatory phase of wound healing, 

TNF upregulation is important for modulating the migratory phenotype, motility and 

attachment of the basal keratinocytes (Banno et al. 2004; Werner and Grose 2003). 

Thus, TNF induces the migration of epidermal stem/progenitor cell (Albanesi et al. 

2018; Benhadou et al. 2019; Bocheńska et al. 2017; Larouche et al. 2018; Rendon 

and Schäkel 2019; Wang Y et al. 2017).  

These facts were the basis for the hypothesis that TNF may also induce the mi-

gration of CD4-expressing basal cell-like keratinocytes (shown in Figure 5). Directed 

migration of slow moving cells, like keratinocytes, towards a gradient of FCS using 

the μ-slide chamber for long-term chemotaxis is reported in the literature (Zantl and 

Horn 2011; Zengel et al. 2011). Indeed, our results verified the previously described 

findings that TNF induces a directed movement of keratinocytes, in particular of 

ddHaCaT cells. We demonstrate that CD4-expressing ddHaCaT cells are moving 

straight forward toward a 20 % FCS (positive control) as well as to TNF gradient 

(when in 2 % cFCS-containing medium; see section 3.3.3.2). However, the route of 

CD4+ ddHaCaT cells towards TNF gradient in 2 % cFCS-containing medium was 

more circuitous compared to those of cells moving to the 20 % FCS gradient, while 

cells in cFCS-depleted medium moved without constant speed and straight line. 
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Obviously, the differential behavior of ddHaCaT cells with respect to the TNF gra-

dient can be explained by the presence of cFCS which is essential and necessary 

for cells survival (see above, section 4.1). However, these results show that alt-

hough the TNF-gradient induced a high cellular motility comparable to that of the 

positive control, this movement is not as straight as the movement of cells to the 

positive control or to the TNF in experimental medium with 2 % cFCS. 
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5. Summary 
To study the role of the Hedgehog-Patched (Hh/Ptch) signaling pathway in T-cells, 

the two-step DMBA/TPA carcinogenesis protocol have been applied to mice with an 

homozygous Ptch depletion in CD4-expressing cell (Ptchflox/floxCD4Cre+/-). This ap-

proach revealed that beside the typically DMBA/TPA-induced papilloma and squa-

mous cell carcinoma also  basal cell carcinoma developed in Ptchflox/floxCD4Cre+/- 

mice (Uhmann Anja et al. 2014). These basal cell carcinoma derive from CD4+ cells 

of the murine skin that are characterized by their expression of the keratinocyte 

marker CD49f and the stem cell markers CD34 and Sca1. The progeny of these 

CD4+ epidermal stem cell-like cells grow permanently and increasingly with age and 

upon wound healing in adult mice in all epidermal layers and as multipotent hair 

follicle stem cells (Brandes 2021). Beside the murine skin, the existence of CD4+ 

epidermal cells was also confirmed in human skin in which the cells are character-

ized by their expression of the keratinocyte marker CD49f and the epidermal stem 

cell markers CD29 and K15 (Brandes 2021; Brandes et al. 2020; Scheile 2020). 

However, the function of the CD4 protein in epidermal stem cell-like keratinocytes 

is currently unknown and therefore the main aim of this dissertation was to analyze 

the CD4 protein function in stem cell-like keratinocytes.  

Thus, a dedifferentiated, keratinocyte cell line (ddHaCaT) was established, which 

proliferates and grows stably in low [Ca2+] levels medium, possesses a basal cell-

like phenotype and differentiate upon short-term culture in high [Ca2+] level-contain-

ing medium. Unfortunately, the generation of an inducible in vitro CD4-expression 

system in ddHaCaT failed. Thus, the putative function of CD4 in keratinocytes was 

investigated by transiently overexpress CD4 in ddHaCaT cells, followed by treat-

ment with major histocompatibility complex class II protein (MHCII), interleukin 1al-

pha (IL-1), or tumor necrosis factor alpha (TNF) and analyzing the putative role 

of TCR/CD3-independent CD4-mediated signaling (e.g. measurement of prolifera-

tion rate, differentiation status, intracellular cAMP levels and the cellular migration 

after MHCII or TNF treatment) or CD4 expression stimuli (e.g. qRT-PCR analyses 

after IL-1 treatment).  

The results of these experiments demonstrate that (1) MHCII treatment of CD4-

expressing ddHaCaT cells results in decreased proliferation and reduced cAMP lev-

els compared to the respective controls, (2) IL-1treatment does not impact the 

proliferation rate of ddHaCaT and of CD4-expressing ddHaCaT cells and, contrary 

to our expectations, decreased the CD4 mRNA expression of ddHaCaT cells and 

(3) CD4-expressing ddHaCaT actively migrate to a TNFgradient when cultured in 

2 % cFCS-containing medium. Together the data strongly hint towards a functional 

role of the CD4 protein in basal cell-like keratinocytes. Moreover, the data provide 

evidence, that CD4 functions through a TCR/CD3-independent signaling in basal 

cell-like keratinocytes similar as shown for monocytes and induces differentiation of 

basal cell-like keratinocytes.  

Nevertheless, future studies, with special focus on experiments using a stably trans-

fected CD4-expressing ddHaCaT cells, are needed to confirm the finding of this 
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work and gain further insights into the functional role of CD4 in keratinocytes. How-

ever, the cryopreserved dedifferentiated, keratinocyte cell lines can be used as ba-

sis for further studies of keratinocyte differentiation and proliferation that are crucial 

for the epidermal barrier maintenance, as well as disturbance of these processes 

that can lead to various skin diseases (e.g. psoriasis).  
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